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EXECUTIVE SUMMARY  

Findings, Conclusions, and 
Recommendations  

 
The primary role of the California Oil and Gas Public Health Rulemaking Scientific 
Advisory Panel (“Panel”) is to provide subject matter expertise to the California Geologic 
Energy Management Division (CalGEM) to inform the agency’s rulemaking process. The 
specific charge of the Panel is to evaluate and synthesize the best available peer-
reviewed science and publicly available data on the public-health dimensions of upstream 
oil and gas development in order to draw well-informed findings, conclusions, and 
recommendations. The Panel reached consensus regarding all findings, conclusions, and 
recommendations in this report.1  

In developing recommendations, the Panel was guided by the principle of “defense in 
depth,” for which the deployment of multiple independent, yet redundant factors of safety 
is seen as a fundamental strategy to safeguard public health. This principle has been 
widely adopted across industries and issue areas.2,3 Implementation of multiple 
preventative or attenuation strategies is necessary to mitigate public-health risks 
associated with upstream oil and gas development in California.4 The concept of defense 
in depth is particularly important with respect to the management of off-normal events 
that cannot be immediately controlled.  

Findings, conclusions, and recommendations from this report follow below. Findings are 
results ascertained from scientific evidence and data and reflect an unbiased synthesis 
of facts. Findings are included with direct references to supporting material in 
corresponding chapters of this report. Conclusions are panel-consensus deductions 
based on the findings. Recommendations are statements of actions needed to address 
the findings and conclusions.  

 
1 Consensus means that all Panel members reviewed the findings, conclusions, and recommendations 
and affirmatively agreed that the scientific evidence supports them. Panel members had the opportunity 
to prepare a dissenting assessment, but no one did so. This report reflects the perspective of the Panel 
members and not necessarily those of their employers or the institutions with which they are affiliated.  
2 International Nuclear Safety Advisory Group. (1996). Defense in Depth in Nuclear Safety: A Report by 
the International Nuclear Safety Advisory Group (INSAG-10). International Atomic Energy Agency. 
3 U.S. NRC (United States Nuclear Regulatory Commission). (2021). Defense in depth.  
4 Deziel, N. C., McKenzie, L. M., Casey, J. A., McKone, T. E., Johnston, J. E., Gonzalez, D. J. X., 
Shonkoff, S. B. C., & Morello-Frosch, R. (2022). Applying the hierarchy of controls to oil and gas 
development. Environmental Research Letters, 17(7), 071003. https://doi.org/10.1088/1748-9326/ac7967 
 

https://doi.org/10.1088/1748-9326/ac7967
https://doi.org/10.1088/1748-9326/ac7967
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SUMMARY FINDING 1.       
As the distance between human-occupied residences and upstream oil and gas 
development operations decreases, or the density of wells and production volume 
increases, the likelihood of adverse health outcomes increases. Studies, including 
those in California, consistently show increased potential for exposure to air 
pollution and noise, as well as increased risk for several adverse health outcomes 
in populations living within and beyond 1 kilometer (km) (~0.62 miles or 3,281 feet 
[ft]) of oil and gas well sites. Certain groups face disproportionate exposures to oil 
and gas development sites. Compared to the overall California population, 
Hispanic, non-Hispanic Black, and non-Hispanic Asian communities, as well as 
populations of lower socioeconomic status, are more likely to live within 1 km 
(3,281 ft) of at least one active well and live in areas with the highest density of oil 
and gas wells.5  
 
Finding 1.1. Various chemical and physical stressors are associated with upstream oil 
and gas development activities, including air pollutants, surface-water and groundwater 
contaminants, vibration, noise, and odors. The impact of these stressors generally 
attenuates as distance from the source increases. The degree of attenuation depends on 
the properties of the specific stressor (Chapter 2, Section 2.4).  
 
Finding 1.2. Although no peer-reviewed noise studies related to upstream oil and gas 
development activities have been conducted in California, studies elsewhere have 
measured elevated noise levels during all oil and gas development phases at levels 
associated with adverse health effects out to 1,000 ft [305 meters (m)] from multi-well oil 
and gas sites, even with sound walls in place (Chapter 2, Section 2.3.1). 
 
Finding 1.3. More than 72 peer-reviewed epidemiological studies conducted across the 
United States and Canada — six conducted in California — and published through July 
15, 2023, evaluated the associations between upstream oil and gas development and 
several adverse health outcomes. This body of evidence consistently indicates that 
human populations residing closer to upstream oil and gas development experience a 
greater risk of decreased respiratory function and adverse perinatal outcomes compared 
to those living farther away (Chapter 3, Section 3.3.2.1). Additionally, higher density of 
upstream oil and gas development in the vicinity of residences is associated with greater 
respiratory and perinatal health risks compared to lower density of oil and gas 
development. Finally, higher production volume of oil and gas is associated with 
increased risk of adverse respiratory and perinatal health impacts. These trends have 

 
5 This section contains language about the panel's level of certainty regarding the results reported in the 
epidemiologic literature. This language only appears in the epidemiology section as the panel conducted 
a full review of the literature and is therefore able to make this designation. 
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been observed in urban and rural settings (Chapter 3, Section 3.5). For other health 
outcomes, including cancer, cardiovascular disease, sexually transmitted infections, and 
mental and behavioral health, there are limited studies and more research is needed to 
evaluate the consistency of relationships (Chapter 3, Sections 3.3.2.4–3.3.2.7; Appendix 
C). Strengths and limitations vary by study and are discussed in Chapter 3, Section 3.4.1. 
 
Finding 1.4. The Panel identified six peer-reviewed epidemiological studies in California 
that evaluated associations between upstream oil and gas development and adverse 
respiratory, perinatal, and neurological outcomes. These studies observed associations 
between upstream oil and gas development and diagnosed asthma, reduced lung 
function, and reduced fetal growth at distances of up to 1 km (~0.62 miles or 3,281 ft). 
Studies in California evaluating the relationship between upstream oil and gas 
development and risk of preterm birth reported inconsistent results. One California study 
did not observe an association between upstream oil and gas development and migraine 
headaches (Chapter 3, Section 3.5).         
 
Finding 1.5. Air-quality research in California has found above-background-level 
concentrations of non-methane volatile organic compounds (NMVOCs), toxic air 
contaminants (TACs), and ozone precursors near upstream oil and gas development 
sites. For each additional well drilling site upwind of U.S. Environmental Protection 
Agency (EPA) air quality monitors, the concentrations of fine particulate matter (PM2.5) 
increased by 2.35 (standard error [SE]: 0.78) µg/m3 (micrograms per cubic meter) for wells 
within 2 km (6,562 ft); ozone (O3) by 0.31 (SE: 0.06) parts per billion (ppb) for wells within 
2–3 km (6,562–9,843 ft); and nitrogen dioxide (NO2) by 2.27 (SE: 1.40) ppb for wells 
within 1 km (3,281 ft). For each additional active well upwind of the monitor, these authors 
also found 1.93 (SE: 0.43) µg/m3 of PM2.5, 0.62 (SE: 0.12) ppb of NO2, and 0.04 (SE: 
0.02) ppb carbon (C) of NMVOCs. These models compared monitors to themselves on 
days when there was and was not drilling or production activities upwind, and also 
controlled for time trends and geographic differences. In a study in Los Angeles, 
concentrations of TACs, such as benzene and n-hexane, were elevated at 0.5 km (1,640 
ft) from upstream oil and gas sites, the farthest distance evaluated. Methane, which can 
sometimes be used to indicate the presence of other oil and gas-related air pollutants, 
was also measured at concentrations above background. Oil and gas production facilities 
have periods of active production as well as idle periods, such that emissions from wells 
greatly differ depending on the phase. Findings from this study suggest that oil and gas 
drilling during the active phase contributed 23.7% of the total NMVOCs measured, while 
the idle period only contributed 0.6% (Chapter 4, Section 4.2.2).  
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Finding 1.6. An estimated 3 million California residents (8% of the population) live within 
1 km (3,281 ft) of at least one active-producing6 oil and/or gas well. Based on satellite 
imagery, an estimated 670,000 residentially zoned buildings, or 6% of all California 
buildings, are within 1 km (3,281 ft) of at least one active-producing well. Many sensitive 
receptors, defined as schools (pre-K to 12th grade), childcare facilities, healthcare 
facilities, senior care facilities, correctional facilities, parks, and residential buildings, are 
also located in close proximity to oil and gas development in California (Chapter 7, 
Sections 7.4 & 7.6; see Table ES-1 below). 
 
Finding 1.7. A relatively small proportion of active producing oil and gas wells in California 
have a school, childcare facility, healthcare facility, senior care facility, correctional facility, 
or park within 1 km (3,281 ft). For example, an estimated 6,006 active-producing wells 
(7.2% of all wells) are within 1 km (3,281 ft) of at least one school. Similarly, 2,377 wells 
(~3% of all wells) are responsible for all of the co-location with healthcare facilities at the 
1 km (3,281 ft) distance. Over 30,000 (36%) active-producing wells, however, are located 
within 1 km (3,281 ft) of residential buildings in California (Chapter 7, Section 7.4.3).  
 
Finding 1.8. An estimated 1,663 (2%) active-producing wells are within 100 ft (30 m) of 
at least one home (n=3,661 homes). California State Fire Code regulation § 5706.3 
prohibits location of oil and gas wells within 100 ft (30 m) of any building not necessary to 
the operation of the well, however, local jurisdictions may amend the regulation (Chapter 
7, Section 7.4.5).

 
6 Active-producing oil or gas wells were defined as active if reported as active, new, or idle and producing; 
i.e., a well that was part of a class where at least 1% of wells of that type produced hydrocarbons, 
indicating that the well was capable of producing. 
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Table ES-1. Residents and sensitive receptors in proximity to at least one of the 83,000 active-producing oil and gas wells 
in California, January 2021. For purposes of this report, sensitive receptors include schools (pre-K to 12th grade), childcare 
facilities, healthcare facilities, senior care facilities, correctional facilities, parks, and residential buildings.  

Buffer 
Distance 

Number of 
Residents 

Under 5 
years old 

Over 64 
years old 

Schools 
(pre-K to 
12th grade)  

Child- 
care 
Facilities  

Health- 
care 
Facilities 

Senior 
care 
Facilities 

Correct- 
ional 
Facilities 

Parks Residential 
Buildings 

Statewide 
Total 38,984,806 2,698,315 5,352,812 22,452 8,867 2,131 7,246 408 4,983 12,577,497 

500 ft 
(152 m) 219,681 15,110 30,959 226  68  25  44  7  90  44,994 

1,000 ft 
(305 m) 590,116 39,476 82,984 439 122  59  118  9  154  123,167 

1,500 ft 
(457 m) 1,032,255 68,909 143,807 668 218  87 176  15  208 221,262 

2,000 ft 
(610 m) 1,551,743 103,736 212,905 990 336 116  237 18  276 334,816 

2,500 ft 
(762 m) 2,123,961 141,733 287,705 1,293 451 156  324 21  344 461,246 

3,281 ft 
(1 km) 3,080,713 205,027 412,674 1,749 659 207 466 28 461 673,068 

5,280 ft 
(1.6 km;  
1 mile) 

5,772,699 384,810 760,877 3,245 1,262 364  832 55 841 1,260,567 
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Finding 1.9. The statewide analysis of parcel and census data (2015–2019 American 
Community Survey) shows that the proportions of Hispanic, non-Hispanic Black, and non- 
Hispanic Asian people, linguistically isolated households, renters, individuals without a 
high school diploma, and populations with household incomes below two times the federal 
poverty line were higher in areas within 1 km (3,281 ft) of at least one active-producing 
well compared to the overall proportion of each of these groups in California (see Figure 
ES-1 below).  
 
Additionally, compared to non-Hispanic White Californians, non-Hispanic Black 
Californians are 87% more likely to reside within 1 km (3,281 ft) of at least one active-
producing oil and gas well. Similarly, the proportion of Hispanic Californians living within 
1 km (3,281 ft) of at least one active-producing oil and gas well is 42% higher than non-
Hispanic White people.  
 
Findings indicate that compared to non-Hispanic White and more socioeconomically 
advantaged populations, non-Hispanic Black, non-Hispanic Asian, and Hispanic 
populations and those of lower socioeconomic status were more likely to live near 
upstream oil and gas development activities where exposures to stressors are likely to be 
higher (Chapter 7, Section 7.4.1).  
 

 
Figure ES-1. Distributional inequities of demographic groups living within 1 km (3,281 ft) of active-producing 
oil and gas wells as compared to state population totals. Orange markers indicate a population-weighted 
mean greater than one, indicating a level of subgroup overrepresentation in areas that contain upstream 
oil and gas development within 1 km (3,281 ft). Blue markers indicate a level of subgroup 
underrepresentation in areas that contain upstream oil and gas development within 1 km (3,281 ft). 
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Finding 1.10. Among California’s 8,057 census tracts, 157 (1.9%) contained 10 or more 
wells per square km (0.39 square mi). Sixty-four of these 157 census tracts (~41%) have 
a CalEnviroScreen 3.07 score that designates them as a disadvantaged community with 
disproportionate socioeconomic, health, and environmental burdens, in addition to the 
burdens associated with upstream oil and gas development. Because a quarter of all 
California census tracts are designated as disadvantaged communities based on 
CalEnviroScreen scores, this finding indicates that disadvantaged communities are 
overrepresented (1.6 times more common) in census tracts that contain 10 or more wells 
per square km (0.39 square mi) (Chapter 7, Section 7.4.4). 
 
Finding 1.11. 95% of California's active-producing wells are spatially clustered in three 
air basins. Spatial clustering or high well density suggests that proximity to one well likely 
means proximity to many wells. For example, 21 healthcare facilities have more than 100 
active-producing wells within 1 km (3,281 ft), and 14 facilities have more than 200. 
Similarly, 107 schools have over 100 wells within 1 km (3,281 ft) (and 33 of these schools 
have over 300 wells within 1 km (3,281 ft) (Chapter 7, Section 7.4.3).  
 
Finding 1.12. An estimated 400,000 — or roughly 1 in 100 (1%) — California residents live 
within 1 km (3,281 ft) of an active produced-water disposal pond and wells designated as 
“Water Disposal” in CalGEM’s “All Wells” dataset.8 Within this distance are an estimated 
98,700 residentially-zoned buildings, 239 schools (pre-K to 12th grade), 91 senior care 
facilities, and 26 healthcare facilities. Emissions of NMVOCs have been measured from 
produced-water ponds in California; however, the distances that these compounds travel 
and their corresponding atmospheric concentrations have not been assessed. Moreover, 
publicly available data with accurate drinking-water well spatial locations in California 
have not been available. This hinders the ability to evaluate the risk of drinking water 
contamination from subsurface migration of fluids from produced water disposal 
processes (Chapter 7, Section 7.4.2 & 7.4.3). 
 
Finding 1.13. Setback regulations in several states have exemption and conditional 
exception mechanisms that allow operators to apply for variances and drill oil and gas 
wells within regulated setback distances. In some Texas cities, variances have resulted 
in 80% of new well pads being located within regulated setback distances. Largely due to 
variances and landowner consent, the passage of a strengthened setback regulation in 
Pennsylvania did not alter the siting of wells near buildings. One out of every 13.7 
unconventional oil and gas wells was drilled within the regulated setback distance after 
passage of the regulation (Chapter 7, Section 7.2.5). 

 
7 CalEnviroScreen 3.0. https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-30 
8 Wells designated as “Water Disposal” in CalGEM’s “All Wells” dataset. 
https://www.conservation.ca.gov/calgem/maps.  

https://www.conservation.ca.gov/calgem/maps


ES-8 

Conclusion 1.1. Exposure to upstream oil and gas development is associated with a 
range of adverse health effects. In particular, the Panel concludes with a high level of 
certainty (see Box 1) that there is a causal relationship between close residential proximity 
to upstream oil and gas development and adverse perinatal and respiratory outcomes. 
The Panel derived this level of certainty from the consistency of results across multiple 
studies that were conducted using different methodologies, in different locations, with 
diverse populations, and during different time periods. In California, epidemiological 
studies have shown statistically significant9 associations between upstream oil and gas 
development and adverse health outcomes at distances of 1 km (3,281 ft) and beyond. 
Epidemiological studies conducted in other oil and gas regions in the United States and 
Canada have also consistently shown statistically significant associations between 
upstream oil and gas development and adverse health outcomes within and beyond 1 km 
(3,281 ft).  

Box 1. 
The Panel applied the Bradford Hill Criteria for causation (see Chapter 3, Section 3.3.2.1) 
to evaluate the strength of the epidemiological evidence for determining a causal 
relationship between oil and gas development and adverse human health outcomes. The 
Bradford Hill criteria are widely used in the field of epidemiology to assess the strength of 
evidence to assess causality. Where the Bradford Hill Criteria supported a causal 
relationship and where there was Panel agreement, the Panel concluded with a high level 
of certainty that there is a causal relationship. The Panel applied these criteria to draw 
conclusions on whether causal relationships exist between geographic proximity to oil and 
gas development activities and adverse health outcomes. 

Conclusion 1.2. The human health risks associated with chemical and physical stressors 
emitted by upstream oil and gas sites (air and water pollutants, noise, etc.) can be 
reduced by establishing greater setback distances between upstream oil and gas 
development and sensitive receptors, whether it be a human receptor or a receptor 

9 Individual studies often define statistical significance as a p-value that is less than 0.05 or a confidence 
interval that does not include the null (e.g., 1). However, weight-of-evidence assessments regarding causal 
relationships between exposures and health outcomes require a holistic assessment of the epidemiological 
evidence (e.g., by applying the Bradford Hill criteria, as discussed in Box 1 below and in Chapter 3), and 
considering size, consistency, and direction of effect, rather than relying solely on 
dichotomous determinations of statistical significance in individual studies. 

https://doi.org/10.1038/d41586-019-00857-9
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relevant to human exposure (e.g., an aquifer that is currently used or in the future could 
be used for drinking water).  
 
Conclusion 1.3. The human health risks associated with chemical and physical stressors 
emitted by upstream oil and gas development can be reduced by lowering the density of 
oil and gas sites around human receptors or receptors relevant to human exposure (e.g., 
an aquifer that is currently used or in the future could be used for drinking water).  
 
Conclusion 1.4. The 1,663 active-producing wells in California located within 100 ft (30 
m) of residential buildings are out of compliance with California State Fire Code regulation 
§ 5706.3, unless they have an exemption, potentially exposing people in these buildings 
to increased health and safety risks.  
 
Conclusion 1.5. Upstream oil and gas development operations in California are 
disproportionately located in disadvantaged communities. Disadvantaged communities 
may be more vulnerable to the adverse health effects of oil and gas development due to 
concurrent exposures to other environmental hazards and social stressors.  
 
Conclusion 1.6. Exemptions, variances, and consent waivers to setback regulations can 
weaken well-siting requirements and diminish the public health protections for 
communities and other sensitive receptors.   
 
Recommendation 1.1. Implement a health-protective minimum surface setback. 
Implementing minimum surface setbacks between upstream oil and gas operations and 
human receptors is critical to protect public health. To mitigate health risks associated 
with upstream oil and gas development, California should implement a health-protective, 
minimum surface setback distance between upstream oil and gas development and 
human populations. Based on the existing epidemiological literature, including studies 
conducted in California, and the additional factors outlined below, the setback distance 
should be at least 1 km (3,281 ft). In communities with higher well density, high 
hydrocarbon production volumes, dense ancillary oil and gas development infrastructure, 
and the presence of other environmental hazards and socioeconomic stressors, a larger 
setback should be applied.  
 
Decision-making regarding the appropriate health-protective minimum surface setback 
distance should consider the following: 

● Multiple stressors associated with upstream oil and gas development (e.g., 
noise, odor, vibration, air pollution, water pollution), rather than solely mitigating 
health and safety impacts of an individual stressor (e.g., only air pollution).  

● Inclusion of an additional margin of safety to account for the vulnerabilities of 
particular population subgroups (e.g., children, pregnant people, those with 
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chronic illnesses, and the elderly) and given the potential for off-normal events 
(e.g., blowouts, loss of containment events, and accidental releases) that cannot 
be immediately controlled or consistently prevented. Decisions on a health-
protective minimum surface setback distance should be made with particular 
attention to the locations of sensitive receptors, including but not limited to schools 
(pre-K to 12th grade), childcare facilities, healthcare facilities, senior care facilities, 
correctional facilities, parks, and residential buildings.  

● Existing environmental and socioeconomic burdens experienced by 
communities that may enhance vulnerability to the adverse health effects of 
oil and gas development activities. Upstream oil and gas siting decisions and 
setback requirements should be informed by and account for data-driven metrics 
used to assess the cumulative burden of communities (e.g., CalEnviroScreen) to 
ensure that the additional burden associated with upstream oil and gas 
development is not placed on disadvantaged communities.  

● Because exemptions and conditional exceptions for minimum surface 
setback requirements will likely diminish health protections for communities 
and other sensitive receptors, such exemptions and exceptions should be 
avoided.  

 
Recommendation 1.2. Limit the density of wells and associated infrastructure, 
especially near human populations. The weight of the scientific evidence indicates that 
the risk of adverse health outcomes (e.g., adverse perinatal outcomes, and respiratory 
outcomes) increases with higher oil and gas well density and hydrocarbon production 
volume. Thus, in addition to setback requirements, decision-makers should also consider 
the following: 

● Limit upstream oil and gas development in areas with existing oil and gas wells 
near human populations. Such measures could include rotating temporary well 
shut-ins and ancillary infrastructure site shut downs,  and establishing production 
volume limits within a certain distance of human populations.       

● Require closure and proper abandonment of existing oil and gas operations 
within 100 ft (30 m) of residential buildings, in particular those that are not 
exempt from California State Fire Code regulation § 5706.3. 

● Review the status and regulatory compliance of all oil and gas operations located 
within 100 ft (30 m) of residential buildings. 

SUMMARY FINDING 2.  
There are limited publicly available data on the chemical composition, rates, and 
amounts of air pollutant emissions from upstream oil and gas development 
infrastructure. These types of data are necessary to properly assess pollutant 
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dispersion and community exposures and to respond to air pollution impacts from 
normal and off-normal release events. 
 
Finding 2.1. There are limited publicly available data on the chemical composition of 
gases emitted from upstream oil and gas development. These gases include, but are not 
limited to, natural gas and vapors (gaseous form of volatilized liquids). The sources of 
these gases include, but are not limited to, the production string of wells; condensate 
tanks; gas-gathering infrastructure; gas-processing plants; idle, abandoned, and idle-
deserted oil and gas wells; and other ancillary infrastructure. (Chapter 4, Section 4.2.1). 
  
Conclusion 2.1. Effective risk management of normal and off-normal conditions in 
upstream oil- and gas-development infrastructure requires timely, accurate, and publicly 
available data on the chemical composition of emissions from oil and gas infrastructure. 
The limitations in existing data hinder the ability of regulators, risk managers, and 
researchers to track emissions and assess pollutant dispersion, community exposures, 
and risks to human health associated with California’s upstream oil and gas development.  
 
Recommendation 2.1. Require regular sampling and reporting of the composition of gas 
releases from upstream oil and gas development, hydrocarbon storage, and associated 
infrastructure including, but not limited to, the gas in the production string of wells; gas 
pre- and post-glycol dehydration, gases and vapors in condensate tanks; gas in gas-
gathering lines and associated infrastructure; gas in gas-processing plants; and gas in 
idle, abandoned, and idle-deserted oil and gas wells. Reported gas composition data 
should include adequate characterization of the identities, concentrations, and amounts 
of toxic air contaminants at health-relevant units (e.g., the part per billion (ppb) level) and 
should be based on actual gas testing (e.g., EPA Method TO-15) instead of algorithms, 
estimates, or emissions factors. Because of the substantial variability of gas composition 
across geological layers, operators should be required to disclose production-string gas 
composition down to the oil and/or gas producing formations within individual oil and gas 
fields or the oil/gas geologic pool-level, whichever is smaller. Gas composition data from 
active infrastructure should be reported at regular intervals, preferably quarterly, and be 
made publicly available online in a digitally accessible format (e.g., .csv with metadata). 
Gas composition data from legacy infrastructure (e.g., abandoned wells) should also be 
reported at regular intervals, up to once a year. Pollutant dispersion and exposure 
information should also be collected to support an analysis of public health risk. 

SUMMARY FINDING 3.  
There are multiple and differing disclosure requirements across a range of 
California jurisdictions. While public disclosure requirements for chemicals used 
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in oil and gas development in California have increased, publicly available data on 
the identities and quantities of chemicals used in various oil and gas development 
activities remain incomplete. These activities include routine well maintenance and 
clean-outs, drilling, and well stimulation. Many of the chemicals known to be used 
in oil and gas development activities are associated with human health risks, while 
numerous other reported chemicals have unknown or poorly understood toxicity. 
 
Finding 3.1. Chemical use in upstream oil and gas development is widespread and not 
restricted to hydraulic fracturing and well stimulation. As discussed in the California 
Council on Science and Technology (CCST) Senate Bill 1281 Report,10 630 unique 
chemical additives were used in upstream oil and gas operations in California from 2011 
to 2018 with an additional 489 chemicals that lacked Chemical Abstract Service Registry 
Numbers (CASRN) and could not be definitively identified. Many disclosed chemicals lack 
basic toxicological and physicochemical-properties information (Chapter 2, Section 
2.2.4). 
 
Finding 3.2. An analysis of four existing chemical disclosure datasets representing 
various well activities and geographic regions in California revealed overlap of chemicals. 
For 630 chemicals with CASRN, 316 were reported in more than one dataset, with 178 
chemicals reported in three or more datasets. The overlap in reported chemical use 
across well activities indicates that the use of chemicals is widespread in California oil 
and gas development and is not limited to a particular region, well activity, or recovery 
method (Chapter 2, Section 2.2.4).  
 
Finding 3.3. Federal regulations and regulations in other states have prohibited the use 
of specific chemical additives in hydraulic fracturing. Effective January 15, 2021, the 
Colorado Code of Regulations (§ 404-1-437) prohibits the use of 22 specific compounds 
in hydraulic fracturing fluids because these compounds posed the greatest risks to public 
health based on toxicity and their mobility and persistence in groundwater (Chapter 2, 
Section 2.5.2).  
 
Finding 3.4. Downhole physicochemical conditions, including high temperatures and 
pressures and the presence of petroleum hydrocarbons and other compounds, can alter 
biodegradation potentials, subsurface reactions, and degradation products. The 
formation of degradation products from chemicals used in upstream oil and gas 
development is poorly understood, but the subsurface reactions of some chemicals used 

 
10 California Council on Science and Technology. (2019). An Assessment of Oil and Gas Water Cycle 
Reporting in California: Evaluation of Data Collected Pursuant to California Senate Bill 1281. 
https://ccst.us/reports/oil-and-gas-water-cycle-reporting/. 
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in California oilfields are known to produce degradation products that are more toxic than 
their parent compounds (Chapter 5, Section 5.3.3).  
 
Finding 3.5. A total of 232 chemical additives (out of 630) reportedly used in California 
oilfields are volatile and pose potential risks to air quality and human health. Out of these 
232 volatile compounds, 176 have slow to moderate atmospheric oxidation rates (half-
lives >2 hours), indicating increased potential for longer-range atmospheric transport and 
subsequent inhalation exposure (Chapter 4, Appendix D). 
 
Conclusion 3.1. Available toxicological and physicochemical data suggest there are 
potential human health risks associated with chemical use in upstream oil and gas 
development. Data gaps regarding chemical mass or volumes used, toxicity, 
physicochemical properties, and environmental fate and transport prevent the 
characterization of hazards and risks for many disclosed chemical additives. Chemical 
additives without CASRN cannot be definitively identified or evaluated for potential human 
health hazards and impacts.  
 
Conclusion 3.2. Existing data show that a variety of chemicals are used in upstream oil 
and gas development across regions, recovery methods, and well activities. Current 
regulations concerning chemical disclosure or the prohibition of chemical additives that 
apply only to specific recovery methods (i.e., hydraulic fracturing and well stimulation) 
overlook potential risks related to chemical use in drilling, routine maintenance, and other 
recovery methods and well activities.  
 
Conclusion 3.3. Collection and public reporting of chemical usage, along with chemical 
properties and toxicity data, are required to properly assess and respond to potential 
chemical releases to air and water. 
 
Recommendation 3.1. Require chemical disclosure and community notifications for 
chemical additives (including mixtures) added to fluids used for well drilling, treatment, 
rework, and maintenance operations in all upstream oil and gas operations, not just for 
well stimulation and activities where produced water is discharged to the surface. 
CASRN, mass, concentration, and volume data should be required for all chemical 
disclosures, including proprietary chemicals. Timing of chemical use should also be 
reported. These chemical disclosures should be made publicly available in a digital 
format. It is important to have consistent disclosure requirements across all oil and gas 
development in California. 
 
Recommendation 3.2. Fully disclose and restrict the use of chemical additives in 
upstream oil and gas development with the greatest risks to public health based on toxicity 
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and their mobility and persistence in groundwater, and implement green-chemistry 
principles to replace these additives and poorly characterized chemicals with less-
hazardous compounds. Colorado House Bill 1348, signed by Colorado Governor Polis in 
June 2022, provides a model for implementing disclosure requirements for any chemical 
that may be used in oil and gas production to enable the public and regulators to evaluate 
the environmental and public health impacts of these chemicals and to encourage less-
toxic alternatives. This bill also includes explicit restrictions on the use of per- and 
polyfluoroalkyl substances (PFAS). 
  
Recommendation 3.3. Comprehensive toxicological, environmental, and physico-
chemical profiles should be developed for chemicals used in upstream oil and gas 
development that are missing key data needed to determine human health hazards and 
for risk assessment. Prioritization of chemicals for review should be based on usage 
frequency, mass used, and the potential for human and environmental exposure. Given 
the complexity of prioritizing chemicals with limited information, agencies should consider 
enlisting independent subject-matter experts to help conduct this task. 

SUMMARY FINDING 4.  
Upstream oil and gas development is associated with emissions of volatile organic 
compounds (VOCs). These VOCs include both greenhouse gases and toxic air 
contaminants, including methane and non-methane VOCs (NMVOCs). Exemptions 
for emission control and leak detection and repair (LDAR) requirements exist for 
heavy oil development facilities and for small producers across California. The 
justification for these exemptions is based in part on the assumption that methane 
emissions from these operations represent a small fraction of the total methane 
emissions from all upstream oil and gas development in California. While methane 
can be a reasonable indicator for NMVOCs when the source is methane-rich (e.g., 
natural gas processing plants, natural gas gathering infrastructure, etc.), methane 
is not a reliable indicator for NMVOCs when the source is not methane-rich (e.g., 
condensate tanks, heavy oil flashing, and produced water management and 
disposal). Methane cannot be used as the sole indicator for NMVOC emissions 
from sources that do not emit methane (e.g., diesel engines and other combustion 
sources) or emissions of criteria of air pollutants such as particulate matter and 
nitrogen oxides. 
 
Finding 4.1. Methane and NMVOCs are emitted during upstream oil and gas 
development. Many of the NMVOCs emitted are toxic air contaminants or ground-level 
ozone precursors. Because both methane and some NMVOCs have a common source, 
certain infrastructure components, such as wellheads, gas pipelines, and gas processing 
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plants, have emission profiles with high methane/non-methane hydrocarbon (NMHC) 
ratios. However, other components, such as condensate tanks and produced water 
ponds, have emission profiles with far lower methane/non-methane hydrocarbon ratios, 
and methane is not a reliable indicator of NMVOCs that are not hydrocarbons. While 
diesel engines used for transport, pumps and other purposes do not emit methane and 
have a zero methane:NMHC ratio, they do emit criteria air pollutants (CAPs), toxic air 
contaminants, and other air pollutants (Chapter 4, Sections 4.2.1 and 4.4.1).  

Finding 4.2. Studies conducted on oil and gas development outside of California 
identified several NMVOCs, including toxic air contaminants such as n-hexane, benzene, 
ethylbenzene, toluene, and xylenes, as methane co-pollutants. Significant correlations 
were also found among emissions of benzene and toluene, benzene and m- & p-xylene, 
and toluene and m- & p-xylene. Many of the NMVOCs identified as methane co-pollutants 
in other oil- and gas-producing states have been detected in emissions from, and 
atmospheric concentrations near, upstream oil and gas development in California (e.g., 
benzene, toluene, ethylbenzene, xylenes, and alkanes) (Chapter 4, Sections 4.2.1; 4.4.1; 
and 4.5). 

Finding 4.3. In California, regulatory exemptions from vapor recovery, LDAR, and 
equipment change-out requirements have been established based on methane and 
NMVOC emissions from specific upstream oil and gas sources. These exemptions 
include, but are not limited to (1) a statewide zero-bleed/zero-emission standards 
exemption for existing low bleed (<6 standard cubic feet per hour) natural-gas driven 
pneumatic devices installed prior to January 1, 2016, (2) an exemption from the statewide 
95% vapor recovery requirement for low-throughput separators and condensate tank 
systems, and (3) an exemption from the statewide LDAR requirement for upstream oil 
and gas infrastructure components associated with heavy oil (API gravity <20) (Chapter 
4, Section 4.4). 
 
Finding 4.4. The closure of the exemptions from statewide zero-bleed/zero-emission 
standards for existing low-bleed pneumatic devices and vapor recovery requirements for 
low-throughput separators and condensate tank systems listed in Finding 4.3 would 
reduce NMVOC emissions by an estimated 15 tons per year (tpy) from 50 existing natural 
gas powered pneumatic devices and 208 tpy from ~2,200 small throughput separator and 
tank systems. Additionally, the California Air Resources Board states that heavy oil 
components (API gravity <20) exempt from LDAR account for less than 1% of 
hydrocarbon emissions from leaking components (Chapter 4, Section 4.4). 
 
Conclusion 4.1. While exemptions discussed in Findings 4.3 and 4.4 represent a small 
fraction of NMVOC emissions from the statewide upstream oil and gas development 
sector, these emissions may be meaningful risk of NMVOC exposure in areas with 
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concentrated exempt infrastructure or when this infrastructure exists in close proximity to 
human populations. 
 
Conclusion 4.2. LDAR focused on monitoring for methane is useful when monitoring 
equipment with emissions that have high methane/non-methane hydrocarbon ratios. In 
this context, methane can be a reasonable indicator of the presence of TACs and other 
NMVOCs that are intermixed with methane. However, when monitoring emissions from 
infrastructure or processes containing gases with low methane/non-methane ratios (e.g., 
condensate tanks, produced water management and disposal, etc.) or little to no methane 
content (e.g., combustion from diesel engines, combustion emission from natural gas-
powered equipment, etc.), methane is not a reliable indicator of TAC and other NMVOC 
emissions and there is likely no surrogate for these situations. LDAR approaches that 
focus on measurement of large suites of air pollutant species may be more 
comprehensive and appropriate for various applications when gas composition is 
uncertain. 
Recommendation 4.1. Enforced vapor recovery and LDAR regulations provide tools to 
enhance detection and reductions of emissions of methane and NMVOCs, including toxic 
air contaminants and ozone precursors to the atmosphere. Deploy measures to reduce 
emissions of toxic air contaminants, and ozone precursors associated with new and 
existing upstream oil and gas development. These measures include, but are not limited 
to, the following LDAR and emission control measures:  

● Require zero-bleed/zero-emission all pneumatic devices across upstream oil and 
gas development operations regardless of when they were installed. The Colorado 
Department of Public Health and the Environment’s Air Quality Control 
Commission’s updated Regulation Number 7: Control of Ozone via Ozone 
Precursors and Control of Hydrocarbons via Oil and Gas Emissions (Emissions of 
Volatile Organic Compounds and Nitrogen Oxides) includes requirements for the 
use of zero-bleed and zero-emission pneumatic control devices at oil and gas well 
sites, both for new and modified sources as well as for existing sources, 
retroactively. This Colorado rule provides precedent and guidance for updated 
rules in California.  

● Remove the “small producer” exemptions for separators and condensate tank 
systems and require them to comply with the 95% vapor control standard, both at 
the local and regional district levels and within California’s Oil and Gas Methane 
Regulation.  

● Remove the heavy oil exemption (crude oil with API gravity <20) from California’s 
Oil and Gas Methane Regulation Leak Detection & Repair (LDAR) requirements.  

 
Recommendation 4.2. Require air quality monitoring and leak detection and response 
plans that monitor for air pollutants that are relevant and appropriate for the infrastructure 
being monitored. Methane may be a useful surrogate for TACs and other pollutants of 
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concern (e.g., toxic air contaminants, ozone precursors) from infrastructure that contains 
gases with high methane/non-methane hydrocarbon ratios, but is not appropriate as a 
surrogate when monitoring infrastructure containing gases with lower methane:non-
methane hydrocarbon ratios.  

SUMMARY FINDING 5.  
Produced water contains compounds that are known to be hazardous to human 
health. Produced water handling and disposal in California has been documented 
to impact groundwater that is currently or could in the future be used for domestic 
consumption or agricultural irrigation in California.  
 
Finding 5.1. Organic compounds, such as benzene, as well as salts from unlined 
produced water ponds have migrated into the subsurface and impacted the quality of 
regional aquifers in California at distances beyond 2.5 miles (4 km or 13,200 ft). These 
regional aquifers provide beneficial uses to municipalities and agriculture in California 
(Chapter 5, Section 5.5). 

Finding 5.2. Discharge of produced water to the surface (surface spills and discharge to 
unlined produced water ponds, in particular) pose greater potential for human exposure 
to chemicals in produced water than subsurface recycling and disposal of produced water 
via Class II injection wells with proper zonal isolation (Chapter 5, Section 5.5–5.8).  

Finding 5.3. While at a smaller scale in recent years, disposal of produced water 
containing high concentrations of total dissolved solids, heavy metals and volatile organic 
compounds into unlined produced water ponds continues throughout the southern portion 
of the San Joaquin Valley. These disposal practices have documented subsurface 
pathways to groundwater resources that are used for drinking water and agricultural 
supply. Groundwater monitoring at and near unlined produced-water-pond facilities is 
relatively sparse, but where monitoring has been undertaken, impact to groundwater has 
been observed (Chapter 5, Section 5.5). 

Finding 5.4. Past and present locations of intentional discharges of produced water to 
surface water (onshore) cannot be traced in the CalGEM or California Integrated Water 
Quality System (CIWQS) databases. As a result, locations of potential impact to surface 
water and sediment are unknown (Chapter 5, Section 5.6).  

Finding 5.5. There is no publicly accessible database that contains up-to-date reporting 
of the volumes of crude oil and produced water spills in California. Additionally, the 
California Office of Emergency Services (CalOES) database often contains non-specific 
location data, and operators often report spills as mixtures of produced water and crude 
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oil and sometimes report de minimis spills in non-specific measurements (e.g., 
teaspoons, drops) (Chapter 5, Section 5.7). 

Conclusion 5.1. An understanding of produced water composition is essential to assess 
and manage its potential for human health hazards, risks, and impacts. The lack of 
publicly available data on the composition of produced water across geographic and 
geological space and by operator hinders the ability of researchers and risk managers to 
conduct health-protective produced-water management and to responsibly identify 
opportunities for reuse of produced water outside of the oilfield. 

Conclusion 5.2. Disposal of produced water in unlined produced-water ponds poses 
risks to California groundwater resources that currently or in the future could be used for 
public and agricultural water supplies. Groundwater monitoring at and near unlined 
produced-water-pond facilities is relatively sparse, but where monitoring has been 
undertaken, impact to groundwater has been observed and documented in California.  

Conclusion 5.3. Past and present locations of produced water discharge to surface water 
must be known in order to determine the types and concentrations of contaminants in 
surface water and sediment attributable to produced water disposal. 

Conclusion 5.4. The ability to reliably characterize and analyze statewide volumes of 
spilled crude oil and produced water is hindered by the lack of a centralized, analysis-
ready database. 

Recommendation 5.1. Disposal of produced water in unlined produced-water ponds 
should be prohibited. Monitoring of subsurface plumes of produced water from existing 
pond facilities should continue and be expanded in a systematic fashion that prioritizes 
facilities at most risk of contaminating aquifers that meet the definition of an underground 
source of drinking water (USDW) or currently or in the future could be used for domestic 
consumption or agricultural irrigation. 

Recommendation 5.2. Comprehensive chemical analyses including targeted and non-
targeted bioanalytical tests should be conducted to evaluate the chemical composition, 
toxicity, carcinogenicity, and other chemical hazards of produced water discharged to the 
surface or injected into Class II wells where out-of-zone migration is shown to occur. 
Requirements for these analyses should be consistent statewide and recorded in a 
publicly available digital database. 

Recommendation 5.3. Ensure that the definition of protected groundwater during 
disposal of produced water into produced-water ponds is consistent with the definition of 
an Underground Source of Drinking Water utilized in California’s Underground Injection 
Control (UIC) program pursuant to the Safe Drinking Water Act, and for hydraulic 
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fracturing pursuant to Senate Bill 4 (2013). Currently this is <10,000 milligrams per liter 
(mg/L) total dissolved solids (TDS). 

Recommendation 5.4. Establish a comprehensive database of past and present 
locations of produced-water disposal to surface water and associated annual and 
cumulative volumes of this disposal.  

Recommendation 5.5. Ensure that the California Office of Emergency Services 
database of spill volume estimates is updated with actual spill volumes (e.g., these values 
are referred to as “corrected” spill volumes by California Office of Emergency Services) 
in a timely manner. A centralized, accessible, database of produced water spills should 
be maintained by the California Office of Emergency Services. Operators should be 
required to submit separate volumes of spill substances (i.e., distinct volumes of produced 
water, and crude oil), in standardized measurement units (e.g., barrels or gallons) and 
include accurate reporting of the latitude and longitude of the spill. 

SUMMARY FINDING 6.  

Idle, idle-deserted, and abandoned oil and gas wells and other legacy upstream oil 
and gas infrastructure pose potential near and long-term health risks that are 
poorly characterized due to limited data and reporting. 

More data for these legacy systems can inform and prioritize well plugging and 
other remediation efforts. A framework for the prioritization of remediation 
depends on access to key metrics such as surrounding population density, 
demographics, groundwater resources, propensity or magnitude of leakage, etc. 
 
Finding 6.1. Human health hazards and potential risks from legacy upstream oil and gas 
infrastructure and pipelines include the release of oil, gas, produced water, radioactive 
scale (which is considered technologically enhanced naturally-occurring radioactive 
material, or TENORM), and legacy pipeline treatment chemicals (e.g., polychlorinated 
biphenyls [PCBs]). Corrosion and weathering of pipeline bodies, welds, and pipeline 
coatings release heavy metals and hazardous materials such as asbestos (Chapter 6, 
Section 6.6).  

Finding 6.2. Current regulations for the handling and management of oil- and gas-related 
NORM/TENORM in California are lacking. In recent years, improperly abandoned legacy 
pipelines in California have resulted in events that released crude oil and oil-water 
mixtures to the surface, potentially exposing nearby communities to hazards (Chapter 6, 
Section 6.6). 
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Finding 6.3. Idle, abandoned, removed, idle-deserted, and deserted pipelines are not 
required to be reported by operators in pipeline management plans submitted to CalGEM. 
Information on abandoned legacy infrastructure will depend on requirements from other 
regulatory agencies or datasets (Chapter 6, Section 6.6). 

Finding 6.4. CalGEM reports approximately 126,000 plugged and abandoned oil and gas 
wells in California. However, recent assessments found that the number of abandoned 
wells is under-reported by 17% or more. There are an estimated 2,500 to 5,000 idle-
deserted wells in the state (Chapter 6, Section 6.6). 

Finding 6.5. The majority of studies of emissions from idle and abandoned wells in 
California focus on methane. Studies that have measured non-methane volatile organic 
compounds or emissions from idle or abandoned wells in California are limited in scope 
and geographic coverage (Chapter 6, Section 6.5.1).  

Finding 6.6. Previous studies of methane emissions from abandoned and idle wells in 
California have found that most emissions come from a small number of wells that are 
“super-emitters.” Despite this evidence, there are no long-term monitoring requirements 
of fugitive emissions from abandoned, idle, and idle-deserted wells (Chapter 6, Section 
6.6).  

Conclusion 6.1. Abandoned legacy infrastructure and pipelines pose hazards and 
potential risks to the public and these are inadequately documented, assessed, and 
regulated. 

Conclusion 6.2. The assessment of health hazards and risks associated with idle, idle-
deserted, and abandoned wells and associated legacy infrastructure (e.g., pipelines) 
requires accurate information about the number, location, and type of each well, in 
addition to the composition of gas and liquids emitted and leaking from this infrastructure.  

Conclusion 6.3. Mass, rate, and chemical composition of methane and non-methane 
volatile organic compound emissions from idle and abandoned wells and ancillary 
infrastructure in California are not well-characterized. Currently available emissions data 
is inadequate to reliably assess the hazards, risks, and potential impacts of abandoned 
and idle wells on air and water quality and human health. Loss of abandoned well integrity 
that results in emissions to the atmosphere or contamination of water resources may go 
undetected for extended periods of time due to the lack of environmental monitoring. 

Recommendation 6.1. Agencies with jurisdiction, including CalGEM, should continue to 
develop a thorough inventory to compile and maintain records of abandoned legacy 
infrastructure. Specific locations of all wells, flowlines, gathering lines, pipelines, tanks, 
and other infrastructure abandoned in-place should be recorded and maintained in a 
digital database. A process for public access to this database that complies with current 
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security and regulatory requirements should be established. A risk-based decision-
making framework should also be developed for in-place pipeline abandonment that 
accounts for nearby human populations, groundwater resources, future land use, and 
potential hazards such as PCBs, TENORM, asbestos, and measures of structural 
integrity of wells, pipelines, and other infrastructure. Science-informed TENORM and 
PCB thresholds that trigger cleanup requirements should be adopted. Operators that own 
abandoned pipelines and infrastructure should be required to verify proper abandonment 
procedures.  

Recommendation 6.2. Examine historical records and develop a thorough inventory of 
abandoned wells in the State, including legacy wells abandoned before current plugging 
and remediation requirements. Efforts to identify and prioritize idle-deserted wells for 
plugging and abandonment should be expanded. Sites with idle-deserted or abandoned 
infrastructure that is sited in areas slated for redevelopment should undergo relevant 
environmental testing, including studies to assess methane and non-methane volatile 
organic compound flux, and potential soil and groundwater contamination. 

Recommendation 6.3. Additional studies should be conducted to assess the 
composition of gas contained in and emitted from abandoned, idle, and idle-deserted 
wells. These studies will equip researchers and risk managers with the data required to 
evaluate health hazards, risks, and impacts of emissions from this infrastructure in 
California (e.g., health-relevant concentrations at the part-per-billion (ppb) level using 
EPA Method TO-15). Samples should be collected directly from production string, 
bradenhead, or other wellhead features. Random sampling should be undertaken to 
better characterize the distribution and variability of toxic air contaminants in gas from 
legacy wells across geographic and geological space. These data should be compiled in 
a database that also contains other well characteristics such as spud date, date of 
abandonment or abandonment status, and well depth. Investigations should be 
undertaken to locate and mitigate potential super-emitters to the atmosphere or wells 
where lack of zonal isolation is more likely to lead to migration of gas and fluids in the 
subsurface. 
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1.0 California Oil & Gas Public Health Rulemaking Process 
On October 12, 2019, Governor Gavin Newsom signed into law Assembly Bill 1057 (AB 1057), 
which renamed the oil and gas regulatory body from the Division of Oil, Gas, and Geothermal 
Resources (DOGGR) to the California Geologic Energy Management Division (CalGEM) and 
specified that “provisions relating to oil and gas conservation include protecting public health and 
safety and environmental quality” (Limón, 2019).  

To fulfill the health and safety requirements of AB 1057, CalGEM is undertaking a formal 
rulemaking that will update protections for communities near oil and gas production operations. 
CalGEM has also convened the California Oil & Gas Public Health Rulemaking Scientific Advisory 
Panel (or “Panel”), which consists of public health experts, to provide Division staff with relevant 
scientific information and recommendations (CA DOC, 2019). CalGEM retained Rachel Morello-
Frosch, PhD, MPH, of UC Berkeley, as the principal investigator (PI) of the Panel, along with Seth 
B.C. Shonkoff, PhD, MPH, of PSE Healthy Energy, UC Berkeley, and the Lawrence Berkeley 
National Laboratory, as the co-PI. In consultation with CalGEM, the PIs identified and enlisted 
recognized public health experts from across the United States to participate in the California 
public health oil and gas rulemaking.  

The Advisory Panel is composed of 15 members (including the two PIs) with expertise in:  

• public health,  
• environmental health science,  
• exposure assessment,  
• epidemiology,  
• toxicology,  
• engineering,  
• preventative medicine,  

 

• pediatric medicine,  
• air and water pollution,  
• source, fate, and transport,  
• spatial data analysis,  
• human health hazard and risk assessment, and  
• occupational and environmental medicine.  

Panel member biographies are included in Appendix A. The tasks of the Advisory Panel generally 
include: 

● Providing relevant scientific information and data from the peer-reviewed literature to 
guide and support CalGEM’s rulemaking decisions, and 

● Providing expert analysis, opinions, and recommendations related to a wide variety of 
public health questions that arise during preparation of the rulemaking documentation. 

The Panel has prepared this report to accomplish the above stated tasks, and to delineate its 
findings, conclusions, and recommendations. More specifically, to prepare this report the Panel:  

● Synthesized existing scientific research recommendations and science-based policy 
recommendations regarding public health and upstream oil and gas development 
(OGD); 
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● Reviewed additional peer-reviewed scientific literature and government reports on the 
public health dimensions of OGD in California and other oil and gas regions in North 
America; and 

● Compiled science-based findings, conclusions, and recommendations regarding public 
health hazards, risks, and impacts of upstream OGD. 

1.1 Purpose and scope this report 
In this report, the Scientific Advisory Panel evaluates the human health hazards, risks and impacts 
associated with upstream, onshore OGD in California (Figure 1.1). The Panel used three key 
questions to guide their research efforts:  

1. What are the hazards, exposures, and human health risks and impacts associated with oil 
and gas development in the State of California? 

2. What are the exposure pathways through which OGD hazards pose risks and impacts to 
human health and safety? 

3. How far do these identified human health and safety risks and impacts extend from oil and 
gas development processes, and how can these risks and impacts be further mitigated? 

The scope of this report covers the life cycle of upstream OGD activities, including field and near-
field infrastructure and activities associated with well pad development, well stimulation and 
completion, well maintenance, well plugging, oil and gas production, underground gas storage, 
produced water and recovered fluids, and legacy infrastructure and abandonment (Box 1). 

The report does not cover the midstream and downstream life cycles of oil and gas and thus 
excludes the manufacturing of materials or equipment used in OGD, transport of produced oil and 
gas to refineries or utilities, and refining or end-use combustion of hydrocarbons as fuel or 
chemical feedstock. While upstream OGD releases greenhouse gases that contribute to climate 
change, this report does not focus on climate change-related public health impacts. Additionally, 
this report does not focus on occupational health dimensions of upstream OGD, although this 
topic is discussed briefly in Box 2.  
 
The Panel compiled published scientific literature and data available through June 8, 2022, that 
focused on upstream OGD in the United States and Canada. However, numerous epidemiological 
studies focused on upstream oil and gas development were published throughout the 
development of this report. As such, “Chapter 3 — Peer-reviewed Epidemiological Literature 
Assessing Upstream Oil and Gas Development” was updated to include studies published 
through July 15, 2023. Additionally, “Chapter 4 — Oil and Gas-Associated Air Pollution, Health 
Risks and Approaches to Emission Control” briefly mentions CalGEM’s 2024 Request for 
Information regarding “technologies and processes that can be used to effectively ensure leaks 
associated with oil and gas operations are being detected” (CalGEM, 2024). 

Sources considered in this report included peer-reviewed studies, government reports, and white 
papers authored or commissioned by academic and research institutions, government agencies, 
or expert panels.  
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The Panel reached consensus regarding all findings, conclusions, and recommendations in this 
report. Consensus means that all panel members reviewed the findings, conclusions, and 
recommendations and affirmatively agreed that the scientific evidence supports them. Panel 
members had the opportunity to prepare a dissenting assessment, but no one did so. This report 
reflects the perspective of the Panel members and not necessarily those of their employers or the 
institutions with which they are affiliated. 

 

Figure 1.1. Oil and natural gas systems. Source: Adapted from U.S. Environmental Protection Agency 
and American Gas Association (US EPA, 2016). 



 1-4 

Box 1. Underground gas storage in California  
There are currently 12 active underground gas storage (UGS) facilities in California (Long et 
al., 2018). At UGS facilities, natural gas is injected downhole into subsurface reservoirs, stored, 
and withdrawn for later use. Additionally, wells located at some of these UGS facilities also 
produce oil.  

Given that many UGS facilities have active oil and/or gas wells, and because of some overlap 
in the emissions and health hazards between UGS and upstream oil and gas development 
wells, some activities at UGS facilities fall within the scope of this report. However, storage of 
natural gas that has already been extracted and transferred by pipeline to the storage site is 
outside of our scope.  

In this report, we summarize existing public health findings, conclusions, and recommendations 
from previous assessments on UGS (Shonkoff et al., 2017) and highlight ongoing efforts to 
address public health dimensions of UGS in California (e.g., the Aliso Canyon Disaster Health 
Study) (LACDPH, 2021). Our approach to UGS sites with active oil/gas wells is to focus on 
defining setback boundaries based on the location and properties of the on-site OGD wells. 
Although we do not make recommendations specific to UGS facilities, we highlight where UGS 
facilities are similar to upstream OGD (i.e., with regards to geologic features), and also where 
UGS operations are different from upstream OGD in the scope of any rulemaking. 
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Box 2. Occupational health dimensions of upstream oil and gas development in 
California 
The oil and gas industry relies on a workforce of employees and contractors to support 
upstream OGD operations. Because workers may come into close contact with many chemical 
and physical hazards associated with OGD, worker health is an important consideration for 
these operations. Few studies have examined the occupational health dimensions of OGD 
operations in California.  
 
The Independent Scientific Assessment on Well Stimulation in California briefly examined 
occupational health dimensions associated with OGD in California (Long et al., 2015). These 
occupational hazards may be associated with well stimulation, such as exposure to respirable 
crystalline silica (i.e., fine crystalline silica dust or particles) and chemical additives used in 
hydraulic fracturing, or hydrochloric and hydrofluoric acid used in acid fracturing and matrix 
acidizing. Occupational health hazards are also associated with general oil and gas industry 
operations, including but not limited to exposure to toxic air pollutants (Shonkoff et al., 2015). 
In certain cases, oxygen deficiency and inhalation of hydrocarbon gases and vapors (e.g., 
hydrogen sulfide) have resulted in sudden death among oil and gas workers in the United States 
(Harrison et al., 2016). 
 
The Independent Scientific Assessment on Well Stimulation in California included the following 
conclusions and recommendations regarding occupational health hazards and OGD:  
 

“Conclusion 6.4. Hydraulic fracturing and acid stimulation operations add some 
occupational hazards to an already hazardous industry. Studies done outside of 
California found workers in hydraulic fracturing operations were exposed to respirable 
silica and VOCs, especially benzene, above recommended occupational levels. The oil 
and gas industry commonly uses acid along with other toxic substances for both routine 
maintenance and well stimulation. Well-established procedures exist for safe handling 
of dangerous acids. 
…. 
Recommendation 6.4. Assess occupational health hazards from proppant use and 
emission of volatile organic compounds. Conduct California-based studies focused on 
silica and volatile organic compounds exposures to workers engaged in hydraulic-
fracturing-enabled oil and gas development processes based on NIOSH occupational 
health findings and protocols.”  
 

Since the publication of Long et al. (2015), at least one health risk assessment has evaluated 
air pollutant concentrations near oil and gas sites during well stimulation activities. This 
assessment reported that measured air pollutant concentrations during well stimulation 
activities did not exceed occupational-based health standards (Shonkoff & Hill, 2020). Of note, 
this assessment did not evaluate silica exposures.   
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1.2 Report overview 
This report is organized into key topic areas relevant to assessing human health hazards, 
exposures, risks and impacts associated with upstream, onshore OGD. Each report chapter is 
briefly described below. 

● Executive Summary — Findings, Conclusions, and Recommendations: A synthesis 
of key findings, conclusions, and recommendations based on the report chapters.  

● Chapter 1 — Introduction: Describing the scope of this report and the approach of the 
Advisory Panel.  

● Chapter 2 — Stressors Associated with Upstream Oil and Gas Development: An 
overview of chemical and physical stressors associated with OGD, with a particular focus 
on California. 

● Chapter 3 — Peer-Reviewed Epidemiological Literature Assessing Upstream Oil 
and Gas Development: A review of the epidemiological studies relevant to assessing the 
association between upstream OGD and adverse health effects.  

● Chapter 4 — Oil and Gas-Associated Air Pollution, Health Risks and Approaches to 
Emission Control: A review of air pollution associated with upstream oil and gas sources; 
air quality health risk assessments; and best available emission control strategies.  

● Chapter 5 — Produced Water Management and Health: A review of produced water 
management approaches employed in California and their relevance to public health. 

● Chapter 6 — Legacy Oil and Gas Infrastructure: A review of abandoned, idle, and 
orphaned wells in California, including existing research and identified research gaps on 
methane and air pollutant emissions.  

● Chapter 7 — California Proximity Analysis: A proximity analysis is used to characterize 
populations and sensitive receptor sites located near existing OGD in California. 
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2.0 Abstract 

Upstream oil and gas development (OGD) is responsible for the introduction of both chemical and 
physical stressors to nearby communities that can impact public health. Chemical stressors from 
OGD include petroleum hydrocarbons such as benzene, toluene, ethylbenzene, and xylene 
(BTEX), heavy metals, products of combustion such as criteria air pollutants, odorous 
compounds, and chemical additives. Physical stressors include noise, light, radioactive materials, 
induced seismicity, and explosions or fires. Communities may be exposed to varying 
combinations of multiple stressors.  

Although the majority of OGD in California is considered conventional, California has placed 
policy, regulatory, and scientific emphasis on unconventional OGD, including hydraulic fracturing, 
matrix acidizing, and acid fracturing. However, most of the impacts associated with 
unconventional OGD are caused by exposure to stressors from oil and gas production enabled 
by unconventional extraction methods. Thus, many stressors are intrinsic to both conventional 
and unconventional OGD, including emissions of radioactive materials and hazardous air 
pollutants such as BTEX, the use of chemical additives, and noise pollution, odors, and landscape 
disruption.  

The risks associated with chemical and physical stressors from upstream OGD are dependent on 
the distance between the source and the receptor, whether it be a human receptor or a receptor 
relevant to human exposure (e.g., a drinking water well). The risk associated with stressors from 
upstream OGD can be attenuated by increasing the distance between the source and the 
receptor.  

2.1 Introduction 

In this chapter, we characterize various stressors associated with upstream oil and gas 
development (OGD). A stressor is any chemical, physical, or biological entity that can modulate 
normal functioning or induce an adverse response (NRC, 2012; IPCS, 2004). Below, we discuss 
chemical and physical stressors1 associated with upstream OGD and present information specific 
to upstream OGD in California when available. In this chapter, we also discuss how chemical and 
physical stressors associated with upstream OGD activities may be attenuated by distance from 
an upstream OGD source.  

Chemical stressors are defined as substances with potential harmful properties (e.g., toxicity, 
flammability, carcinogenicity) that may be released into environmental media (e.g., air, water, soil) 
and may pose a risk to human health and/or the environment. These include chemicals that are 
found in petroleum reservoirs, emitted from upstream OGD activities, and additives used to 
facilitate well maintenance and oil and gas production. Further discussion of relevant 

 
1 Given that there is a limited literature on the biological hazards (e.g., hazards that stem from a biological 
source) associated with upstream OGD, biological hazards were not considered in this report. 
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environmental exposure pathways and potential health risks of chemical stressors associated 
with upstream OGD emitted to air and water are discussed in Chapters 4 and 5, respectively.  

Physical stressors generally involve the propagation of energy and therefore include noise, light, 
radioactive materials, induced seismicity, explosions associated with upstream OGD.  

2.2 Chemical stressors 

Chemical stressors associated with upstream OGD include toxic compounds recognized as air 
pollutants and drinking water contaminants. These include petroleum hydrocarbons and metals, 
products of combustion, odorous compounds (reduced sulfur compounds), and chemical 
additives used during routine oil and gas activities and during well stimulation activities. Below, 
we discuss the health relevance of various types of chemical stressors associated with upstream 
OGD. 

2.2.1 Petroleum hydrocarbons and metals 

Petroleum reservoirs contain hundreds of petroleum hydrocarbons, which make up the largest 
fraction of petroleum. Petroleum hydrocarbons include hazardous compounds such as benzene, 
toluene, ethylbenzene, and xylene (BTEX), and various alkanes (e.g., n-hexane) with known or 
suspected toxic effects. For example, benzene is a known human carcinogen and hematological 
toxicant, and chronic exposures to ethylbenzene, toluene, and xylene, and n-hexane, have been 
associated with carcinogenicity, neurotoxicity, and/or reproductive toxicity (National Cancer 
Institute, 2019; OEHHA, 2019). BTEX compounds also have been associated with endocrine 
activity and can impact hormone production, mimic hormones, or inhibit hormone signaling 
(Bolden et al., 2018). Many petroleum hydrocarbons, such as BTEX and n-hexane, are volatile 
organic compounds (VOCs) and are recognized as toxic air contaminants (TACs) in the State of 
California (CARB, 2021a); Benzene, toluene, ethylbenzene, and n-hexane are also listed as 
carcinogens and/or reproductive toxicants by the State of California through Prop 65 (OEHHA, 
2022). Additionally, a number of petroleum hydrocarbons that are volatile organic compounds 
(VOCs) are precursors that lead to the secondary formation of ground-level ozone, a federally 
recognized criteria air pollutant associated with adverse respiratory impacts (US EPA, 2015). 

Oil and gas bearing formations can also contain high levels of naturally occurring trace metals 
that can be mobilized and brought to the surface during oil and gas production (CCST et al., 2015; 
Piper & Isaacs, 1995). Crude oil, natural gas, and produced water may all contain trace metals 
(Cachia et al., 2018; CCST et al., 2015; Lord, 1991), some of which are hazardous to human 
health. Cadmium, lead, arsenic, selenium, and nickel are trace metals commonly found in crude 
oil and are recognized as known human carcinogens and developmental and reproductive 
toxicants, or are associated with other toxic effects (Lord, 1991; Schreiber & Cozzarelli, 2021; 
USGS, 2019).  

Many petroleum hydrocarbons and metals found in petroleum sources are also recognized as 
drinking water contaminants and have maximum contaminant levels established for drinking water 
to protect public health (e.g., benzene; SWRCB, 2020). 
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2.2.2 Products of combustion 

Diesel-powered equipment or gas turbines used during drilling and well stimulation activities (e.g., 
hydraulic fracturing); flaring or the controlled burning of natural gas from flare stacks; and diesel 
trucks used to transport equipment and waste products can impair local air quality by emitting 
incomplete combustion byproducts (e.g., fine particulate matter (PM2.5), black carbon, BTEX, 
nitrogen oxides, carbon monoxide, and formaldehyde) (Johnson et al., 2018; Chen et al., 2022). 
Exposure to diesel exhaust near oil and gas sites is a recognized respiratory health hazard and 
diesel-associated particulate matter is a known human carcinogen (CARB, 2021b; McCawley, 
2013, 2015).  

A recent study monitored particulate matter smaller than 2.5 microns (PM2.5) and black carbon at 
residences located between 715 to 1,288 ft (218 to 393 m) from the sound wall of a large multiwell 
pad (Allshouse et al., 2019). Hydraulic fracturing activities had the highest median levels of PM2.5 
and black carbon compared to other well activity phases at these distances (Allshouse et al., 
2019). A modeling study of emissions near well pads in Pennsylvania estimated that ambient air 
concentrations of PM2.5 exceeded the U.S. EPA National Ambient Air Quality Standards beyond 
the state setback distance of 500 ft (152 m), with exceedances increasing as density of wells on 
a single pad increases (Banan & Gernand, 2018). The flaring of excess natural gas or associated 
gas during oil and gas production also results in a variety of products of combustion, including 
black carbon, PM2.5, polycyclic aromatic hydrocarbons, and other non-methane hydrocarbons 
(Schade & Roest, 2018; Weyant et al., 2016).  

Additionally, particulate matter and ground-level ozone are criteria air pollutants that arise as 
secondary air pollutants when oil and gas-associated air pollutants interact with other reactive 
compounds in the atmosphere and with combustion products from equipment and trucks. For 
example, VOCs and nitrogen oxides released into the atmosphere can react in the presence of 
sunlight to form ground-level ozone (CARB, 2020). It is estimated that in 2025, the total number 
of premature deaths in California attributable to oil and gas sector particulate matter and ozone 
precursor emissions will be 72 (57–130, 95% confidence interval) (Fann et al. 2018). 

2.2.3 Odorous compounds 

Odorous compounds associated with upstream oil and gas activities include sulfur-based 
compounds that occur naturally in petroleum reservoirs, such as hydrogen sulfide (H2S) and 
various mercaptans. Odorous compounds can adversely impact the physical and mental health 
of those experiencing odors, as well as interfere with daily activities and social well-being. Broadly, 
epidemiological studies have associated malodors with acute physical symptoms such as 
headaches, nausea, eye and throat irritation, respiratory symptoms including wheeze, and 
psychosocial stress (Avery et al., 2004; Heaney et al., 2011; Horton et al., 2009; Schiffman et al., 
1995; Schiffman et al., 2005). Additionally, some odorous compounds, such as H2S, are acutely 
toxic. 
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2.2.3.1 Hydrogen sulfide (H2S) 

Hydrogen sulfide (H2S) is an odorous gas with a low odor threshold, which means it can be 
perceived by human smell at low concentrations ranging from 8 to 130 parts per billion (ppb) 
(NRC, 2010). Most human organ systems are susceptible to the toxic effects of H2S, particularly 
mucus membranes, the central nervous system, the respiratory system, the cardiovascular 
system, and the gastrointestinal system (Reiffenstein et al., 1992). Exposure to H2S is associated 
with known acute health symptoms, including irritation of the eyes, nose, and throat, nausea, 
vomiting, and headaches (OSHA, n.d., 2005). Exposure to concentrations of H2S as low as 100 
parts per million (ppm) may cause death after 48 hours while concentrations of 500 ppm or greater 
can lead to rapid collapse, unconsciousness, and death (OSHA, n.d., 2005).  

The California Environmental Protection Agency (CalEPA) Office of Environmental Health Hazard 
Assessment has adopted an acute reference exposure level (REL) for exposure to H2S for 
nervous system effects of 30 ppb and a chronic REL for long-term exposure associated with 
respiratory effects of 8 ppb (OEHHA, 2019). One study found that low-level exposures of 7 ppb 
H2S resulted in an increase in emergency room visits (Finnbjornsdottir et al., 2016).  

Elevated concentrations of H2S have been detected near oil and gas sites outside of California. 
In a community-based monitoring study conducted across five states with oil and gas activities, 
Macey et al. (2014) reported concentrations of H2S that significantly exceeded federal health-
based guidance values for H2S. Additionally, a study near the Barnett Shale in Texas found that 
32 lease sites (8.0%) had H2S concentrations greater than 4.7 ppb just beyond the fence line 
(492–1968 ft away, 150–600 m) with the peak concentration reaching 137 ppb (Eapi et al., 2014). 
Measured concentrations generally did not correlate well with site characteristics (natural gas 
production volume, number of wells, or condensate production).  

H2S has also been detected near oil and gas sites in California (Brandt et al., 2015; CARB, 2019; 
Lillis et al., 2007; Sahagun, 2013a, 2013b; see Chapter 4). Cases of H2S migration to the surface 
have been documented in California, posing risks in confined spaces without monitoring. For 
example, the Edward R. Roybal Learning Center in Los Angeles was developed over part of 
former Los Angeles City Oil Field and required extensive monitoring and mitigation for H2S from 
gas migration (Chilingar & Endres, 2005). 

2.2.3.2 Mercaptans and other odorants 

Mercaptans are naturally occurring sulfur compounds found in crude oil and natural gas 
(Krzyzanowski, 2012). Mercaptans in crude oil come in a variety of forms and, along with H2S, 
are responsible for the “rotten egg smell” reported near upstream oil and gas facilities 
(Krzyzanowski, 2012). Exposure to mercaptans and other sulfur-based odorants may result in 
irritation of the eyes, nose, and throat, coughing, nasal congestion, shortness of breath, nausea, 
dizziness, stomach discomfort, and headaches, even at “very low levels.” The Texas Commission 
on Environmental Quality (TCEQ) established interim short-term (1 hour) and long-term (1 year) 
effects screening levels (ESLs) for various mercaptan and odorant compounds (TCEQ, 2018) 
(Table 2.1). According to TCEQ, short-term ESLs are established to “protect against short-term 
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health effects from discontinuous exposure, nuisance odor, and harmful effects in plants” and 
long-term ESLs “protect against long-term health effects and plant damage”(TCEQ, 2015). 

Table 2.1. Corresponding Texas Commission on Environmental Quality (TCEQ) short-term and long-term 
effects screening levels for select mercaptans and other odorants. Source: TCEQ (2018).  

Mercaptan or other 
odorant CASRN TCEQ Short-Term Effects 

Screening Levels, ppb (µg/m3) 
TCEQ Long-Term Effects 

Screening Levels, ppb (µg/m3) 

methyl mercaptan 74-93-1 0.99 (1.9) 0.5 (1) 

ethyl mercaptan 75-08-1 0.4 (1) 0.5 (1.3) 

n-propyl mercaptan 107-03-9 1.2 (3.7) 0.5 (1.6) 

isopropyl mercaptan 75-33-2 0.45 (1.4) 0.58 (1.8) 

tert-butyl mercaptan 75-66-1 0.089 (0.33) 0.49 (1.8) 

n-butyl mercaptan  109-79-5 0.73 (2.7) 0.49 (1.8) 

pentyl mercaptan 110-66-7 0.02 (0.1) 0.5 (2) 

tetrahydrothiophene 110-01-0 500 (1,800) 50 (180) 

dimethyl sulfide 75-33-2 3 (7.6) 10 (25) 
 

2.2.3.3 Complaints of odors near oil and gas sites 

Odors are a common complaint for residents living near OGD sites and numerous studies 
examining populations living near OGD document self-reported health symptoms with perceived 
odors (see Chapter 3). California has 35 air districts and residents report odor complaints to the 
air district responsible for regulating air quality in their region. For example, residents near the 
Allenco Energy Inc. oil and gas production facility in South Los Angeles reported almost 300 odor 
complaints to the South Coast Air Quality Management District (SCAQMD) between 2010 and 
2014, resulting in over 150 inspections and 18 Notices of Violation (NOV), including six NOVs for 
nuisance due to odors (SCAQMD, 2015a).  

Upon report of nuisance odor complaints, the SCAQMD will assign an investigator to inspect the 
suspected location of the odor and determine a potential source (SCAQMD, 2021). Specifically, 
under Rule 1148.1 – Oil and Gas Production Wells,  

“a facility is required to submit a Specific Cause Analysis when there are three or more 
complaints by different individuals from different addresses, and the source of the odor is 
verified by District personnel. If this provision is triggered three times within a six-month 
period, the facility is further required to submit an Odor Mitigation Plan with specific 
provisions for odor monitoring and mitigation that are spelled out in the rule” (SCAQMD, 
2015b). 
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A recent investigation found that H2S levels were absent or low at the 15 upstream oil and gas 
production sites in unincorporated Los Angeles County, based on available data, and no odor 
complaints were reported for those sites in SCAQMD’s database (MRS Environmental, 2017). 
However, the presence of H2S varied based on specific oil field conditions, and more 
environmental data are needed to characterize the extent of H2S exposures in the Los Angeles 
Basin. A recent report by the Los Angeles County Department of Public Health stated: “Depending 
on the type of operations and proximity of people nearby, some EIRs (environmental impact 
reports) and HIAs (health impact assessments) reviewed for this report concluded that odor 
events would lead to significant and unavoidable impacts to residents living nearby while others 
provided evidence that odor mitigation plans would alleviate odor impacts for nearby residents” 
(LACDPH, 2018). In addition, effects related to odors may be unavoidable at distances out to 
1,000 ft (305 m) during loss of containment events, regardless of standard mitigation efforts 
(LACDPH, 2018). LACDPH (2018) also notes that odors will likely not present a hazard at a 
distance of 1,500 ft (457 m) from an oil and gas site, though no justification through complaint 
reporting or dispersion modeling was provided for this determination.  

Many complaints near upstream OGD sites in other oil and gas regions are related to noise and 
odors. Equitable response to complaints is important to consider. A recent study conducted in 
Pennsylvania found that while the number of complaints filed were similar in counties with different 
racial demographics, counties with a higher proportion of racial minorities were associated with 
fewer confirmed impairments, highlighting the possible inequities in addressing oil and gas 
complaints (Clark et al., 2021). Data on complaints associated with noise, odors, and air pollution 
are currently not publicly available in California. Furthermore, no peer-reviewed studies have 
evaluated exposure to noise, light, and odors associated with oil and gas development in 
California, nor have widespread assessments of complaints been conducted.  

2.2.4 Chemical additive usage in upstream oil and gas development 

Chemical additives are used throughout the well drilling, construction, completion, and rework2 
process to aid in well cleanout, modify fluid viscosity, and to control pH, clay, corrosion, scale 
buildup, and microbial activity. Chemicals are also reportedly used for ancillary purposes, such 
as to mask or neutralize odorous compounds (Fleming & Kim, 2017). Exposure to chemical 
additives used in upstream oil and gas development may result from accidental spills and leaks, 
releases to the air during chemical mixing and operations, groundwater contamination, and 
volatilization from produced water (CCST et al., 2015) Additionally, chemical additives may also 
transform through environmental degradation or during wastewater treatment (CCST et al. 2015; 
Kahrilas et al. 2015, 2016). Below we discuss chemical additive usage in California, knowns and 
unknowns about chemical additive toxicity, downhole chemical transformations, and implications 
for chemical disclosure and public health.  

There are four major sources of publicly available chemical disclosures for oil and gas operations 
in California: the South Coast Air Quality Management District (SCAQMD), FracFocus, the 
California Geologic Energy Management Division (CalGEM), and the Central Valley Regional 

 
2 Rework is any operation subsequent to drilling that involves deepening, redrilling, plugging, or 
permanently altering in any manner the casing of a well or its function (CalGEM, 2019). 
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Water Quality Control Board (CVRWQCB). A summary of these four datasets is provided in Table 
2.2. More information about each of these datasets is provided in Appendix B. It is important to 
note that the available chemical disclosure datasets are limited in both geographic coverage and 
the types of oil and gas development activities included because the combined datasets do not 
cover all upstream oil and gas development activities on a statewide basis. No datasets include 
the use of chemicals for ancillary purposes, such as odor control agents. 

The most recent cross-analysis of all available chemical disclosure datasets was done by the 
California Council on Science and Technology (CCST). The analysis found 630 unique chemical 
additives with a Chemical Abstract Service Registry Number (CASRN) were used in California 
from 2011 to 2018, with an additional 489 chemicals that lacked a CASRN and could not be 
definitively identified (Shonkoff et al., 2021). Because chemicals and formulations without a 
CASRN cannot be definitively identified, it cannot be determined if a formulation reported in one 
dataset (e.g. anionic surfactants) is the same one reported in another dataset based on name 
alone, resulting in an overestimate of reported chemicals without a CASRN. Previous studies of 
chemical disclosure datasets are summarized in Appendix B, Table B.1. 

2.2.4.1 Physicochemical and toxicological properties of disclosed chemicals 

In previous studies of chemical disclosure in California, chemical additives were classified 
according to the availability of key toxicological and physicochemical properties and their inclusion 
in federal and state lists of chemicals of concern (CCST et al., 2015; Shonkoff et al., 2021; 
Stringfellow et al. 2017). The compiled results of these studies are summarized below and in 
Table 2.3.  

When experimental values for physicochemical properties and biodegradability were not 
available, previous studies used U.S. EPA EPI (Estimation Program Interface) SuiteTM models to 
estimate relevant properties (CCST et al., 2015; Shonkoff et al., 2021; Stringfellow et al. 2017). 
Estimations from EPI SuiteTM models, such as BIOWINTM, AOPWINTM, KOWWINTM, KOAWINTM, 
and HENRYWINTM, are generally accepted by United States regulatory authorities when 
experimental data are unavailable, and are widely used by the scientific community as inputs for 
modeling the environmental fate of chemicals (Aronson et al., 2006; Gouin & Harner, 2003; 
Rücker & Kümmerer, 2012; Scheringer, 2010; Scheringer et al., 2006; Sühring et al., 2020; Wania 
& Dugani, 2003). 
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Table 2.2. Upstream oil and gas development chemical usage datasets and associated 
timeframes used for analysis. Source: Adapted from Shonkoff et al. (2021). 

Dataset 
Name Source Timeframe 

of analysis Region Description 

FracFocus 

Ground Water 
Protection Council, 
Interstate Oil and 
Gas Compact 
Commission 

2011–2018 
Analysis 
limited to 
California 

Composition of hydraulic fracturing 
fluids. Combines FracFocus 1.0, 2.0, 
and 3.0 data for completeness. 

CalGEM1 CalGEM 2014–2018 California 

Composition of well stimulation 
fluids, including, but not limited to, 
hydraulic fracturing fluids, matrix 
acidizing fluids, acid fracturing fluids, 
and recovered fluids within 60 days 
following the cessation of a well 
stimulation treatment. Includes 
disclosures under both interim and 
final Senate Bill 4 regulations. 

SCAQMD SCAQMD 2013–2018 

Los Angeles, 
Orange, 
Riverside, 
San 
Bernardino 
Counties 

Chemical additives used in routine oil 
and gas activities (well drilling, well 
completion, and well reworks) and 
well stimulation (hydraulic fracturing 
and matrix acidizing). Does not 
include enhanced oil recovery, 
refining, transmission, or storage 
activities. 

AB 1328 CVRWQCB 2014–2018 
Southern San 
Joaquin 
Valley 

All chemical additives used in 
petroleum production, treatment, and 
transportation processes that 
generate produced water for 
irrigation. Includes wells producing 
under primary, secondary, and 
enhanced oil recovery (cyclic 
steaming, steam flooding, and water 
flooding). Includes data from 
operators and their chemical 
suppliers.  

1. CalGEM was formerly known as the Division of Oil, Gas, and Geothermal Resources (DOGGR). 
Abbreviations: SCAQMD – South Coast Air Quality Management District; CalGEM – California 
Geologic Energy Management Division; AB – Assembly Bill, CVRWQCB – Central Valley Regional 
Water Quality Control Board).  
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A significant number of chemical additives were included in key federal and state lists of chemicals 
of concern. Thirty-six chemicals were classified as known or probable human carcinogens by the 
International Agency for Research on Cancer (IARC), and 40 were listed in Prop 65 assessments 
as chemicals known to cause cancer or reproductive harm. Fifty-one chemicals were classified 
as Clean Air Act hazardous air pollutants (HAPs) and 70 were considered toxic air contaminants 
(TACs) by the California Air Resources Board (CARB). An additional 24 chemicals were listed on 
U.S. EPA Drinking Water Standards and Health Advisories (DWSHA) tables and 118 chemicals 
were on the Agency for Toxic Substances and Disease Registry (ATSDR) Substance Priority List. 
Thirty-eight chemicals were classified as Globally Harmonized System of Classification and 
Labeling of Chemicals (GHS) category 1 or 2 for acute oral or inhalation toxicity, that is, they are 
considered highly toxic and potentially fatal by these routes of exposure (United Nations, 2021).  

Major data gaps remain regarding the physicochemical, biodegradability, and chronic toxicity 
properties of chemicals with a CASRN. Approximately 75% of chemical additives with a CASRN 
did not have available chronic toxicity data, 28% did not have available acute toxicity data, 41% 
were not readily biodegradable or did not have any biodegradability data, and 37% did not have 
any data on key physicochemical properties. These chemical properties are important to 
determine environmental fate and transport and potential human health impacts. It is important to 
note that the absence of data regarding chemical toxicity is not evidence that there are no potential 
negative human health impacts.  

In summary, many chemicals used in upstream OGD operations in California are disclosed and 
several can be characterized with regard to human health impacts. However, there are still a 
significant number of chemical additives that are not disclosed or not sufficiently characterized to 
assess their potential human health impacts. Statewide policies that require all oil and gas 
operators to disclose the identities and amounts of chemical additives used, regardless of the 
type of upstream oil and gas development activity or recovery method, would help close data 
gaps and facilitate future hazard and risk assessments. Chemical additives are generally absent 
from air monitoring risk assessments of upstream OGD; however, previous assessments have 
found that some compounds will readily evaporate (Shonkoff et al., 2019) and may be a hazard 
to human health (Chapter 4, Appendix D).  
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Table 2.3. Number of chemicals disclosed in oil and gas datasets, classified by data availability or presence 
on international and national priority lists. Source: Shonkoff et al. (2021). 

  Datasets 

 
Chemical Information Category FracFocus 

1.0, 2.0, 3.01 SCAQMD AB 13282 CalGEM 
All 
Datasets 
Combined 

Identification 
Proprietary/Trade Secret 82 327 80 0 489 

Chemicals with CASRN 315 324 285 272 630 

Toxicity 

No Acute Toxicity Data 70 89 63 57 180 

GHS Category 1 or 2 (Acute oral 
or inhalation toxicity) 19 20 18 14 38 

No Chronic Toxicity Data 227 232 198 199 476 

Biodegradation 

No biodegradability data 53 61 53 47 132 

Not readily/not inherently 
biodegradable 54 51 45 55 127 

Carcinogens 

IARC Group 1, 2A, 2B 19 18 25 17 36 

California Prop 65  19 19 33 16 40 

NTP Known or anticipated 
carcinogen 12 12 19 11 25 

Air Pollutants 

Clean Air Act Hazardous  
Pollutant 21 24 31 24 51 

CARB Toxic Air Contaminant List 33 36 45 36 70 

CARB Hot Spots List 34 39 47 36 74 

Other Priority 
Lists 

European Commission 
endocrine disrupting chemical 3 3 1 2 3 

OSPAR Substance of Possible 
Concern List 2 2 2 2 3 

EU REACH Substance of Very 
High Concern 7 4 3 4 8 

ATSDR Substance Priority List 58 77 81 50 118 

US EPA DWSHA 14 11 20 12 24 

US EPA CCL4 5 6 8 4 11 
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  Datasets 

 
Chemical Information Category FracFocus 

1.0, 2.0, 3.01 SCAQMD AB 13282 CalGEM 
All 
Datasets 
Combined 

Physical 
Chemical 

No physicochemical properties 
(log Kow, log Koc, KH, and vapor 
pressure) 

91 123 97 77 233 

1. All proprietary/trade secret chemicals for the FracFocus dataset were reported in FracFocus 1.0 or 2.0, 
prior to 2016. 

2. Number of proprietary chemicals and chemicals with CASRN do not reflect the updated AB 1328 
dataset released in 2021 (CVRWQCB et al., 2021). 

Abbreviations: CASRN - Chemical Abstracts Service Registry Number; GHS - the Globally Harmonized 
System of Classification and Labelling of Chemicals; IARC - International Agency of Research on Cancer; 
NTP - National Toxicology Program; CARB - California Air Resources Board; EU REACH - European 
Regulation on Registration, Evaluation, Authorisation and Restriction of Chemicals; ATSDR - Agency of 
Toxic Substances and Disease Registry; US EPA DWSHA - Drinking Water Standard and Health 
Advisories; US EPA CCL4 - United States Environmental Protection Agency Contaminant Candidate List 
4; SCAQMD - South Coast Air Quality Management District; CalGEM - California Geologic Energy 
Management Division; AB - Assembly Bill. 

2.2.4.2 Comparison of chemical use between datasets 

An analysis of chemical use among the various chemical disclosure datasets revealed significant 
overlap among all datasets and is presented in Figure 2.1. (Stringfellow et al., 2017; Shonkoff et 
al., 2021). Of the 630 chemicals with a CASRN, 316 were reported in more than one dataset, with 
178 chemicals reported in three or more datasets. The remaining 314 chemicals were unique to 
one dataset. Both the SCAQMD and AB 1328 datasets contained more than 100 unique 
chemicals with a CASRN that were not reported in any other datasets. The majority of chemical 
additives in the FracFocus and CalGEM datasets were identified in both datasets; this overlap is 
likely due to the fact that both datasets include hydraulic fracturing activities. Chemicals reported 
without a CASRN were not included in this comparison because (1) they could not be uniquely 
identified, and (2) any comparison between datasets based on the reported name alone would be 
inaccurate.  

The significant overlap in chemical usage across datasets indicates the use of some chemical 
additives is widespread and not limited to a particular region, recovery method, or well activity. As 
such, the potential health implications of chemical usage in upstream OGD may exist across 
different regions, recovery methods, and activities. Current regulations concerning chemical 
disclosure or the prohibition of select chemical additives that only apply to specific upstream OGD 
activities (e.g., well stimulation) may overlook the potential health implications from the use of the 
same chemical additives in other well activities and recovery methods. Additionally, because 
roughly half of all chemicals with a CASRN were unique to a single dataset, the lack of universal 
chemical disclosure for all upstream oil and gas activities prevents a thorough assessment of the 
potential health implications of OGD chemical usage. 
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Figure 2.1. Venn diagram showing overlap in the number of chemicals with a CASRN used in SCAQMD, 
AB 1328, CalGEM, and FracFocus datasets. Source: Adapted from Shonkoff et al. (2021). 

2.2.4.3 Chemical additive transformation 

Chemical additives used in oil and gas production have the potential to undergo subsurface 
chemical transformations through reactions with other additives, naturally occurring compounds, 
or microbes, and then return to the surface via flowback and produced water (Kahrilas et al., 2016; 
Kortenkamp et al., 2007; Teuschler & Hertzberg, 1995; Wilkinson et al., 2000). Although 
degradation pathways and products have been established for some chemical additives under 
standard state conditions, downhole conditions — including high temperatures and pressures — 
can result in altered biodegradation potentials and unexpected chemical reactions and 
degradation products (CCST, 2015; Kahrilas et al., 2015). For example, chemicals used in 
hydraulic fracturing in California (guar gum, borate and zirconium crosslinkers, and oxidative 
breakers) can form various di- and trihalomethane compounds in simulated downhole conditions 
(Sumner & Plata, 2019). Additionally, some relatively nontoxic chemical additives may transform 
into more toxic or more environmentally persistent compounds (Kahrilas et al., 2015). Although 
poorly understood, the products of downhole chemical transformations can pose risks to human 
health when released to the environment (Abdullah et al., 2017). Chemical additive disclosures 
do not capture these potential chemical transformations.  

Chemical transformations may also occur as a result of subsequent treatment and disposal. Water 
disinfection byproduct (DBP) precursors have been identified in untreated oil and gas produced 
water (Harkness et al., 2015; Liberatore et al., 2017; Parker et al., 2014). When produced water 
is released into surface waters, DBPs have been detected downstream from points of discharge 
(Hladik et al., 2014). Toxicity of various regulated and unregulated DBPs has been noted in the 
literature (Liberatore et al., 2017). As such, conducting produced water monitoring for disclosed 
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chemicals is appropriate, but may not provide conclusive results with respect to the toxicological 
profile of any given source of produced water. The deployment of monitoring approaches that can 
provide information on DBPs and other transformation byproducts, or non-targeted water 
monitoring methods that assess the toxicity and mutagenicity of water without identifying specific 
chemical mechanisms (e.g., bioassays), may help to close these data gaps. These monitoring 
approaches are most important for discharge of produced water to the surface and for produced 
water reuse outside of the oilfield. 

It is also possible, and likely, that some portion of chemical transformation products that return to 
the surface will volatilize from produced water and become airborne pollutants. However, because 
transformation products are expected to either remain in the subsurface or initially return to the 
surface with flowback or produced water, chemical additive transformations are discussed in 
further detail in Chapter 5. Emissions from produced water are also discussed in Chapter 5. 

2.3 Physical stressors 

In this section we discuss physical stressors associated with OGD, including noise, light, 
radioactive materials, induced seismicity, and explosions and fires.  

2.3.1 Noise 

Noise, one of the most common complaints of residents near oil and gas well sites, is emitted 
from trucks and equipment during oil and gas well site operations. Noise has been measured 
100–1,800 ft (30–550 m) from oil and gas well sites at levels known to negatively impact sleep, 
cardiovascular health, and child behavior and well-being (Blair et al., 2018; Ferrar et al., 2013; 
Collier-Oxandale et al., 2020).  

2.3.1.1 Noise exposure and human health 

Chronic noise at levels ranging from 55 to 65 dBA3 can disturb sleep. Daytime noise in the range 
of 65 dBA has been associated with objective measures of shorter nighttime sleep duration, less 
slow wave sleep, and lower sleep efficiency (Chen et al., 2018). Additional studies examining 
nighttime noise and sleep found that outdoor, nighttime noise levels above 55 dBA were linked to 
higher odds of self-reported insomnia (Halonen et al., 2012) and patients in hospital rooms with 
24-hour noise levels of ~64 dBA had disrupted sleep quality (Park et al., 2014). There is a strong 
body of evidence linking disturbed sleep, especially short sleep duration, to hypertension and 
cardiovascular disease (Aziz et al., 2017; Cappuccio et al., 2011; Cappuccio & Miller, 2017; 
Drager et al., 2017; Itani et al., 2017; Javaheri & Redline, 2017; Jike et al., 2018; Khan & Aouad, 
2017; Kim et al., 2019; Knutson, 2010; Lunsford-Avery et al., 2018; St-Onge et al., 2016; Yin et 
al., 2017). A recent meta-analysis indicates that traffic noise increases the risk of sleep disorders 
that may act as important mediators in the relationship between noise and cardiovascular disease 
(Basner & McGuire, 2018). 

 
3 A-weighted decibel (dBA) is an expression of the relative loudness of sounds as perceived by the human 
ear. 
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Additionally, exposure to chronic noise starting at 40 dBA can negatively impact cardiovascular 
health. Starting at 40, 45, and 50 dBA, the risk of incident atrial fibrillation, hypertension, and 
coronary heart disease increases by 6-8% per increase of 10 dBA (Hahad et al., 2019). Simulated 
aircraft noise at night with peak levels of 60 dBA were associated with elevated epinephrine and 
blood pressure, impaired endothelial function, and lower sleep quality (Schmidt et al. 2013; 2015). 
Specifically, the researchers observed that an 8 dBA increase in simulated aircraft noise was 
associated with 4.1 mmHg (millimeters of mercury) increase in systolic blood pressure (Schmidt 
et al. 2015). Older adults may be particularly susceptible and vulnerable to noise exposures. For 
each 10 dBA increase in A-weighted noise, starting at 55 dBA, stroke risk increases 14% in adults 
≥65 years (Hahad et al., 2019). A meta-analysis of 24 field studies on noise and sleep determined 
that individuals in their fifties are most vulnerable to the adverse effects of noise on sleep 
(Miedema & Vos, 2007). Many aging adults have limited social ties and financial resources, which 
reduce the ability to respond resiliently to mitigate the impacts of environmental conditions such 
as noise disturbance (Administration for Community Living, 2019; Fernandez et al., 2002; Meyer, 
2017; Ngo, 2001). Aging adults tend to spend more time at home and are more likely to become 
housebound (Qiu et al., 2010; US Bureau of Labor Statistics, 2019). 

Several studies indicate that noise exposures may negatively impact child behavior and well-
being. A meta-analysis of three studies, Schubert et al., (2019) found a 10% increase in 
inattention/hyperactivity symptoms and 9% increase in total behavioral symptoms per 10 dB 
increase in exposure to road noise. A study in Norway identified a 36% increase in sleep 
disturbances in girls per 10 dB increase in road traffic noise (Weyde et al., 2017a). Average road 
noise exposure between ages 3 to 8 years was associated with a 1.3% increase in inattention per 
10 dB increase in average noise exposure, indicating a potential cumulative effect from long term 
exposures (Weyde et al., 2017b). Finally, a recent meta-analysis of noise exposures and cognitive 
ability concludes that there is limited evidence that chronic noise exposures could impact cognitive 
performance in school children (Clark et al., 2020). 

2.3.1.2 Noise levels observed near oil and gas sites 

Noise is one of the most common complaints from residents near oil and gas well sites. Between 
35 to 55% of participants in a Marcellus Shale region survey reported noise as a perceived 
stressor from OGD (Ferrar et al., 2013). In Colorado, 123 out of 330 complaints reported to the 
Colorado Oil and Gas Conservation Commission in 2015 were noise concerns (Blair et al., 2018).  

While there are currently no health-based guidelines for environmental noise from oil and gas 
sites, the World Health Organization Guidelines for the European Region recommend that noise 
from traffic, railways, aircraft, and wind turbines not exceed 45–54 dBA over a 24-hour period and 
40–45 dBA at night (World Health Organization, 2018). For context, a whisper is measured at 25 
dBA, a vacuum cleaner at 75 dBA, and a jet engine at 100 ft (30 m) at 140 dBA (Yale University 
Environmental Health and Safety, 2021). Studies in Colorado, Pennsylvania, Texas, and West 
Virginia have documented noise levels exceeding WHO guidelines for the European regions. At 
this time, there are no peer-reviewed studies evaluating noise levels near oil and gas development 
in California. Table 2.4 and Table 2.5 summarize results from published studies on noise levels 
around oil and gas well sites in the United States. Appendix B provides explanations of noise 
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measurements. Early evaluation of noise around oil and gas well sites reported audible noise 
levels ranging from 47–87 dBA at 100–1000 ft (30–305 m) from oil and gas well sites with no 
sound mitigation in place (Witter et al., 2013; Hays et al., 2017). A later study, documenting both 
audible and low frequency vibrational noise, reported noise levels at 350 ft (107 m) from oil and 
gas well sites ranging from 41–72 dBA and 58–82 dBC4 without a sound wall, and 57–59 dBA 
and 67–76 dBC with a sound wall (Radtke et al., 2017). In more recent and comprehensive 
studies, Blair et al. (2018) and Allshouse et al. (2019) continuously measured audible noise and 
low frequency vibrational noise at four Colorado homes located 715–1805 ft (218–500 m) from 
the perimeter of a 22 oil and gas well site with a sound wall in place throughout development and 
into production. These sets of noise measurements included a combination of noise from multi-
well site equipment and truck traffic moving supplies to and from the site. During all phases of 
development and production, audible noise exceeded the WHO's daytime (45–54 dBA) and 
nighttime (40–45 dBA) guidelines, as well as levels known to affect sleep, cardiovascular health, 
and child behavior and wellbeing (50 dBA) (Basner et al., 2014; Hume et al., 2012). Additionally, 
low frequency noise exceeded a 65 dBC suggested threshold, which is based on a limited 
literature on the health effects of low frequency vibrational noise (Blair et al., 2018; Broner, 2010; 
Hays et al., 2017). Notably, noise levels were well above the predevelopment levels of 42.8 dBA 
and 55.8 dBC. Once well pad development transitioned to the ~30-year production phase, noise 
levels still exceeded 53 dBA and 72 dBC, an increase of 10 dBA and 16 dBC, respectively, from 
pre- to post- site development. Exceedances occurred both day and night on all days of the week. 
Increased nighttime noise is a particular concern because people are more likely to be at home 
and thus adversely impacted. 

 
4 C-weighted decibels (dBC) rely on a type of frequency weighting that is used when measuring the amount 
of noise in an environment and is primarily used for peak measurements or for measuring noise above 100 
decibels. 



2-16 
 

Table 2.4. Summary of audible noise measurements by distances from oil and gas well sites (dBA).1 

State Study Distance from 
site (feet) 

Truck traffic 
(dBA) 

Site preparation 
and/or drilling 
(dBA) 

Drilling 
(dBA) 

Hydraulic 
fracturing (dBA) 

Hydraulic fracturing 
and/or Well 
Completions (dBA) 

Production 
(dBA) 

 Without Sound Wall 
Texas Hayes et al. (2017) 100 - - 75–87 - - - 
Texas Hayes et al. (2017) 200 - - 71–79 - - - 
Texas Hayes et al. (2017) 300 - - 65–74 - - - 
Colorado Radtke et al. (2017) 350 - - 63–66 65–72 62–65 41–59 
Texas Hayes et al. (2017) 400 - - 60–71 - - - 
Texas Hayes et al. (2017) 500 - - 56–68 - - - 
Colorado Witter et al. (2013) 500 - - 56–60 - - - 
Texas Hayes et al. (2017) 600 - - 54–59 

   

West Virginia Hayes et al. (2017) 625 56–73 58–69 54 47–60 55–61 
 

Texas Hayes et al. (2017) 700 - - 51–55 - - - 
Texas Hayes et al. (2017) 800 - - 51–54 - - - 
Wyoming Hayes et al. (2017) 984 - - 52.5 - - - 
Colorado Witter et al. (2013) 1,000 - - 65–69 - - - 

 With Sound Wall 
Colorado Radtke et al. (2017) 350 - - 57–59 59 - - 
Colorado Allshouse et al. (2019) 715 - - 38.4–75.2 - - 

 

Colorado Allshouse et al. (2019) 737 - - 38.3–90.4 40.2–76.7 39.2–91.9 37.6–79.0 
Colorado Allshouse et al. (2019) 868 - - 37.2–78.9 37.6–79.0 36.6–92.5 36.5–92.3 
Colorado Allshouse et al. (2019) 1,288 - - 35.9–74.5 - - - 
Colorado Blair et al. (2018) 1,050–1,805 - 35.9–89.2 - - - - 

- Not measured 
1 A-weighted decibel (dBA) is an expression of the relative loudness of sounds as perceived by the human ear. The World Health Organization 
Guidelines for the European Region recommend that noise from traffic, railways, aircraft, and wind turbines not exceed 45–54 dBA in the daytime 
and 40–45 dBA at night (World Health Organization, 2018).
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Table 2.5. Summary of low vibrational noise measurements by distance from oil and gas well site (dBC).1 

State  

 
 
Study 

Distance 
from 
center of 
site (feet) 

Drilling 
(dBC) 

Hydraulic 
Fracturing 
(dBC) 

Hydraulic 
Fracturing 
and Well 
Completions 
(dBC) 

Production 
(dBC) 

Without Sound Wall 
Colorado Radtke et al. (2017) 350 77–80 77–82 76–77 58–74 

With Sound Wall 
Colorado Radtke et al. (2017) 350 67–76 73–74 - - 
Colorado Allshouse et al. (2019) 715 56.2–98.5 - - - 
Colorado Allshouse et al. (2019) 737 57.1–106.4 60.4–98.2 57.5–107.6 55.8–101.0 
Colorado Allshouse et al. (2019) 868 52.4–96.6 57.5–106.5 55.5–106.2 54.0–106.7 
Colorado Allshouse et al. (2019) 1,288 54.5–96.4 - - - 

- Not measured 
1 C-weighted decibels (dBC) rely on a type of frequency weighting that is used when measure the 
amount of noise in an environment and is primarily used for peak measurements of for measuring 
noise above 100 decibels.  

2.3.2 Light 

Artificial light at night (ALAN) may emanate from oil and gas sites (Boslett et al., 2021). ALAN 
associated with upstream oil and gas activity presents a potential hazard with a range of acute 
and chronic health risks, particularly for communities with heavy drilling operations.  

More generally, health impacts from exposure to ALAN are associated with symptoms of mental 
health disorders, increased risk of mortality, and sleep deprivation, which can cause secondary 
effects such as reduced cognitive function and reduced productivity (Chepesiuk, 2009; Touitou et 
al., 2017). In addition, exposure to ALAN has been associated with elevated incidence of cancer, 
including breast cancer, as well as metabolic and mood disorders (Chepesiuk, 2009; Walker et 
al., 2020). While the evidence is sparse, studies suggest this association between cancer and 
ALAN may be due to disruptions to the circadian and neuroendocrine systems, thus promoting 
tumor growth (Chepesiuk, 2009; Walker et al., 2020). Disruptions to the circadian system are also 
associated with cardiovascular disease, depression, and insomnia (Chepesiuk, 2009; Walker et 
al., 2020). 

A small number of peer-reviewed studies have examined ALAN associated with oil and gas 
activities. The peer-reviewed literature includes five studies, two of which were conducted in 
Pennsylvania (Ferrar et al., 2013; Perry, 2013); one in the Bakken Shale region (North Dakota, 
Montana, Canada) (Boslett et al., 2021); one in the Guernsey and Noble Counties of Ohio (Fisher 
et al., 2018); and one in West Virginia (McCawley, 2013).  

Studies focused on OGD show that various sensory stimuli, including ALAN, noise, and vibrations 
from drilling operations, may contribute to psychosocial stress (Ferrar et al., 2013; Fisher et al., 
2018); anxiety and depression due to changes in quality of life (Perry, 2013); and sleep deprivation 
and poor physical and mental health (Boslett et al., 2021; Fisher et al., 2018). In the case of 
Boslett et al. (2021), the authors found sufficient evidence to suggest that the rapid expansion of 
unconventional oil and natural gas development within rural communities has led to a significant 
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increase of ALAN. One study found no association between drilling activity and increased ALAN 
(McCawley, 2013). To date, no peer-reviewed studies evaluating OGD and light pollution, or 
complaints related to upstream OGD and light, have been conducted in California.  

2.3.3 Radioactive materials 

Oil and gas production can transport naturally occurring radioactive materials (NORM) from the 
subsurface to the surface (US EPA, 2022a). NORM that becomes environmentally accessible or 
concentrated due to human activities is referred to as technologically enhanced naturally 
occurring radioactive materials (TENORM) (US EPA, 2022a). Exposure to radiation can result in 
impaired lung function, oxidative stress, increased blood pressure, and can increase the risk of 
cancers, especially among sensitive populations such as children and fetuses (Deziel et al., 2022; 
Li et al., 2018; Nyhan et al., 2018, 2019; US EPA, 2022b).  

Elevated levels of TENORM are commonly found in waste products associated with oil and gas 
activities, such as solid waste and drill cuttings, and in produced water (US EPA, 2000a, 2022a). 
TENORM may also accumulate as scale in pipes and other upstream infrastructure, complicating 
the decommissioning process (US EPA, 2022a). Various radioactive compounds found in oil and 
gas waste streams, such as radium-226 and radon-222, are particularly persistent in the 
environment because radium-226 — with a 1,600-year half-life — is continuously produced from 
the very long-lived uranium-238, and the short-lived radon-222 and its progeny are continuously 
produced from the decay of radium-226 (US EPA, 2000b). Due to exemption of oil and gas waste 
from Subtitle C of the Resource Conservation and Recovery Act (RCRA), oil and gas exploration 
and production waste is not designated as hazardous waste and is therefore not required to be 
disposed of at hazardous waste facilities (US EPA, 2002). Radioactive compounds present 
challenges in waste treatment and disposal. Disposal of OGD waste in landfills (despite 
sometimes exceeding landfill standards) is a common practice in some states such as 
Pennsylvania (Hill et al., 2019). Recently, New York State, which had accepted oil and gas waste 
from Pennsylvania oil and gas activities, decided to halt the practice unless the waste meets non-
hazardous designation (N.Y. Senate Bill S3392, 2020).  

Radioactive materials released into the environment can also spread through airborne transport 
(Li et al., 2020). For example, radon-222 decay products react with atmospheric gases and 
water and attach to airborne particles (Brager et al., 1991; Li et al., 2020; Yamada et al., 2004). 
A recent study that considered wells primarily in shale formations in the eastern half of the 
United States detected increased gross beta-particle radiation downwind of unconventional oil 
and gas wells in various parts of the country (Li et al., 2020). 

In a 1996 study of oilfield TENORM in California, radiation measurements were taken in 70 oil 
and gas fields through the state, and 124 samples from sites expected to have elevated TENORM 
levels were analyzed for radionuclides (DHS Radiologic Health Branch & DOGGR, 1996). 
Although the majority of radiation measurements and samples were at or near background levels 
(<5 pCi/g [picocuries per gram] of radium), elevated levels of TENORM (>5 pCi/g) were found in 
upstream pipe scale, tank bottoms, sludge, water filters and softeners, and natural gas processing 
equipment such as gas lines where propane was being distilled (DHS Radiologic Health Branch 
& DOGGR, 1996). Overall, the study concluded that TENORM from oil and gas development is 



 

2-19 

expected to have a low impact on public health during normal operations; however, precautions 
may be needed to limit worker exposure during operations, site cleanup, and decommissioning 
(DHS Radiologic Health Branch & DOGGR, 1996).  

TENORM can be present in upstream pipelines that transport both produced water and oil/gas 
from the wellhead (DHS Radiologic Health Branch & DOGGR, 1996). From an exposure 
viewpoint, the immediate concern regarding exposure to TENORM is gamma radiation exposure 
from contaminated scale in buried pipelines, because beta and alpha particles will not travel any 
appreciable length in soil. However, the primary, long-term concern is future land use 
management and the possibility of redevelopment in areas with buried pipelines (Pipeline 
Abandonment Steering Committee, 1996). Excavation during redevelopment may disturb 
TENORM-contaminated pipelines, increasing the potential for gamma radiation exposure and the 
mobilization of TENORM as dust. Radon-222 gas may also accumulate in overlaying buildings, 
increasing the potential for exposure. See Chapter 6 for more details on exposure to legacy 
TENORM. 

2.3.4 Induced seismicity 

To facilitate oil and gas production, certain extraction techniques (e.g., hydraulic fracturing) and 
the disposal of produced water (down Class II Underground Injection Control disposal wells), 
require injection of fluids and material into the subsurface under high pressure. Pressurized 
injection into the subsurface can result in human-caused earthquakes, also referred to as induced 
seismicity (Skoumal et al., 2018). Induced seismicity has been attributed to hydraulic fracturing 
operations for oil and gas production and underground injection of produced water for disposal in 
other areas in North America (Schultz & Wang, 2020; Skoumal et al., 2018; Wang et al., 2020). 
In addition to physical hazards and safety risks, seismic events may also contribute to increased 
psychological responses, including anxiety (Casey et al., 2018). In California, there have been no 
reported cases of induced seismicity associated with produced water injection. However, it is 
difficult to distinguish between California’s frequent natural earthquakes and those possibly 
caused by produced water injection; generally, this is easier to investigate anthropogenic sources 
of seismicity in areas with very low natural seismicity rates (Long et al., 2015). Some studies have 
found evidence of induced seismicity from fluid injections in California; however, the results were 
inconclusive (Goebel et al., 2015; Goebel & Shirzaei, 2021; McClure et al., 2017). 

2.3.5 Explosions, fires 

Another safety aspect of upstream oil and gas production is the potential for explosions and fires 
during production and processing. Due to the various flammable, explosive materials and 
potential ignition sources (e.g., electrical shocks, sparks caused by mechanical friction) often 
found at oil and gas well sites, fires and explosions occasionally occur during oil and gas 
operations (Blair et al., 2017).  

Blair et al. (2017) assessed the frequency of explosions and fires at active well sites in Colorado 
and Utah and found 183 events reported between 2006 to 2015, with 116 in Colorado and 67 in 
Utah. The number of wells where fires and explosions were reported encompassed only 0.03% 
and 0.07% of active wells in Colorado and Utah, respectively. Even so, these events can lead to 
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fatalities and critical injuries, as demonstrated by a review conducted by the U.S. Occupational 
Safety and Health Administration of reported fire and explosion events near oil and gas sites. A 
review of 77 fire and explosion incidents by Puskar (2014) reported to the U.S. Occupational 
Safety and Health Administration found that oil and gas operations resulted in 42 deaths and 87 
injuries between 2010–2014.  

Haley et al. (2016) investigated historical events and published modeling and air pollution data 
and concluded that setback distances ranging from 150 to 1,500 ft (46 to 457 m) in the Marcellus, 
Barnett, and Niobrara shale plays do not appear sufficient to protect public health and safety from 
explosions and radiant heat from uncontrolled fire from OGD activities. The authors note that the 
(now outdated) setback distance of 350 ft (107 m) from an outdoor recreational area in Colorado 
would result in second degree burn blisters after 22 seconds of exposure to a fire incident at an 
oil and gas site.  

2.4 Conceptual overview of stressor attenuation by distance  

Intensity of many exposures decrease with distance, although the potential for dispersion and 
degree of attenuation varies by stressor. We present evidence for the attenuation of stressors by 
distance for the following stressors: pollutant emissions to air, surface water, and the subsurface 
environment; noise; and vibrations. Figure 2.2 provides a conceptual overview of the dispersion 
of stressors off site from oil and gas operations. 
 
The attenuation, or reduction of intensity, of a stressor by distance varies by the type of stressor 
and the specific properties of the stressor of interest. For example, physical agents like noise and 
radiation that emanate from a point source theoretically attenuate following the inverse distanced 
squared or “r-squared rule” (Lamancusa, 2000). However, in reality there are other factors that 
influence the attenuation. For the propagation of sound through air, the influence of sound wave 
reflection and refraction, as well as wind, can alter the theoretical noise propagation. Other 
stressors we consider — vibration and pollutant emissions to air, water, and the subsurface — 
have attenuation rates different from inverse-distance squared, but typically greater than a simple 
linear decay. Figure 2.3 provides an illustration of the theoretical attenuation that one might 
expect as a function of relative distance for different categories of stressors. Equations used to 
derive each attenuation curve are described in Appendix B.  
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Figure 2.2. Overview illustration of the transport and attenuation of stressors off-site from oil and gas 
operations. 

Figure 2.3 shows theoretically — in the absence of reflection, refraction, and wind effects — how 
sound (or noise) attenuation out to a relative5 distance of 4.5 has the most rapid decay of intensity 
with relative distance, tracking a true or approximate r-squared-decay relationship. Vibration 
follows an exponential decay and initially attenuates more slowly than sound. For the two 
examples of air dispersion, one for neutral conditions and one for stable air, we see an attenuation 
that closely tracks r-squared decay and exponential decay, falling off initially roughly r-squared, 
but then flattening out to linear dilution that tapers off at greater distance. For groundwater 
(Domenico & Robbins, 1985) and surface water (van Leeuwen & Vermeire, 2007), the long-term 
attenuation with distance is much flatter, with an initial near-field r-squared dilution, but trends to 
a shallow curve best described as 1/√𝑟𝑟. This implies that over long periods, subsurface plumes 
have a long reach. However, even in short time frames the plume capture zone is wide enough 
to be short relative to the distance to the nearest groundwater well. It is important to note that 
while Figure 2.3 provides a framework to consider attenuation of a range of stressors by distance, 
additional factors (e.g., directional dispersion, topography, atmospheric stability, mitigation 
measures impacting sound reflection) ultimately impact the true attenuation of stressors on a site-
specific basis.  

 
5 Considered in relation or in proportion to something else. 
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Figure 2.3. A hypothetical illustration of potential attenuation by offsite distance for a range of stressors. 
The relative distance is the actual distance divided by a considered distance. Developed from material 
presented in the following sources: Turner (1970), Martin (1976), Domenico and Palaciauskas (1982), 
Domenico and Robbins (1985), Lamancusa (2000, 2002, 2009), Jirka and Weitbrecht (2005), van Leeuwen 
et al. (2007), Nicholls (2009), Truty et al. (2019). 

2.5 Discussion  

Below we provide additional discussion on (1) a comparison of stressors from unconventional and 
conventional oil and gas development, and (2) current policies limiting chemical usage in oil and 
gas development to protect public health.  

2.5.1 Comparison of stressors from unconventional and conventional oil and gas 
development 

Although definitions of conventional and unconventional OGD may differ across different 
regulatory and policy landscapes, the majority of OGD in California is often considered 
conventional, involving vertical drilling at shallower depths into target geologies that hold migrated 
hydrocarbons. These attributes of development are often considered in contrast to unconventional 
OGD, which involves horizontal directional drilling in deeper wells to access source rock 
formations and increasing the permeability of these tight formations using mostly hydraulic 
fracturing. In addition, unconventional operations are often accompanied with greater masses of 
material inputs (e.g., water, chemical additives, proppants) and a greater magnitude of liquid and 
solid waste outputs (e.g., flowback fluids and produced water). It should be noted, however, that 
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hydraulic fracturing that takes place in California often uses fluids (gels) with higher 
concentrations of well stimulation chemicals than those fluids used in high-volume slick water 
hydraulic fracturing of source rock in other parts of the United States (Long et al., 2015). 

However, many stressors are intrinsic to both conventional and unconventional OGD (Hill et al., 
2019; Jackson et al., 2014; Lauer et al., 2018; Stringfellow et al., 2017; Zammerilli et al., 2014). 
PM2.5 and nitrogen oxides emissions result from the use of diesel-powered equipment and trucks. 
Hazardous air pollutants such as BTEX occur naturally in oil and gas formations, regardless of 
the type of extraction method employed. Noise pollution, odors, and landscape disruption are 
inherent to OGD. Investigations in other oil and gas states have noted radioactivity on particles 
downwind from unconventional oil and gas wells (Li et al., 2020) and in sediment downstream of 
water treatment plants that treat waste from conventional as well as unconventional oil and gas 
operations (Burgos et al., 2017; Lauer et al., 2018). Additionally, a recent evaluation of chemical 
usage during OGD in California found significant overlap in chemical additives used for well 
stimulation (including hydraulic fracturing) and those used in routine activities, such as well 
maintenance (Stringfellow et al., 2017). 

California has placed policy, regulatory, and scientific emphasis on well stimulation activities, 
including hydraulic fracturing, matrix acidizing, and acid fracturing. The 2015 Independent 
Scientific Assessment on Well Stimulation in California, which focused primarily on well 
stimulation activities pursuant to Senate Bill 4 (2013), had the following key conclusion: “The 
majority of impacts associated with hydraulic fracturing are caused by the indirect impacts of oil 
and gas production enabled by the hydraulic fracturing” (Long et al., 2015). Indirect impacts 
relevant to human health for the purposes of the study included “proximity to any oil production, 
including stimulation-enabled production, could result in hazardous emissions to air and water, 
and noise and light pollution that could affect public health” (Long et al., 2015).  

2.5.2 Current chemical use policies 

There are examples of restricting chemical usage in oil and gas development in the United States. 
Under the Safe Drinking Water Act, diesel fuels are prohibited from being used in hydraulic 
fracturing in the United States unless operators obtain permits under the Class II Underground 
Injection Control (UIC) program (US EPA, 2014). A review of permitting and oversight by the U.S. 
EPA in 2017 found no cases of operators applying for permits for use of diesel fuels in hydraulic 
fracturing (US EPA, 2017). Studies confirm that diesel fuels have not been reported in hydraulic 
fracturing chemical disclosures in California since 2011, although a report by the U.S. Congress 
found 26,466 gallons (100,184 liters) of hydraulic fracturing fluids containing diesel fuels were 
used in California between 2005–2009 (Waxman et al., 2011). Restrictions on diesel fuel use do 
not apply to non-hydraulic fracturing activities (US EPA, 2016). Diesel fuel (kerosene [CASRN: 
8008-20-6]) is used as a component of work-over fluid in operations in the southern San Joaquin 
Valley that provide produced water for irrigation (Shonkoff et al., 2016). 

Effective January 15, 2021, the Colorado Code of Regulations (Colo. Code Regs. § 404-1-437) 
prohibits the use of 22 specific compounds in hydraulic fracturing fluids because these 
compounds posed the greatest risks to public health based on toxicity and their mobility and 
persistence in groundwater (Appendix B, Table B.2). This list was based on hydraulic fracturing 
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compounds identified by Rogers et al. (2015) that posed the greatest risks to public health based 
on their mobility and persistence in groundwater. Not all chemicals identified by Rogers et al. 
(2015) were prohibited; polysorbate 80 was not prohibited due to its frequency of use in Colorado 
and relatively lower risk to human health. It is important to note that these 22 chemicals are 
prohibited as chemical additives, but not in base fluids, allowing for the reuse and recycling of 
produced water that may naturally contain these compounds (§ 404-1-437). Seventeen of the 22 
prohibited chemicals are used in upstream oil and gas development in California. Colorado House 
Bill 1348 (2022) provides a model for implementing disclosure requirements for any chemical that 
may be used in oil and gas production. This enables the public and regulators to evaluate the 
environmental and public health impacts of these chemicals and to encourage less-toxic 
alternatives. This bill also includes explicit restrictions on the use of per- and polyfluoroalkyl 
substances (PFAS). 

2.6 Summary 

Various chemical and physical stressors are associated with upstream oil and gas development 
activities, including air pollutants, surface water and groundwater contaminants, vibration, noise, 
and odors. Communities living near OGD operations may be exposed to combinations of 
stressors. Chemical stressors include compounds naturally occurring in petroleum reservoirs, 
such as petroleum hydrocarbons (e.g., BTEX), metals, chemical additives used in the OGD 
processes, and odorous compounds. Upstream OGD activities, including the use of diesel 
equipment, trucks and flaring, also emit combustion products that are classified as toxic air 
contaminants or federally designated criteria air pollutants. Emissions of various volatile organic 
compounds from upstream oil and gas activities can result in the secondary formation of ground-
level ozone, another criteria air pollutant.  

Chemical additives are used during routine activities (e.g., well maintenance), as well as during 
well stimulation (e.g., hydraulic fracturing). Between 2011 to 2018, 630 different chemical 
additives with CASRN were identified as used in oil and gas operations in California. Of these 
compounds, 40 (6%) are Prop 65 carcinogens, 70 (11%) are toxic air contaminants, and 38 (6%) 
are identified for acute or chronic toxicity. While chemical additive disclosure in OGD operations 
is helpful to identify potential environmental and health hazards, chemical additive use and 
subsequent concentrations of additives in produced water and flowback varies greatly across time 
and geographic, geological, and operator space. Additionally, relatively non-toxic chemical 
additives that are degradable may transform into more toxic or more environmentally persistent 
compounds.  

Physical stressors associated with upstream OGD include noise pollution, artificial light at night 
(ALAN), radioactive materials, induced seismicity, explosions, and fires. Noise near oil and gas 
sites has been observed at levels associated with annoyance, sleep disturbance, and 
cardiovascular disease. Studies focused on OGD show that various sensory stimuli, including 
ALAN, noise, and vibrations from drilling operations, may contribute to psychosocial stress, 
anxiety, and depression due to changes in quality of life, and to sleep deprivation and poor 
physical and mental health. Oil and gas development can also introduce naturally occurring 
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radioactive materials (NORM) to the surface. In addition to physical hazards and safety risks, 
induced seismicity also contributes to increased psychological responses, including anxiety 
(Casey et al., 2018), though induced seismicity associated with OGD has not been documented 
in California.  

Finally, the impact of these stressors generally attenuates as distance from the source increases. 
The degree of attenuation is dependent on the properties of the specific stressor. 
Therefore, the risks associated with chemical and physical stressors stemming from upstream oil 
and gas sites may be attenuated by establishing a distance between the oil and gas source and 
the receptor, whether it be a human receptor or a receptor relevant to human exposure (e.g., a 
drinking water well). While risk attenuation by distance varies by stressor, all stressors are 
reduced as the distance between the source and the receptor increases.  
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Appendix B.  

B.1. Chemical additives used in oil and gas development 

Description of chemical additive disclosure databases for upstream oil and gas 
development 

Operators performing well stimulation treatments in California are required to submit chemical 
usage data to the California Geologic Energy Management Division (CalGEM) (CalGEM, 2020). 
In this context, well stimulation treatments are defined as hydraulic fracturing and acid well 
stimulation, but do not include “steam flooding, water flooding, or cyclic steaming and do not 
include routine well cleanout work, routine well maintenance, routine removal of formation 
damage due to drilling, bottom hole pressure surveys, or routine activities that do not affect the 
integrity of the well or the formation” (CalGEM, 2020). Under California Public Resources Code 
(P.R.C) § 3160 (2023) operators must disclose all chemical components of mixtures, including 
trade secrets. Individual chemical components are not linked to a chemical mixture; mixtures and 
their components are listed separately to allow for chemical disclosure while protecting proprietary 
industry information. Well stimulation chemical data submitted to CalGEM are publicly available 
for download from the WellSTAR website as the Well Stimulation Disclosure Dataset (CalGEM, 
2021). 

The South Coast Air Quality Management District (SCAQMD) is the primary air pollution control 
agency for Orange County and urban portions of Los Angeles, Riverside, and San Bernardino 
counties (SCAQMD, 2018). The SCAQMD requires oil and gas operators within its jurisdiction to 
report chemical usage for well drilling, completion, and rework, which includes activities such as 
hydraulic fracturing, acid fracturing, matrix acidizing, maintenance acidizing, and gravel packing 
(SCAQMD, 2015a). To date, the SCAQMD is the only known regulatory agency that requires the 
disclosure of chemical use in conventional oil and gas operations and provides the most complete 
picture of chemical usage in California. In 2015, SCAQMD updated Rule 1148.2 to dissociate 
trade names from individual chemical ingredients, bringing reporting in line with well stimulation 
and hydraulic fracturing disclosure requirements and encouraging additional chemical disclosure.  

FracFocus is a national online database of chemical disclosures for hydraulic fracturing 
operations nationwide and is maintained by the Groundwater Protection Council and Interstate 
Oil and Gas Compact Commission (Groundwater Protection Council & Interstate Oil and Gas 
Compact Commission, 2019). Since its founding in 2011, FracFocus has undergone two major 
revisions, referred to as FracFocus 2.0 (November 2012 to 2016) and FracFocus 3.0 (June 2016 
to present). There is overlap in data submissions during transition periods between different 
versions of FracFocus. Each revision standardized and updated reporting, data validation, and 
data access. Most notably, the launch of FracFocus 3.0 in 2016 integrated a new “systems 
approach” to chemical reporting, where chemical ingredients were dissociated from trade names, 
allowing for increased disclosure while maintaining proprietary information (Groundwater 
Protection Council & Interstate Oil and Gas Compact Commission, 2019; Trickey et al., 2020). In 
2015, California made it mandatory for operators to report chemical usage in hydraulic fracturing 
operations to FracFocus, before which reporting was voluntary (CalGEM, 2020).  
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In 2016, the Central Valley Regional Water Quality Control Board (CVRWQCB), under the 
authority of California Water Code Section 13267, requested chemical disclosures from seven oil 
and gas operators in the southern San Joaquin Valley that provide produced water for agricultural 
reuse (CVRWQCB et al., 2021). Initial chemical disclosures were obtained for a period from 
January 2014 to June 2016 from Deer Creek, Mount Poso, Jasmin, Kern Front, and Kern River 
oil fields, where enhanced oil recovery (EOR) operations are commonplace. In 2017 and 2018, 
the CVRWQCB requested two years of additional chemical usage data from both operators and 
chemical suppliers under the authority of California Assembly Bill 1328 (AB 1328). CVRWQCB 
staff compiled data on the identities of oil field additives and periodically posted updated lists on 
their website. Due to concerns surrounding trade secret information, mass and frequency of use 
data could not be released to the public (CVRWQCB et al., 2021). The combined dataset from 
the CVRWQCB will be referred to as the AB 1328 dataset in this report. In February of 2021, 
CVRWQCB and the Food Safety Expert Panel released a draft final report which included a final 
list of chemical additives from June 2019. This recently updated list was not included in the 
analysis of chemical additives in Chapter 2. 

Key studies of chemical disclosure datasets 

Key studies of chemical usage disclosure datasets are summarized in Appendix B, Table B.1. 
One of the first major studies to examine chemical usage in upstream oil and gas was done by 
the California Council on Science and Technology (CCST) (2015) as part of an independent 
scientific assessment of well stimulation treatments in California, pursuant to Senate Bill 4. This 
study was limited to hydraulic fracturing and well stimulation activities and found major data gaps 
regarding the disclosure of chemical identities and available toxicological and physicochemical 
data necessary for assessing chemical hazards and risks. Follow up studies of chemical use in 
the SCAQMD and the AB 1328 datasets provided similar results regarding chemical disclosure 
and the overall lack of available chemical characterization (Shonkoff et al., 2016, 2019; 
Stringfellow et al., 2017). The analysis of chemical usage in hydraulic fracturing by the U.S. EPA 
(US EPA, 2016) is a valuable resource for nationwide chemical use in hydraulic fracturing, but 
does not provide in-depth state level analysis of chemical use beyond identifying the top 20 most 
frequently reported chemicals used in California.  

The most recent cross analysis of all available chemical disclosure datasets was done by the 
CCST and included data from 2011 to the end of 2018 (Shonkoff et al., 2021). The estimated 
number of chemicals without CASRN is likely an overestimate because chemicals without CASRN 
cannot be uniquely identified, and due to the timeframe of the study. The CCST study included 
data from early FracFocus 1.0 and 2.0 submissions for completeness; some chemical additives 
were only reported in these early submissions. Many of the early studies of the FracFocus 
database were performed prior to the implementation of FracFocus 3.0 and California laws 
requiring the decoupling of chemical ingredients from trade names (Cal. Code of Regs Title 14 § 
1788, Cal. Pub. Res. Code § 3160). These studies listed numerous proprietary and trade secret 
formulations that could not be identified (CCST et al., 2015; Stringfellow et al., 2017; US EPA, 
2016). Analyses of forms submitted to FracFocus 3.0 in California since 2016 found no valid cases 
of chemical information withholding (Trickey et al., 2020; Shonkoff et al., 2021); any reported 
instances of chemical withholding since 2016 were from mislabeled entries. Additionally, the 
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CCST study did not include the most recent draft report from the CVRWQCB, which updates the 
AB 1328 dataset with only 18 trade secret chemicals (CVRWQCB et al., 2021), compared to the 
80 in the CCST report (Shonkoff et al., 2021).  

Table B.1 Key studies examining chemical usage in oil and gas development in California.  

Chemical Data 
Source 

Oil and Gas 
Activity 

Timeframe Region Findings Study 

FracFocus 1.0 Hydraulic 
Fracturing 

Jan 2011–Feb 2013 Nationwide 20 Most frequently 
reported chemicals 
for hydraulic 
fracturing in 
California 

US EPA 
(2016) 

FracFocus 1.0, 
2.0 

Hydraulic 
Fracturing 

Jan 2011–May 2014 Statewide 338 chemicals total 

228 with CASRN 

CCST et 
al. (2015); 
Stringfello
w et al. 
(2017) CalGEM Notices 

of Intent and 
Completion 
Reports 

Acidizing 
treatments 

Dec 2013–May 2015 Statewide 

SCAQMD  Acidizing Jun 2013–Jun 2014 Los 
Angeles 
Basin 

78 chemicals 

AB 1328 
(CVRWQCB) 

Enhanced oil 
recovery 
(steam 
flooding) 

Jan 2014–Jun 2016 Southern 
San 
Joaquin 
Valley 

173 chemicals total 

107 with CASRN 

Shonkoff 
et al. 
(2016) 

SCAQMD Well drilling 

Well 
completion 

Well rework 

Jun 2013–Sep 2015 Los 
Angeles 
Basin 

548 chemicals total 

525 chemicals 
used in routine oil 
and gas (249 with 
CASRN)  

24% of which also 
used in hydraulic 
fracturing in 
California 

Stringfello
w et al. 
(2017) 
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Chemical Data 
Source 

Oil and Gas 
Activity 

Timeframe Region Findings Study 

SCAQMD, 

CalGEM 

Acidizing 
treatments 

Apr 2013–Aug 2015 Statewide ~200 chemicals 
with CASRN 

90 trade secrets 

Abdullah 
et al. 
(2017) 

SCAQMD Well drilling 

Well 
completion 

Well rework 

Jun 2013–Aug 2018 Los 
Angeles 
Basin 

651 chemicals total  

324 with CASRN 

Shonkoff 
et al. 
(2019) 

FracFocus 1.0, 
2.0, 3.0; 

CalGEM; 

SCAQMD; 

AB 1328 
(CVRWQCB) 

Well drilling 

Well 
completion 

Well rework 

Well 
stimulation 

Enhanced oil 
recovery 

2011–2018 Statewide 1,119 chemicals 
total 

630 with CASRN 

Shonkoff 
et al. 
(2021) 

AB 1328 
(CVRWQCB) 

Enhanced oil 
recovery 
(steam 
flooding) 

Up to Jun 2019 Southern 
San 
Joaquin 
Valley 

324 with CASRN 

18 trade secret 

CVRWQC
B et al. 
(2021) 

Abbreviations: CASRN – Chemical Abstracts Service Registry Number; SCAQMD – South Coast Air 
Quality Management District; CalGEM – California Geologic Energy Management Division; AB – 
Assembly Bill, CVRWQCB – Central Valley Regional Water Quality Control Board. 
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Table B.2. Chemical additives prohibited in hydraulic fracturing activities in Colorado as of January 15, 
2021.  

Ingredient Name CAS # 

Benzene  71-43-2 

Lead  7439-92-1 

Mercury  7439-97-6 

Arsenic  740-38-2 

Cadmium  7440-43-9 

Chromium  7440-47-3 

Ethylbenzene  100-41-4 

Xylene  1330-20-7 

1,3,5-trimethylbenzene  108-67-8 

1,4-dioxane  123-91-1 

1-butanol  71-36-3 

2-butoxyethanol  111-76-2 

N,N-dimethylformamide 68-12-2 

2-ethylhexanol 104-76-7 

2-mercaptoethanol 60-24-2 

Benzene, 1,1’-oxybis-,tetrapropylene derivatives, sulfonated, sodium salts 
(BOTS) 

119345-04-9 

Butyl glycidyl ether 2426-08-61 

Quaternary ammonium compounds, dicoco alkyldimethyl, chlorides (QAC) 61789-77-3 

Bis hexamethylene triamine penta methylene phosphonic acid (BMPA) 35657-77-3 

Diethylenetriamine penta (methylene- phosphonic acid) (DMPA)  15827-60-8 

FD&C blue no. 1  3844-45-9 

Tetrakis (triethanolaminato) zirconium (IV) (TTZ)  101033-44-7 
1Originally listed as “8-6-2426” in the text of the Final Draft of the Amended 400 Series Rules. 

 

 



 

2-47 

B.2. Equations relevant to attenuation of stressors  

Air emissions 

Substances in outdoor (or ambient) air are dispersed by atmospheric advection and diffusion. The 
magnitude of attenuation by advection/dispersion depends on meteorological parameters that 
include wind parameters — direction, velocity, and turbulence — and thermal properties that 
relate to atmospheric stability and mixing depth. The standard models for estimating the time and 
spatial distribution of point sources of contamination in the atmosphere are the Gaussian 
statistical solutions of the atmospheric diffusion equation. These models are obtained from the 
solution of the classical differential equation for time-dependent diffusion in three dimensions. The 
standard solution for the downwind concentration as discussed by (Turner, 1970) is: 

(2.6) 
 
Where C(x,y,z) is the contaminant concentration, in g/m3 at a position x downwind, y crosswind 
and z vertically from the source; Q is the contaminant source strength, g/s; x is the distance (m) 
downwind and z is the distance (m) in air above the source; u is the ground-surface wind speed 
in m/s, H is the height of the release, in m; and σy and σz are, respectively vertical and horizontal 
dispersion parameters (in m). Figure B.1 provides an illustration of downwind dispersion 
processes. 

 
Figure B.1. An illustration of atmospheric dispersion processes and the parameters of equation 2.1. 
Source: http://en.wikipedia.org/wiki/Atmospheric_dispersion_modeling  
 

http://en.wikipedia.org/wiki/Atmospheric_dispersion_modeling
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In order to assess the attenuation of the concentration downwind from a ground-level release 
(H=0), along the plume centerline (y=0) and at ground level (z=0), we can simplify Equation 2.1 
to the following form: 

(2.1) 
 
The dispersion coefficients σy and σz are functions of the atmospheric stability class and the 
downwind distance x from the air pollutant emission source. There are six stability classes used 
for air dispersion modeling: 
 
1 (or A) = very unstable  4 (or D) = neutral 
2 (or B) = moderately unstable 5 (or E) = somewhat stable 
3 (or C) = slightly unstable  6 (or F) = stable 
 
The magnitude of the σy and σz dispersion coefficients can be estimated using the empirical 
equations reported by (Martin, 1976). The turbulent mixing under stability category 1 provides the 
best atmospheric dilution, whereas the stable air and low mixing depth fund in stability condition 
6 provides the least amount of dilution with distance. 
 
We use equation 2.1 with both neutral (1) and stable (6) conditions to calculate the attenuation 
profile provided in Figure 2.3. 
 
Surface water releases 

Releases of chemical substances to surface water are dispersed and impacted by flow rates, 
advection/diffusion-based dispersion, deposition to sediments, and transformation processes. 
Mathematical models are frequently used to estimate the distribution of a chemical in surface 
water after a spill or from a continuous release. In van Leeuwen and Vermeire (2007), the authors 
describe the models as ranging from a simple equation to highly sophisticated models for 
evaluating an entire river/lake system. Jirka and Weitbrecht (2005) have described and modeled 
the hydrodynamics of an effluent continuously discharging into a receiving water body. In their 
description there is a “near-field” region close to the source where source characteristics 
determine initial dispersion. Once the plume has become well mixed, far-field conditions are 
attained. In this region the water flow, eddy diffusivity, and surface water dimensions will control 
trajectory and dilution of the well dispersed plume. For our comparison of attenuation in different 
media, we focus on this far-field behavior. In this region, Jirka and Weitbrecht (2005) suggest a 
simple model to assess the change in concentration with distance x. In this formulation, the 
maximum pollutant concentration cmax (g/m3) as a function of distance x (m) along the flow 
direction is given by:  
 

(2.2) 



 

2-49 

  
 
where Qco is the pollutant mass flux of the source (g/s), h is the depth of the surface water (m), Ey 
is the lateral turbulent diffusivity (m2/s), and U is the average flow of the surface water (m/s). The 
factor 2 on the right-hand side signifies the reflection effect of the impermeable riverbank. Jirka 
and Weitbrecht (2005) estimate Ey as function of h and U. 
 

Ey = 0.00525 Uh        (2.3) 
 
The processes represented in this model are illustrated in Figure B.2. We use this model to 
examine the expected trend of dilution with distance in surface waters and to develop the profile 
for surface water attenuation provided in Figure 2.3. Compared to other off-site transport 
processes, dilution in surface water is much slower and follows a 1/√𝑥𝑥 trend rather than the more 
rapid 1/x2 or exponential attenuations of other stressors. 

 
Figure B.2. An illustration of first-order pollutant transport and attenuation in surface water. 
 
Subsurface releases (groundwater) 

In order to estimate the dilution of contaminants in groundwater, we make use of a contaminant 
plume analysis model described by Domenico and Robbins (1985), which is an extension of an 
earlier model posed by Domenico and Palciauskas (1982). The latter model has been used by 
the U.S. EPA (1985) to assess off-site transfers of contaminants at hazardous waste sites. Both 
of these models have been widely used and cited.  
 
Domenico and Robbins (1985) developed an analytical expression for contaminant transport from 
a finite source in a continuous flow regime. They adapted this model to solving the problem of the 
extended pulse approximation to the continuous finite source problem. Their analytical solution is 
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derived from solving the time-dependent, three-dimensional dispersion/advection mass balance 
equation that applies to the transport of contaminants in an aquifer in the absence of 
transformation processes.  
 
Figure B.3 illustrates the leaching of contaminants from an oil/gas site down through the 
unsaturated zone and into the saturated zone where transport is lateral. This figure provides a 
conceptual diagram of the model we use for off-site transport in the saturated zone. For a pulse 
of contaminant introduced at concentration C0 to ground water at x = 0 across the width Y and to 
a depth Z, Domenico & Robbins (1985) have shown that the solution to the dynamic mass-balance 
equations for the contaminant plume centerline is: 
 

 (2.3) 
 
where vc is the is the mean flow velocity of the contaminant in the aquifer, m/d; Dlc and Dtc are the 
longitudinal (lc) and transverse (tc) macro-dispersion coefficients for a contaminant species in the 
saturated zone water, m2/d; efrc is the complementary error function; and erf the standard error 
function.  
 

 
Figure B.3. Conceptual diagram of the model we use for off-site transport in the saturated zone. 
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Domenico and Robbins (1985) have shown that for a steady state concentration at x << vct for 
C0 continuous or for the maximum concentration at any point x along the centerline for a pulse 
input, Equation 2.3 becomes: 
 

  (2.4) 
 
When the contaminant spread is confined within an aquifer of thickness dq, then Domenico and 
Palciauskas (1982) have shown that the appropriate form of equation 2.4 is 

     (2.5) 
 
We use this equation to determine the relative dilution of contaminants in the subsurface 
environment as a function of distance x off site. This equation was used to construct the curve in 
Figure 2.3 showing the sensitivity of groundwater attenuation to distance. Because of our focus 
on relative dilution, the shape of the curve is effectively independent of the other parameter values 
in equation 2.5. Of note, a recent assessment of drinking water wells near upstream oil and gas 
sites found that long-range transport of pollutants in groundwater is unlikely (Soriano et al., 2020). 

Attenuation of sound and noise 

As sound propagates through air (or any elastic medium), it causes measurable fluctuations in 
pressure, velocity, temperature, and density. The transfer of fluctuating pressure through a 
medium such as air can be visualized as waves of increasing pressure as shown in Figure B.4. 
The distance between wave peaks is the wavelength. The relationship among the speed of sound, 
its frequency, and wavelength is  
 

vw = f λ        (2.6) 
  
where vw is the speed of sound, f is its frequency, and λ is its wavelength. 

 

 
Figure B.4. An illustration of sound waves propagating through a conducting medium. 
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Sound propagates out from a source as planar waves, along a linear path, or as spherical waves 
outward on a spherical front. An example of a plane wave is a speaker at the end of a long tube. 
The sound pressure remains constant as the sound moves along the tube and there is little 
attenuation of sound intensity. Spherical spreading of waves is observed propagating out from a 
point source and large medium such as air or water. If we have a point sound source the sound 
pressure will be constant anywhere on a sphere surrounding the source. The sound pressure will 
diminish as we travel away from the source. This spherical propagation is illustrated in Figure B.5. 

 
Figure B.5. An illustration of the propagation of sound intensity outward from the source on the surface of 
a sphere. 
 
Conservation of energy requires that the sound power P0 in watts (W) at the source is conserved 
over the surface of the expanding sphere such that the sound intensity I in (W/m2) follows the 
relationship (Lamancusa, 2000): 
 

P0 = 4πr2l(r)          (2.7) 
 

Or  
 
l(r) = P0/[4πr2]       (2.8) 

 
An alternate and commonly used scale for measuring sound intensity is the decibel (dB) scale. In 
this scale, the threshold of hearing is assigned a sound level of 0 dB; this sound corresponds to 
an intensity of 1x10-12 W/m2. To calculate dB intensity at any other intensity, one takes the 
logarithm of the ratio of the observed intensity to the 0 dB intensity of 1x10-12 W/m2 and multiplies 
this logarithm by 10. So, for example, a sound intensity of 1x10-8 W/m2, is equivalent to 40 dB. 
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Sound intensity measured in W/m2 will attenuation as 1/r2, whereas sound intensity in dB will 
attenuate linearly from the source because dB are measured on a logarithmic scale. 
 
In a real atmosphere, sound (and noise) propagation “deviates from spherical due to a number of 
factors, including absorption of sound in air, non-uniformity of the propagation medium due to 
meteorological conditions (refraction and turbulence), and interaction with an absorbing ground 
and solid obstacles (such as barriers)” (Lamancusa, 2000). So in actual situations it is possible to 
get additional attenuation. But our interest here is in the general pattern and bounding estimates.  
 
Attenuation of vibrations 

Equipment and oil/gas recovery operations generate vibrations, which may or may not be 
associated with off-site transfer of noise. At oil/gas operations, vibrations travel to surrounding 
buildings and homes through the ground. Vibrations are described by the same source-path-
receiver model as sound (Lamancusa, 2002). The source is a mechanical or fluid disturbance, 
generated internally by mechanical equipment. The path is the airborne, structural, or subsurface 
route by which the vibration is transmitted to the receiver. The receiver is a residence or other 
building, which provides the responding system, generally having many resonant frequencies that 
can potentially be excited by vibration frequencies generated by the source. 
 
In a detailed numerical assessment of ground vibrations induced by gas and oil well drilling, Truty 
et al. (2019) have developed a method based on measurements of ground vibrations induced by 
a specific type of drilling system at a reference site. Nicholls (2009) reports that vibrations in soil 
(or rock) are attenuated exponentially based on the attenuation factors of soil (rock) and follow 
relationship of the form:  
 

Vac = a exp (-bx)       (2.9) 
 
Where Vac is the vibration intensity expressed as peak particle velocity (PPV) in m/s and a and b 
are empirical parameters, and x is the distance from the vibration source. The parameter a reflects 
intensity at the source and b expresses the capacity of the rock/soil to absorb vibration energy. 
 
Nicholls (2009) presented the results of vibration monitoring during different drilling activities at a 
number of sites. The Nicholls data sets were typically gathered at distances of between 5 m (16 
ft) and 50 m (164 ft) from the drilling rig. It was noted that, for some activities, at a distance of 50 
m (164 ft), the vibration was deemed negligible. The presented data points to the possibility of a 
significant drop in vibration intensity occurring at or about 15 m (49 ft) from the drilling rig. Figure 
B.6 shows the exponential regression developed by Nicholls (2009) for their collected data. The 
dots are observations and the fitted line is Vac = 3.0466 exp(-0.062x) 
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Figure B.6. An illustration of the exponential decay of vibration acceleration from oil and gas operations as 
a function of distance from the source. Source: Nicholls (2009).  
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3.0. Abstract 
A large body of epidemiologic studies has evaluated the relationship between oil and gas 
development (OGD) and adverse health outcomes. Seventy-two peer-reviewed studies published 
online between January 1, 2009, and July 15, 2023, were conducted in the United States and 
Canada. The most studied adverse health outcomes related to OGD are perinatal outcomes 
(n=25 studies) and respiratory outcomes (n=11). Six studies were conducted in California (not 
including national studies that included California) and evaluate perinatal outcomes (n=3), 
respiratory outcomes (n=2), and migraine headaches (n=1). 

Epidemiologic studies in the United States and Canada provide evidence that human populations 
residing closer to OGD, in communities with higher density of OGD and higher production volume 
of oil and gas, are at increased risk of adverse health impacts compared to those living farther 
away or in less dense or lower production areas. The relationship between upstream OGD and 
health is strongest for adverse perinatal and respiratory outcomes, and the Scientific Advisory 
Panel (“Panel”) concludes with a high level of certainty that there is a causal relationship between 
close geographic proximity to OGD and adverse perinatal and respiratory outcomes. For other 
health outcomes there remains a paucity of studies, and therefore more research is needed to 
evaluate the consistency of relationships.  

Studies conducted in California observed associations between upstream OGD and diagnosed 
asthma, reduced lung function, and reduced fetal growth at distances up to 1 km (0.62 miles or 
3,281 ft) and beyond, and assessed exposure to OGD using well distance, density, and 
production volume near participant homes. In particular, two California studies also focused on 
urban/rural differences in adverse birth outcomes and found stronger associations between OGD 
and adverse fetal growth outcomes in rural areas. Findings have been consistent across multiple 
epidemiologic studies that were conducted using different methodologies, in different locations, 
with diverse populations, and during different time periods. In general, studies within and outside 
of California have handled confounding, or unmeasured factors that might bias results, using 
appropriate statistical methods. Despite constraints inherent in environmental epidemiology, 
specifically, the reliance on observational study designs and surrogate measures of population-
level exposure (such as proximity measures), retrospective cohort and case-control study designs 
used in most of the published studies have accounted for both spatial and temporal aspects of 
past exposures, as well as complex exposure scenarios. The surrogates of exposure to OGD, 
such as proximity, cumulative well density, and production volume, used in many studies are 
appropriate aggregate measures of the potential chemical, physical, and social stressors and 
exposure pathways associated with OGD. In summary, studies conducted within and outside 
California find associations between OGD and adverse health outcomes, particularly for perinatal 
and respiratory outcomes. 

3.1. Introduction 
In this chapter, we summarize peer-reviewed epidemiological studies evaluating associations 
between upstream oil and gas development (OGD) and adverse health outcomes in the United 
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States and Canada, including but not limited to studies conducted in California. We also discuss 
how the existing body of epidemiological literature can inform public health rulemaking regarding 
OGD in California.  

Epidemiology is the study of the distribution and determinants of health-related variables in 
specific populations (US DHHS, 2012). Environmental epidemiology studies seek to assess 
relationships between exposures to certain chemicals, physical agents, or other hazards and 
adverse health effects — and measure and characterize the strength of observed relationships 
(i.e., the exposure-response relationship). Environmental epidemiological studies also examine 
exposures and health outcomes in real-world settings, as opposed to other study designs (e.g., 
randomized control trials that assess the effectiveness of drug treatments) that can be used in 
more controlled, clinical settings. While an individual epidemiological study alone cannot establish 
causality, collectively, a body of epidemiological evidence may support a causal association 
between an exposure and a health outcome. 

In recent years, numerous peer-reviewed epidemiological studies have focused on upstream 
OGD and adverse health outcomes in the United States and Canada. Previous technical reports 
examining the public health dimensions of OGD in California have highlighted the need for more 
health studies specific to California (Long et al., 2015; Shonkoff & Hill, 2019), while noting, “Given 
the increasingly expansive body of health literature on the topic, consider promulgating health-
protective policies based on the existing literature” (Shonkoff & Hill, 2019). 

While additional peer-reviewed studies conducted in California have been published since Long 
et al. (2015) and Shonkoff and Hill (2019), the broader body of literature, including but not limited 
to studies conducted in California, can inform the California oil and gas public health rulemaking 
process. Although the geological and regulatory landscape in California may differ from other 
locations, many chemical stressors (e.g., hazardous air pollutants) and physical stressors (e.g., 
noise) that can contribute to adverse health outcomes are intrinsic to both conventional and 
unconventional OGD regardless of geographic location (for more information see Chapter 2, 
Section 2.5.1).  

Furthermore, while California has placed policy, regulatory, and scientific emphasis on well 
stimulation activities (e.g., hydraulic fracturing, matrix acidizing, and acid fracturing), the 2015 
Independent Scientific Assessment on Well Stimulation in California concluded, “The majority of 
impacts associated with hydraulic fracturing are caused by the indirect impacts of oil and gas 
production enabled by the hydraulic fracturing” (Long et al., 2015). Indirect impacts relevant to 
human health for the purposes of the study included, “proximity to any oil production, including 
stimulation-enabled production, could result in hazardous emissions to air and water, and noise 
and light pollution that could affect public health” (Long et al., 2015). For these reasons, this 
chapter includes peer-reviewed epidemiological studies conducted throughout the United States 
and Canada. California studies are placed within the broader context of the literature, and the 
body of evidence is considered holistically. 
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3.2. Approach 
Below, we briefly describe our approach to compiling and screening peer-reviewed studies for 
inclusion in this review.  

3.2.1 Scope of review 

We identified peer-reviewed epidemiological studies that evaluate upstream OGD and adverse 
health outcomes in the United States and Canada. Two search engines were used to obtain peer-
reviewed studies: the Clarivate Analytics Web of Science database (WOS) advanced search tool 
and the PSE Healthy Energy Repository for Oil and Gas Energy Research (ROGER)1 (Clarivate, 
2020; PSE Healthy Energy, 2020). The full list of keywords used to search WOS can be found in 
Appendix C, List S1. Studies housed in ROGER are classified by impact category (e.g., climate, 
air quality, water quality, health). Studies from the health impact category were evaluated for 
inclusion in this assessment.  

Epidemiological studies included in this review met the following criteria:  
● Published in a peer-reviewed journal (print or online). 
● Available in English.  
● Published online between January 1, 2009, and July 15, 2023. 
● Study area in the United States or Canada.  
● Evaluated associations between upstream OGD and adverse health outcomes and 

upstream biomarkers of adverse health outcomes (herein referred to as adverse health 
outcomes).  

Occupational health studies, health risk assessments, and health studies focused on measures 
of perception, subjective well-being, and quality of life were not included in this review.  

The WOS search identified 2,882 peer-reviewed articles published between January 1, 2009, and 
July 15, 2023. The “Health” folder in PSE’s ROGER database contained 263 citations as of July 
15, 2023. When duplicate records between the two databases were considered, 3,024 unique 
articles remained. Of these, 110 articles were identified as having met our inclusion criteria after 
review of the title and abstract. After full text review, 38 studies were excluded as they did not 
meet our inclusion criteria (e.g., studies were review papers, commentaries, non-epidemiological 
studies). A total of 72 epidemiological studies were included in this assessment (Figure 3.1). 
Studies were categorized by health endpoint and were summarized in tables and figures.  

 

 

 

 

 
1 PSE Healthy Energy maintains the Repository for Oil and Gas Energy Research, a database of peer-
reviewed studies relevant to assessing the impacts of shale and tight gas development. Studies that focus 
on oil and gas development in shale regions are also included in this database.  
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Figure 3.1. Identification of epidemiological studies on the association between oil and gas 
development and adverse health outcomes.2  

 
2 We applied methods based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) to identify studies focused on upstream oil and gas development and health (Sarkis-Onofre et 
al., 2021).  
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3.3. Results 
We identified 72 peer-reviewed epidemiological studies that evaluated upstream oil and gas 
development and adverse health outcomes in oil and gas regions in the United States and Canada 
that were published between January 1, 2009, and July 15, 2023. These studies were conducted 
in California, Colorado, North Dakota, New York, Ohio, Oklahoma, Pennsylvania, Texas, and 
West Virginia in the United States, and Alberta and British Columbia in Canada (Figure 3.2, top 
panel). The health outcomes included adverse birth outcomes (perinatal), cancer, respiratory and 
cardiovascular health, non-outcome specific hospitalizations, mental and behavioral health, 
additional self-reported health symptoms and health outcomes, and sexually transmitted 
infections3 (Figure 3.2, bottom panel). Studies included in this review evaluated exposures and 
health outcomes using health data collected between 1990 and 2021 (Figure 3.3).  

  

 
3 Studies that evaluate sexually transmitted infections and oil and gas development evaluate dynamics 
occurring at the community level, rather than at specific upstream oil and gas sites, which are the primary 
focus of this report. For that reason, these studies are included in overall study counts, but are discussed 
in more detail in Appendix C.  
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Figure 3.2. Number of peer-reviewed epidemiological studies conducted in each state or region 
(top panel); number of peer-reviewed epidemiological studies by health outcome category (bottom 
panel).  
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Figure 3.3. Location and timeframe of data used for each epidemiological study. Studies are 
organized by state, by publication year, and then alphabetically by first author last name.  
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3.3.1 Surrogates of exposure to upstream oil and gas development 
Epidemiological studies included in this report utilize different spatial surrogates of exposure to 
upstream OGD. This may include assessments of exposure to OGD at the individual level (e.g., 
linear distance between an individual residence and nearby wells), or at the broader, area level 
(e.g., the number of wells in the county or zip code where participants reside). The variables that 
each study considered in aggregate assessments of exposure are summarized in Table 3.1. 

An approach to assessing exposure to oil and gas wells employed in several of the studies is to 
quantify oil and gas activities within a given distance of a study participant, or receptor. In these 
studies, researchers count the number of wells within a specific distance of a study subject’s 
residence (e.g., 1 km, 3,281 ft), or measure the cumulative volume of oil and gas production (i.e., 
barrels of oil equivalent, BOE) at all wells within a specified distance. One approach to 
characterize individual exposure to oil and gas activities is inverse-distance weighting (IDW). This 
measure accounts for the number of wells within a given radius of a residence and the distance 
(linear or squared) of each well from the residence, while applying greater weights for wells that 
are closer to the residence. Essentially, the IDW metric captures both proximity to and density of 
wells near a participant’s residence (McKenzie et al., 2014).4 Some studies use IDW methods 
that also account for specific phases of well development (e.g., pad preparation, drilling, 
stimulation, production volume) and other well characteristics (e.g., well depth). Researchers 
applying IDW or other proximity measures as an indicator of exposure to oil and gas development 
are typically interested in identifying people with high exposure and comparing their risk of 
adverse health outcomes to people who were unexposed to wells. It should be noted that in the 
context of IDW, exposure to wells is approximating the exposure OGD activities that include wells, 
but also the ancillary equipment and processes that support oil and gas production at these wells. 

These proximity-based metrics have the advantages of being scalable (i.e., feasible to apply to 
large geographic areas or populations), the ability to apply assess exposures retrospectively; and 
to serve as an aggregate measure of the multitude of physical and chemical stressors potentially 
emitted from oil and gas development (Deziel et al., 2022a). Aggregation is a particularly useful 
feature because exposures to multiple hazards are likely, and the dominant stressor may not be 
known and may differ from well to well. However, the proximity-based metrics are limited in that 
they do not distinguish exposures to specific hazards, such as benzene and are not designed to 
estimate exposure levels of specific hazards.  

California studies indicate that measuring proximity to oil and gas wells effectively represents 
exposure to a mix of ambient air pollutants associated with adverse health outcomes, including 
volatile organic compounds, fine particulate matter, and ozone (Garcia-Gonzales et al., 2019, 
Gonzalez et al., 2022). 

Results presented in Section 3.3.2 and subsections below are organized by health endpoint 
category. Endpoints are discussed in order of number of available studies, beginning with health 
endpoints that have the largest number of studies. 

 
4 McKenzie et al. (2014), the first study to use IDW methods as a surrogate for exposure to upstream oil 
and gas development, explains, “an IDW well count of 125 wells/mile [1.6 km] could be computed from 125 
wells each located 1 mile [1.6 km] from the maternal residence or 25 wells each located 0.2 miles [0.32 km] 
from the maternal residence.” 



 

 

Table 3.1. Approach to exposure assessment and statistically significant findings by distance for each study. Studies are ordered by 
sequentially applied the following criteria: alphabetically by state/region, alphabetically by health outcome category, chronologically by 
year, and alphabetically by first author’s last name. For more detail on each study, please see Tables 3.3–3.8.  

Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Elser et al. 
(2021) CA 

Other - 
Migraine 

headache 
32,808 10 No (not for oil and gas 

findings) 
<1 km (3,281 ft) not 

specifically evaluated. No 

Gonzalez et al. 
(2020) CA Perinatal 32,808  10  Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

Tran et al. 
(2020) CA Perinatal 3,281 1 Yes Yes Not evaluated. 

Tran et al. 
(2021) CA Perinatal 3,281 1 Yes Yes Not evaluated. 

Shamasunder 
 et al. (2018) CA Respiratory 1,500 0.46 Yes Yes Not evaluated. 

Johnston et 
al. (2021) CA 

Respiratory 
and self-
reported 

symptoms 

656, 3,281 1 Yes Yes Not evaluated. 

Aker et al. 
(2022) Canada 

Mental and 
behavioral 

health 

8,202, 16,404, 
32,808  2.5, 5, 10 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 
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Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Caron-
Beaudoin et 

al. (2020) 
Canada Perinatal 8,202, 16,404, 

32,808 2.5, 5, 10 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes 

Cairncross et 
al. (2022) Canada Perinatal 32,808 10 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

McKenzie et 
al. (2017) CO Cancer 52,821 16.1 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

McKenzie et 
al. (2019a) CO Perinatal 52,800 16.1 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

McKenzie et 
al. (2019b) CO Cardio-

vascular 52,493 16.1 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes 

McKenzie et 
al. (2014) CO Perinatal 52,800 16.1 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

Erickson et al. 
(2022) CO Perinatal N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Weisner et al. 
(2023) CO 

Self-
reported 

symptoms 
<5,280–>10,560 <1.61–>3.22 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

Mayer (2019) OH 
Other - All-

cause 
mortality 

N/A - County-
level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Gaughan 
 et al. (2023) OH Perinatal 32,808 10 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

Casey et al. 
(2018a) OK 

Mental and 
behavioral 

health 

N/A - Distance not 
specified2 

N/A - Distance not 
specified2 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes3 

Elser et al. 
(2023) OK 

Mental and 
behavioral 

health 

N/A - County-
level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 
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Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Apergis et al. 
(2019) OK Perinatal 3,281–65,617 1–20 Yes Yes Yes 

Janitz et al. 
(2019) OK Perinatal 10,560 3.2 No <1 km (3,281 ft) not 

specifically evaluated. No 

Elliot et al. 
(2018) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

16,404 5 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes 

Fryzek et al. 
(2013) PA Cancer N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Finkel (2016) PA Cancer N/A - County-
level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Clark et al. 
(2022) PA Cancer 6,562, 16,404, 

32,808 2, 5, 10 No <1 km (3,281 ft) not 
specifically evaluated. No 

McAlexander 
et al. (2020) PA Cardio-

vascular 
N/A - Distance not 

specified2 
N/A - Distance not 

specified2 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes3 

Casey et al. 
(2018b) PA 

Mental and 
behavioral 

health 

N/A - Distance not 
specified2 

N/A - Distance not 
specified2 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes3 

Casey et al. 
(2019) PA 

Mental and 
behavioral 

health 

N/A - Distance not 
specified2 

N/A - Distance not 
specified2 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes3 

Li et al. (2022) PA 
Other - All-

cause 
mortality 

N/A - ZIP Code-
level4 

N/A - ZIP Code-
level4 Yes N/A - ZIP Code-level4 N/A - ZIP Code-level4 

Makati et al. 
(2022) PA 

Other - 
ANCA-

associated 
vasculitis 

N/A - County-
level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 
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Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Jemielita et al. 
(2015) PA 

Other - 
Non-

outcome-
specific 

hospitalizati
ons 

N/A - ZIP Code-
level4 

N/A - ZIP Code-
level4 Yes N/A - ZIP Code-level4 N/A - ZIP Code-level4 

Denham et al. 
(2019) PA 

Other - 
Non-

outcome-
specific 

hospitalizati
ons 

N/A - County-
level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Ferrar et al. 
(2013) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

N/A - Distance not 
specified2 

N/A - Distance not 
specified2 

Statistical significance 
not assessed. 

Statistical significance not 
assessed. 

Statistical significance not 
assessed. 

Steinzor et al. 
(2013) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

See note6 See note6 Yes Yes See note6 

Saberi et al. 
(2014) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

N/A - Distance not 
specified2 

N/A - Distance not 
specified2 

Statistical significance 
not assessed. 

Statistical significance not 
assessed. 

Statistical significance not 
assessed. 

Rabinowitz et 
al. (2015) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

3,281–6,562 1–2 Yes Yes No 

Tustin et al. 
(2016) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

N/A - Distance not 
specified2 

N/A - Distance not 
specified2 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes3 

Blinn et al. 
(2020) PA 

Other - 
Self-

reported 
symptoms/
outcomes 

16,404 5 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes 

Stacy et al. 
(2015) PA Perinatal 52,800 16.1 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 
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Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Casey et al. 
(2016) PA Perinatal N/A - Distance not 

specified2 
N/A - Distance not 

specified2 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes3 

Ma (2016) PA Perinatal N/A - ZIP Code-
level4 

N/A - ZIP Code-
level4 Yes N/A - ZIP Code-level4 N/A - ZIP Code-level4 

Busby and 
Mangano 

(2017) 
PA Perinatal N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Currie et al. 
(2017) PA Perinatal 3,281–49,213 1–15 Yes Yes Not evaluated. 

Hill (2018) PA Perinatal 6,562–16,404 2– 5 Yes <1 km (3,281 ft) not 
specifically evaluated. Yes 

Koehler et al. 
(2018) PA Respiratory 3,281, >6,562, 

>52,800 1, >2, >16.1 Yes Yes Yes 

Peng et al. 
(2018) PA Respiratory N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Willis et al. 
(2018) PA Respiratory N/A - ZIP Code-

level4 
N/A - ZIP Code-

level4 Yes N/A - ZIP Code-level4 N/A - ZIP Code-level4 

Bushong et al. 
(2022) PA Respiratory N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Denham et al. 
(2021) PA / NY Cardio-

vascular 
N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Trickey (2023) PA / NY 

Cardio-
vascular 

and 
respiratory 

N/A - ZIP Code-
level4 

N/A - ZIP Code-
level4 Yes N/A - ZIP Code-level4 N/A - ZIP Code-level4 

Rasmussen et 
al. (2016) PA / NY Respiratory See note5 See note5 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes4 
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Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Hoang et al. 
(2023) TX Cancer N/A - Spatial 

cluster analysis7 
N/A - Spatial 

cluster analysis7 ? N/A - Spatial cluster analysis7 N/A - Spatial cluster 
analysis7 

Whitworth et 
al. (2017) TX Perinatal 2,640–52,800 0.8–16.1 Yes Yes Yes 

Walker 
Whitworth et 

al. (2018) 
TX Perinatal 2,640 0.8 Yes Yes Not evaluated. 

Cushing et al. 
(2020) TX Perinatal 16,404 5 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

Tang et al. 
(2021) TX Perinatal 3,281–24,606 1–7.5 Yes Yes Yes 

Willis et al. 
(2021) TX Perinatal 3,281–32,808 1–10 Yes Yes Yes 

Willis et al. 
(2022) TX Perinatal 

(Maternal) 3,281–32,808 1–10 Yes Yes No 

Han et al. 
(2023) TX Perinatal N/A - County-

level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

Willis et al. 
(2023) TX Perinatal 6,562–16,404 5 Yes <1 km (3,281 ft) not 

specifically evaluated. Yes 

Willis et al. 
(2020) TX Respiratory N/A - ZIP Code-

level4 
N/A - ZIP Code-

level4 Yes N/A - ZIP Code-level4 N/A - ZIP Code-level4 

Li et al. (2023) TX Respiratory N/A - Census 
block group-level8 

N/A - Census block 
group-level8 Yes N/A - Census block group-

level8 
N/A - Census block group-

level8 
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Author (Year) State 
Health 

outcome 
category 

Distance 
evaluated (ft) 

Distance 
evaluated (km) 

Statistically significant 
finding for adverse 
health outcome? 

Statistically significant 
findings for adverse health 
outcome at <1 km (3,281 ft) 

Statistically significant 
findings for adverse 

health outcome at >1 km 
(3,281 ft) 

Weinberger et 
al. (2017) WV 

Other - 
Self-

reported 
symptoms/
outcomes 

3,281 1 Statistical significance 
not assessed. 

Statistical significance not 
assessed. 

Statistical significance not 
assessed. 

Hu et al. 2022 United 
States  

Cardio-
vascular N/A - State-level9 N/A - State-level9 Yes N/A - State-level9 N/A - State-level9 

Mayer & 
Olson 

Hazboun 
(2019) 

United 
States 

Mental and 
behavioral 

health 

N/A - County-
level1 N/A - County-level1 No N/A - County-level1 N/A - County-level1 

Boslett & Hill 
(2022) 

United 
States 

Other – 
Mortality 

N/A - County-
level1 N/A - County-level1 Yes N/A - County-level1 N/A - County-level1 

1 N/A - County-level: Not applicable - exposure and outcome assessed at the county level rather than at the individual-level where distance from oil and gas sites 
can be evaluated. 
2 N/A - Unspecified: Exposure and outcome assessed without specification of distance from oil and gas sites.   
3 Exposure assessment methods reliant on inverse-distance weighting (IDW) often do not specify distance, but it is highly likely that studies reliant on these methods 
evaluated distances from oil and gas development beyond 1 km (3,281 ft).  
4 N/A - ZIP Code-level: Not applicable - exposure and outcome assessed at the ZIP code-level rather than at the individual-level where distance from oil and gas 
sites can be evaluated. 
5 Distance for exposure categories not specified in detail. Patients in the highest exposure group lived a median of 19 km (62,336 ft) from closest well vs. 63 km 
(206,693 ft) for patients in the lowest group. 
6 Residents in “gas patches.” Questionnaire included proximity to three gas facilities (within 1,500 ft [457 m] & outside this radius), including compressor and pipeline 
stations, gas-producing wells, and impoundment or waste pits. Proximity was assumed to be less than 1 km (3,281 ft), but it is unclear if surveyed residents resided 
>1 km (3,281 ft).  
7 N/A - Spatial cluster analysis: Studies did not include individual-level evaluations of exposures and outcomes where distance from oil and gas sites can be evaluated.  
8 N/A - Census block group-level: Li et al. (2023) evaluated exposure and outcome at the census block group-level rather than at the individual-level where distance 
from oil and gas sites can be evaluated. 
9 N/A - State-level: Hu et al. (2022) evaluated exposure and outcome at the state-level rather than at the individual-level where distance from oil and gas sites can 
be evaluated.
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3.3.2 Summary of epidemiologic studies related to specific health endpoints 

The following sections summarize the findings from the peer-reviewed epidemiologic literature on 
the association between upstream OGD and adverse health outcomes. In Section 3.3.2.1, we first 
discuss the criteria used and the general evidence that supports a causal relationship between 
oil and gas development and adverse perinatal and respiratory health outcomes. In subsequent 
sections, we describe the specifics of studies on adverse perinatal outcomes (Section 3.3.2.2) 
and respiratory outcomes (Section 3.3.2.3). The following sections include other studied health 
endpoints: mental and behavioral health outcomes (Section 3.3.2.4); cancer (Section 3.3.2.5); 
cardiovascular outcomes (Section 3.3.2.6); and other health outcomes (Section 3.3.2.7). For all 
health-endpoint specific sections, we first summarize any findings from studies conducted in 
California and then those conducted elsewhere in the United States and Canada. 

3.3.2.1 Epidemiological studies provide evidence that supports a causal relationship 
between oil and gas development and adverse perinatal and respiratory health 
outcomes  

Below, we discuss how the body of epidemiological studies on the relationship between upstream 
OGD and perinatal and respiratory outcomes meets the nine Bradford Hill Criteria for Causation 
(Hill, 1965; Lucas & McMichael, 2005). The Bradford Hill Criteria are used to evaluate the strength 
of epidemiological evidence for determining a causal relationship between an exposure and 
observed effect. After applying these criteria, the Panel concludes with a high level of certainty 
that there is a causal relationship between close geographic proximity to OGD and adverse 
perinatal and respiratory outcomes (Table 3.2). We have a high level of certainty in the findings 
from the body of epidemiological studies for perinatal and respiratory health outcomes because 
of the consistency of results across multiple studies conducted using different methodologies, in 
different locations, with diverse populations, and during different time periods (see Table 3.4 
below). Most of these studies entail robust analyses, such as longitudinal and case-control study 
designs that establish temporality based on large sample sizes. These studies also control for 
potential individual and area-level confounders, apply rigorous statistical modelling techniques, 
and conduct sensitivity analyses to assess the robustness of effects. A variety of pollutants (e.g., 
fine particulate matter [PM2.5] and toxic air contaminants) and other upstream OGD stressors are 
associated with these same adverse birth outcomes (Dzhambov & Lercher, 2019; 
Nieuwenhuijsen et al., 2017; Shapiro et al., 2013) and adverse respiratory effects (Guarnieri & 
Balmes, 2014), further strengthening the evidence of the link between upstream OGD and these 
health outcomes. Therefore, the totality of the epidemiological evidence provides a high level of 
certainty for a causal relationship between residential exposure to upstream OGD and poor 
perinatal outcomes. Additionally, the epidemiologic evidence base provides a high level of 
certainty for a causal relationship between residential exposure to upstream OGD and adverse 
respiratory outcomes. 

https://www.zotero.org/google-docs/?iYFcuB
https://www.zotero.org/google-docs/?iYFcuB
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Oil and gas development and perinatal outcomes 

Perinatal outcome studies provide the largest (25 studies)5 and strongest body of evidence linking 
upstream OGD exposure during the sensitive prenatal period with adverse health effects. Twenty-
four of 25 studies that examine perinatal effects found increased risk of at least one adverse birth 
outcome in those most exposed to upstream OGD (measured using metrics including, but not 
limited to proximity, well density, and production volume). Adverse perinatal outcomes, including 
preterm births, low birth weight, small-for-gestational age births, and congenital malformations, 
increase the risk of mortality and long-term developmental problems in newborns (Liu et al., 2012; 
Vogel et al., 2018) as well as longer term morbidity through adulthood (Baer et al., 2016; Barker, 
1995; Carmody & Charlton, 2013; Frey & Klebanoff, 2016). 

Recent studies in California have reported associations between exposure to upstream OGD and 
adverse birth outcomes, considering wells under production using conventional methods as well 
as enhanced oil recovery including cyclic steam injection, steam flooding and water flooding — 
methods that do not meet the definition of unconventional development (Gonzalez et al., 2020; 
Tran et al., 2020). Similar findings regarding adverse birth outcomes have been reported for 
upstream unconventional OGD (UOGD) in California (Tran et al., 2021) and in Colorado, Ohio, 
Oklahoma, Pennsylvania and Texas (Apergis et al., 2019; Casey et al., 2016; Cushing et al., 
2020; Gaughan et al., 2023; Gonzalez et al., 2020; Han et al., 2023; Hill, 2018; McKenzie et al., 
2019; Stacy et al., 2015; Tang et al., 2021; Walker Whitworth et al., 2018; Whitworth et al., 2017). 
Further, a handful of epidemiological studies have explicitly examined potential differences in 
associations between conventional or unconventional oil or natural gas development and adverse 
birth outcomes. For example, Apergis et al. (2019) reported statistically significant associations 
between increased conventional and unconventional well count within 1 km (3,281 ft) of the 
residence and reductions in infant health index in Oklahoma. 

Oil and gas development and respiratory outcomes  

Respiratory health outcomes are the second most studied health outcomes in the epidemiological 
literature examining upstream OGD, with 11 peer-reviewed studies published to date.6 Two peer-
reviewed studies in California found an association between upstream OGD and self-reported 
and physician-diagnosed asthma, reduced lung function, and self-reported acute respiratory 
symptoms (e.g., recent wheeze) (Johnston et al., 2021; Shamasunder et al., 2018). Nine studies 
in other oil and gas regions (New York, Pennsylvania, and Texas) reported an association 
between upstream OGD and asthma exacerbations, asthma hospitalizations, and other 
respiratory symptoms or outcomes (Bushong et al., 2022; Koehler et al., 2018; Li et al., 2023; 
Peng et al., 2018; Rabinowitz et al., 2015; Rasmussen et al., 2016; Trickey et al., 2023; Willis et 
al., 2018, 2020). Many criteria air pollutants (e.g., PM2.5, ozone, nitrogen oxides) and toxic air 
contaminants emitted from upstream OGD have a well-established body of scientific literature 

 
5 Apergis et al. (2019); Busby and Mangano (2017); Caron-Beaudoin et al. (2020); Cairncross et al. (2022); Casey et 
al. (2016); Currie et al. (2017); Cushing et al. (2020); Gonzalez et al. (2020); Erickson et al. (2022); Hill (2018); Janitz 
et al. (2019); Ma (2016); McKenzie et al. (2014, 2019); Stacy et al. (2015); Tang et al. (2021); Tran et al. (2020, 2021); 
Walker Whitworth et al. (2018); Whitworth et al. (2017); Willis et al. (2021); Willis et al. (2022).  
6 Bushong et al. (2022); Johnston et al. (2021); Koehler et al. (2018); Peng et al. (2018); Rabinowitz et al. (2015); 
Rasmussen et al. (2016); Shamasunder et al. (2018); Willis et al. (2018, 2020). 
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indicating that exposure to these pollutants causes an increased risk of development and 
exacerbation of respiratory disease (Bolden et al., 2015; Ferrero et al., 2014). While most studies 
did not evaluate both conventional and unconventional OGD, Willis et al. (2020) found that both 
conventional and unconventional natural gas development at the ZIP code-level were associated 
with pediatric asthma hospitalizations in Texas. 
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Table 3.2. Application of the Bradford Hill Criteria for Causation to the peer-reviewed epidemiological literature on the relationship 
between oil and gas development and adverse perinatal and respiratory health outcomes. 

Criteria for causation 
(Bradford-Hill) 

Description of criteria Perinatal health studies  Respiratory health studies 

Strength of Association Environmental studies 
commonly report modest 
effects sizes (i.e., relative to 
active tobacco smoking or 
alcohol consumption). A small 
magnitude of association can 
support a causal relationship; 
a larger association may be 
more convincing. 

Reported effect sizes are in ranges similar to 
other well-established environmental 
reproductive and developmental hazards, 
such as PM2.5 (Dadvand et al., 2013; Li et al., 
2020a). Some studies, particularly those in 
California, have found stronger effect 
estimates for upstream OGD exposures 
among socially marginalized groups (e.g., 
Cushing et al., 2020; Gonzalez et al., 2020; 
Tran et al., 2020, 2021). 

Reported effect sizes are in ranges similar 
to other well-established environmental 
respiratory hazards. For example, effect 
sizes in reductions in lung function by 
Johnston et al. (2021) are similar in 
magnitude to reductions in lung function 
associated with secondhand smoke 
exposure among women (Eisner, 2002) 
and reductions in lung function among 
adults living near busy roadways (e.g., 
Kan et al., 2007). 

Consistency Consistent findings observed 
by different people in different 
places with different samples 
strengthens the likelihood of 
an effect. 

Adverse birth outcomes have been observed 
in multiple studies using multiple methods in 
different populations at different times and 
locations (e.g., California, Canada, Ohio, 
Oklahoma, Pennsylvania, Colorado, Texas). 
While there is some variation in findings by 
specific perinatal outcomes, the overall body 
of evidence is highly consistent in supporting 
the association between upstream OGD and 
adverse perinatal outcomes. 

Various respiratory health outcomes are 
evaluated in the literature. For asthma — 
the most commonly studied respiratory 
health outcome — studies across 
California, Pennsylvania, and Texas 
consistently show an association between 
upstream OGD and asthma-related 
metrics (asthma prevalence, 
exacerbations, pediatric hospitalizations) 
(e.g., Koehler et al., 2018; Li et al., 2023; 
Rasmussen et al., 2016; Shamasunder et 
al., 2018; Willis et al., 2018, 2020). 

https://www.zotero.org/google-docs/?W7bV07
https://www.zotero.org/google-docs/?Fz6Frw
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Criteria for causation 
(Bradford-Hill) 

Description of criteria Perinatal health studies  Respiratory health studies 

Specificity  Causation is likely if there is 
no other likely explanation. 

All peer-reviewed birth outcome studies 
included in our review controlled for other 
potential confounders by accounting or 
adjusting for other individual-level or area-
level factors (e.g., other air pollution sources, 
neighborhood socioeconomic status) in the 
analysis (e.g., Casey et al., 2016; Gaughan et 
al., 2023; McKenzie et al., 2014, 2019; Tran 
et al., 2020, 2021; Willis et al., 2023). Other 
studies applied statistical modeling 
approaches such as difference-in-differences 
that account for temporal and spatial trends 
that may confound observed effects (e.g., 
Willis et al., 2021). 

Most respiratory health studies have 
controlled for other potential explanatory 
or confounding factors by accounting or 
adjusting for other individual-level (e.g., 
smoking status) or area-level factors (e.g., 
other air pollution sources) in the analysis 
(Johnston et al., 2021; Koehler et al., 
2018; Peng et al., 2018; Rabinowitz et al., 
2015; Rasmussen et al., 2016; Willis et 
al., 2020; Willis et al., 2018), or in the 
study design, such as utilizing a 
difference-in-difference methodology 
(Peng et al., 2018; Willis et al., 2018). 

Temporality Exposure precedes the 
disease. 

Most birth outcomes studies have proper 
temporal alignment between exposure and 
outcome and use a retrospective cohort, case 
control or other study design that allows 
retroactive assessment of exposures to OGD 
occurring before the onset of disease. They 
do not consider exposure that occurred at the 
time of disease or oil and gas wells drilled 
after the disease. 

Some respiratory health studies do not 
allow for assessments of exposure that 
predate disease. However, of the studies 
with the proper temporal alignment (e.g., 
Johnston et al., 2021; Koehler et al., 
2018; Peng et al., 2018; Rasmussen et 
al., 2016; Willis et al., 2018), authors 
report statistically significant associations 
between OGD and oral corticosteroid 
medication orders, asthma 
hospitalizations, and asthma-related 
emergency department visits.  

Biological Gradient (Dose-
Response)  

Greater exposure leads to a 
greater likelihood of the 
outcome. 

Some studies have found dose-response 
relationships based on oil and gas production 
volume categories or metrics of inverse 
distance weighting and/or oil and gas well 
density in California and elsewhere (Casey et 
al., 2016; McKenzie et al., 2014, 2019; Tang 
et al., 2021; Tran et al., 2020, 2021).  

Larger reductions in lung function 
observed with decreased distance from 
active oil development sites (Johnston et 
al., 2021). 

https://www.zotero.org/google-docs/?CVfGzB
https://www.zotero.org/google-docs/?CVfGzB
https://www.zotero.org/google-docs/?CVfGzB
https://www.zotero.org/google-docs/?CVfGzB
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Criteria for causation 
(Bradford-Hill) 

Description of criteria Perinatal health studies  Respiratory health studies 

Plausibility The exposure pathway and 
biological mechanism is 
plausible based on other 
knowledge. 

Individual health-damaging chemical 
pollutants are well-understood to be emitted 
from upstream OGD (e.g., PM2.5, benzene) 
and established as contributing to increased 
risk for the same adverse perinatal outcomes 
observed in the epidemiology studies. 
Stressors associated with upstream OGD 
(e.g., psychosocial stress; Casey et al., 2019) 
can also contribute to increased adverse 
perinatal outcomes.  

Many air pollutants associated with 
upstream OGD are well-known to 
contribute to respiratory morbidity and 
mortality, including exacerbations of 
existing respiratory conditions (Guarnieri 
& Balmes, 2014). 

Coherence Causal inference is possible 
only if the literature or 
substantive knowledge 
supports this conclusion. 

In particular, the body of peer-reviewed 
literature is converging towards singular 
directions for adverse perinatal outcomes.  

The body of peer-reviewed literature 
points in a singular direction for adverse 
respiratory health outcomes.  

Experiment Causation is a valid 
conclusion if researchers have 
seen observed associations in 
prior experimental studies. 

N/A - Human population-based experimental 
studies are not available due to ethical issues.  
 

N/A - Human population-based 
experimental studies are not available due 
to ethical issues.  
 

https://www.zotero.org/google-docs/?WvIqIn
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Criteria for causation 
(Bradford-Hill) 

Description of criteria Perinatal health studies  Respiratory health studies 

Analogy For similar programs 
operating, similar results can 
be expected to bolster the 
causal inference concluded.  

Pollutants well known to be emitted during 
upstream OGD including benzene, toluene 
and 1,3-butadiene are listed as reproductive 
or developmental toxicants under Proposition 
65 and thus are recognized as such by the 
State of California (CA EPA OEHHA, 2021). 
EPA’s current Integrated Science 
Assessments conclude that the evidence is 
suggestive of, but is not sufficient to infer, a 
causative relationship between birth 
outcomes, including preterm birth and low 
birth weight, and PM2.5 and long-term ozone 
exposures (US EPA, 2019, 2020). 
Additionally, increased stress during 
pregnancy can alter fetal growth and length of 
gestation (Fink et al., 2012).  

The U.S. EPA’s current Integrated 
Science Assessments of particulate 
matter and tropospheric ozone conclude 
that there is a causal relationship between 
respiratory outcomes, including asthma, 
and short-term ozone exposure. There is 
also likely a causal relationship between 
respiratory outcomes, including asthma, 
both short- and long-term PM2.5 exposure, 
and long-term ozone exposure (US EPA, 
2019, 2020). 
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3.3.2.2 Perinatal outcomes 

Perinatal outcomes are the most common health outcomes evaluated in the peer-reviewed 
literature in the context of oil and gas development. Twenty-five studies examine the association 
between upstream oil and gas development and perinatal outcomes (Table 3.3). Three studies 
were conducted in California (described directly below; Gonzalez et al., 2020; Tran et al., 2020, 
2021) and 22 studies were conducted in other oil and gas regions, including Colorado (McKenzie 
et al., 2014, 2019; Erickson et al., 2022), Ohio (Gaughan et al., 2023); Oklahoma (Apergis et al., 
2019; Janitz et al., 2019), Pennsylvania (Busby and Mangano, 2017; Casey et al., 2016; Currie 
et al., 2017; Hill, 2018; Ma, 2016; Stacy et al., 2015), and Texas (Cushing et al., 2020; Han et al., 
2023; Tang et al., 2021; Walker-Whitworth et al., 2018; Whitworth et al., 2017; Willis et al., 2021, 
2022, 2023). These studies evaluate potential exposures and perinatal outcomes over more than 
two decades, from 1996 to 2019.  

Below we first present studies conducted in California, and then discuss findings by specific 
perinatal health endpoint, including preterm birth, low birth weight, term birth weight, small for 
gestational age, congenital malformations, congenital heart defects, neural tube defects and oral 
clefts, infant health index, low Apgar score, fetal death, and maternal outcomes including high-
risk pregnancy and gestational hypertension and eclampsia. 

Perinatal outcome studies conducted in California  

Three California studies evaluated the associated upstream OGD and perinatal outcomes 
(preterm birth, low birth weight, term birth weight, small for gestational age) (Gonzalez et al., 2020; 
Tran et al., 2020, 2021).7 These studies focus on exposures and perinatal outcomes between 
1998 and 2015.  

Gonzalez et al. 2020 

Gonzalez et al. (2020) conducted a case-control study to evaluate the association between 
exposure to oil and gas wells and preterm birth risk in the San Joaquin Valley between 1998 and 
2011. In this type of study, researchers compare the exposure to upstream OGD between two 
groups that differ by the health outcome of interest (in this case, preterm birth). The authors 
assessed exposure using an inverse-distance squared metric of wells in pre-production and active 
wells within 10 km (6.2 miles) of maternal residence. For each pregnancy, the authors assessed 
exposure separately for each trimester, then categorized exposure into four bins: unexposed, low, 
medium, and high exposure. In statistical analyses, the authors compared unexposed births with 
births that had high exposure. The authors statistically controlled for maternal age, education, 
race/ethnicity, parity, prenatal care, insurance provider, neighborhood-level poverty, and birth 
year. Furthermore, the authors divided preterm birth cases into three categories based on 
gestational age: 20–27 weeks (very early preterm births), 28–31 weeks (early), and 32–36 
(moderate). The authors found statistically significantly higher risk of early preterm birth (28–31 
weeks) with high exposure to wells compared to unexposed births. In analyses stratified by 
maternal race/ethnicity and maternal education, the risk was confined to and heightened among 

 
7 Outcomes are defined and studies are discussed in detail in subsections below.  
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early preterm births to Hispanic and non-Hispanic Black mothers, and to mothers with 12 or fewer 
years of education attainment. The results were robust to sensitivity analyses testing assumptions 
in the exposure assessment and models, as well as accounting for co-exposure to traffic-related 
pollutants. In a secondary analysis, Gonzalez et al. (2020) found evidence of significantly higher 
PM2.5 and coarse particulate matter (PM10) concentrations at monitors close to drilling sites 
compared to “unexposed” monitors located farther away. These authors did not aim to precisely 
estimate specific impacts of drilling or operating wells on concentrations of PM2.5 or PM10. Rather, 
they aimed to determine whether there was an observable increase in concentrations of these 
pollutants using ground-based monitors, establishing a plausible etiologic pathway from 
residential proximity to wells to elevated preterm birth risk. In a follow-up study using a more 
robust study design, the same authors corroborated the findings of marginal increases in PM2.5 
and PM10 concentrations downwind of drilling sites and active wells (Gonzalez et al., 2022). 

Tran et al. 2020 

Tran et al. (2020) undertook a retrospective cohort study of 2,918,089 births from 2006 to 2015 
among mothers living within 10 km (6.2 miles) of at least one production oil and gas well in the 
Sacramento Valley, San Joaquin Valley, South Central Coast, and South Coast Air Basins to 
assess the association between exposure to active oil and gas productive and inactive oil and 
gas wells and adverse perinatal outcomes. The authors defined exposure as residing within 1 
km (3,281 ft) of at least one active or inactive oil and gas well at time of delivery. The authors 
further defined exposure to active wells using the cumulative volume of oil and gas production 
(in barrels of oil equivalent, or BOE) at all active wells within 1 km (3,281 ft) during pregnancy. 
Exposure to inactive wells was characterized as the count of inactive wells within 1 km (3,281 ft) 
of the residence during pregnancy. Associations between proximity to inactive wells were found 
to be null. However, results showed that mothers living in rural areas and within 1 km (3,281 ft) 
of at least one active oil and gas well had higher odds of impaired fetal growth. Exposure to 
higher production volumes in rural areas was associated with a significantly higher odds of low 
birth weight (LBW), small-for-gestational age (SGA) births as well as lower average birth weight. 
Associations with LBW and SGA were elevated but attenuated in urban areas. No statistically 
significant associations were observed for preterm birth in either rural or urban areas. Residual 
confounding may explain observed differences in effect estimates between rural versus urban 
areas. For example, air and water pollution concentrations could differ regionally based on 
dispersion and hydrological transport patterns. Additionally, individual factors that could not be 
measured such as maternal occupation, housing quality, indoor air quality, dependence on 
groundwater sources for drinking water, and underlying population sensitivity to upstream OGD-
related pollutants may have contributed to differences in effect estimates between rural and 
urban settings. The authors controlled for community-level factors (geographic setting, 
concentrations of modeled NO2 to account for emission sources other than oil and gas, and 
income) and individual-level factors for infants (sex, month/year of birth) and mothers (age, 
race/ethnicity, educational attainment, Kotelchuk index of prenatal care, and child parity). In 
sensitivity analyses, accounting for pre-pregnancy body mass index, smoking during pregnancy, 
and exposure to Toxic Release Inventory facilities did not substantially change effect estimates 
(<10%) compared to the main model. This suggests that the associations were not spuriously 
associated with exposure to oil and gas wells due to uncontrolled confounders.  
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Tran et al. 2021 

Tran et al. (2021) conducted a retrospective cohort study of 979,961 births to pregnant people in 
eight California counties (Colusa, Fresno, Glenn, Kern, Los Angeles, Orange, Santa Barbara, and 
Ventura) with hydraulic fracturing (HF) between 2006 and 2015. Exposed individuals had at least 
one oil and gas well hydraulically fractured within 1 km (3,281 ft) of their residence during 
pregnancy. The reference (unexposed) population had no wells within 1 km (3,281 ft), but at least 
one oil/gas well within 10 km (6.2 miles). Analyses assessed associations between HF and low 
birth weight, preterm birth, small for gestational age birth and term birth weight. Fewer than 1% 
of mothers (n=1,192) were exposed to HF during pregnancy. Among rural mothers, HF exposure 
was associated with significantly increased odds of low birth weight and small for gestational age 
birth, and significantly lower term birth weight. Among urban mothers, HF exposure was positively 
associated with small for gestational age birth, inversely associated with preterm birth, and not 
significantly associated with the other birth outcomes. As discussed above, residual confounding 
may explain observed differences in effect estimates between rural versus urban areas. The 
authors controlled for community-level factors (geographic setting, concentrations of modeled 
nitrogen dioxide [NO2] to account for emission sources other than oil and gas, and income) and 
individual-level factors for infants (sex, month/year of birth) and mothers (age, race/ethnicity, 
educational attainment, Kotelchuk index of prenatal care, and child parity). 

Peer-reviewed study findings by perinatal health endpoint  

Below we discuss findings by specific perinatal health endpoint, including preterm birth, low birth 
weight, term birth weight, small for gestational age, congenital anomalies, congenital heart 
defects, neural tube defects and oral clefts, infant health index, low Apgar score, fetal death, and 
maternal outcomes including high-risk pregnancy and gestational hypertension and eclampsia. 

Preterm birth  

Preterm birth, defined as less than 37 weeks of gestation, is one of the most commonly evaluated 
adverse birth outcomes in the peer-reviewed literature. Thirteen studies examine the association 
between upstream OGD and preterm birth; three studies were conducted in California (described 
above) (Gonzalez et al., 2020; Tran et al., 2020, 2021), and ten additional studies were conducted 
in other oil and gas regions including Colorado (McKenzie et al., 2014; Erickson et al., 2022); 
Pennsylvania (Casey et al., 2016; Hill, 2018; Stacy et al., 2015); Texas (Cushing et al., 2020; 
Walker Whitworth et al., 2018; Whitworth et al., 2017); and Canada (Cairncross et al., 2022; 
Caron-Beaudoin et al., 2020). These studies evaluated potential exposures and outcomes over 
two decades, from 1996 to 2018.  

Eight of the 13 studies examining preterm birth report a positive association between upstream 
OGD and preterm birth. In addition to one study in California (Gonzalez et al., 2020), six of these 
studies across two oil and gas regions (Pennsylvania and Texas) found statistically significant 
increases in preterm birth among infants born to mothers in the highest exposed groups living in 
proximity to upstream OGD (Figure 3.4) (Cairncross et al., 2022; Casey et al., 2016; Cushing et 
al., 2020; Hill, 2018; Walker Whitworth et al., 2018; Whitworth et al., 2017). One study reported 
increases in preterm birth that were not statistically significant (Caron-Beaudoin et al., 2022). The 
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studies evaluated proximity to upstream OGD at distances within 2,640 ft (0.8 km) from at least 
one oil and gas site to out beyond 10 miles (16.1 km). For example, two studies conducted in 
Texas found preterm birth rates significantly increased with exposure to upstream OGD within 
2,640 ft (0.8 km) during the drilling phase, production phase, as well as all phases of OGD (Figure 
3.4) (Walker Whitworth et al., 2018; Whitworth et al., 2017). These findings were observed in the 
Barnett Shale region of Texas, with effects remaining significant up to 10 miles (16.1 km) for those 
in the highest exposure tertile (Walker Whitworth et al., 2018; Whitworth et al., 2017). Similarly, a 
study conducted in Alberta, Canada, found that, mothers living within 10 km (6.2 miles) of more 
than 100 hydraulically fractured wells during one year prior to conception through birth of their 
child had a significantly increased risk of preterm birth (Cairncross et al., 2022).  

Four studies report null associations between preterm birth and upstream OGD: two in California 
(Tran et al., 2020, 2021), one in Pennsylvania (Stacy et al., 2015), and one in Colorado (Erickson 
et al., 2022). Finally, one study, which was the first to examine upstream OGD and adverse birth 
outcomes, reported a statistically significant inverse association between upstream OGD and 
preterm birth in Colorado (McKenzie et al., 2014). The inverse association between upstream 
OGD and preterm birth observed in some studies may be due to residual confounding from area-
level socioeconomic characteristics or environmental factors. Additionally, a live birth bias may 
occur if exposed mothers (compared with unexposed mothers) were more likely to experience 
fetal loss (Bruckner and Catalano, 2018; Goin et al., 2021)  

McKenzie et al. (2014) reported findings that appear to contradict other, more recent studies. This 
may be due to different methodologies to estimate exposure to OGD, as well as the availability of 
additional information to control for factors such as prenatal care and healthcare usage during 
pregnancy. Time periods examined across these studies also vary, potentially contributing to the 
differences in findings between studies. Of note, the study period relied upon by McKenzie et al. 
(2014) included live births occurring between 1996–2009, whereas Stacy et al. (2015) and Tran 
et al. (2020) evaluated exposures using more recent health records, with study periods spanning 
from 2007–2010 and 2006–2015, respectively.  
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Figure 3.4. Summary of studies assessing the association between upstream oil and gas development and preterm birth (<37 weeks 
gestation). 

* Radius represents the distance used to define exposed individuals.  
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** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group into tertiles: the 1st tertile indicates low activity, the 2nd tertile indicates medium activity, and the 3rd tertile indicates high 
activity. Quantiles/quartiles were fitted in the same fashion.  
Note: Results from Cairncross et al. (2022) did not include estimated odds ratios (or risk ratios) for preterm birth but rather specific subtypes: 
spontaneous vs. indicated. It was therefore excluded from the figure. Erickson et al. (2022) did not include estimated odds ratios (or risk ratios) but 
rather reported prematurity hazards ratios. Stacy et al. (2015) displays odds ratios for all tertiles in figure form only. Additionally, Hill (2018) assessed 
prematurity but did not provide comparable effect estimates. Therefore, these four studies were excluded from the figure. 
Abbreviations: BOE = barrels of oil equivalent; HF = hydraulically fractured; IDW = inverse distance weighted; UOGD = unconventional oil and gas 
development. 
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Low birth weight  

In addition to two studies in California (Tran et al., 2020, 2021), four additional studies conducted 
in Colorado (McKenzie et al., 2014), Pennsylvania (Currie et al., 2017; Hill, 2018), and Oklahoma 
(Apergis et al., 2019) evaluated exposure to upstream OGD and low birth weight (birth weight of 
<2500 g, <5.51 lbs). These studies evaluated upstream OGD and low birth weight from 1996 to 
2017. Five of six studies found a statistically significantly higher risk of low birth weight in the 
highest activity category for oil and gas communities compared to those individuals located farther 
away (Apergis et al., 2019; Currie et al., 2017; Hill, 2018; Tran et al., 2020, 2021). One study 
conducted in Colorado, McKenzie et al. (2014), found a statistically significant lower risk of low 
birth weight associated with exposure to upstream oil and gas development, an inverse 
relationship similar to that observed for preterm birth in the same study (discussed above).  

Term birth weight 

Thirteen peer-reviewed studies examine exposure to upstream OGD development and 
differences in birth weight, including two studies in California (Tran et al., 2020, 2021), two studies 
in Colorado (McKenzie et al., 2014; Erickson et al., 2022), one in Oklahoma (Apergis et al., 2019), 
four studies in Pennsylvania (Casey et al., 2016; Currie et al., 2017; Hill, 2018; Stacy et al., 2015), 
three studies in Texas (Cushing et al., 2020; Whitworth et al., 2017; Willis et al., 2021), and one 
study in British Columbia (Caron-Beaudoin et al., 2020). These studies evaluated upstream OGD 
and term birth weight across these different geographic regions between 1996 and 2019.  

Nine of 13 studies report a statistically significant inverse association between exposure to 
upstream OGD and term birth weight (>37 week gestation) in California, Oklahoma, 
Pennsylvania, Texas, and British Columbia (Apergis et al., 2019; Caron-Beaudoin et al., 2020; 
Casey et al., 2016; Currie et al., 2017; Cushing et al., 2020; Stacy et al., 2015; Tran et al., 2020; 
2021; Willis et al., 2021). Studies that examine mean birth weight at term under varying distances 
and levels of activity are summarized in Figure 3.5. Whitworth et al. (2017) found no association 
for term birth weight, and — similar to findings for low birth weight and preterm birth — McKenzie 
et al. (2014) observed a statistically significant positive association between term birth weight and 
exposure to upstream OGD. These results are consistent with Erickson et al. (2022), an ecological 
study that reported a strong positive association between term birth weight and well density and 
birth weight and production, but a negative association to their interaction effect.  

Small for gestational age birth 

Compared to low birth weight, fewer studies have examined small for gestational age birth — or 
birthweight less than the country sex-specific 10th percentile of weight for each week of gestation. 
Of these 10 studies, four (40%) report a positive association, including two studies in California 
(Tran et al., 2020, 2021), one in Alberta, Canada (Cairncross et al., 2022) and two studies in 
Pennsylvania (Hill, 2018; Stacy et al., 2015); five studies report null associations for small for 
gestational age (Caron-Beaudoin et al., 2020; Casey et al., 2016; Cushing et al., 2020; Whitworth 
et al., 2017; Willis et al., 2021).
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Figure 3.5. Summary of associations in the peer-reviewed literature between upstream oil and gas development and differences in term birth weight 
(>37 weeks gestation).  
* Radius represents the distance used to define exposed individuals.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized each 
exposure group into tertiles: the 1st tertile indicates low activity, the 2nd tertile indicates medium activity, and the 3rd tertile indicates high activity. 
Quantiles/quartiles were fitted in the same fashion.  
Note: The figure only includes studies with estimated odds ratios for birth weight in grams at term, defined as any birth that occurs >37 weeks gestation. 
Studies that did not explicitly mention evaluation of differences in birthweight at term were omitted from this figure (Apergis et al., 2019; Currie et al., 2017; 
Erickson et al., 2022; Stacy et al., 2015).  
Abbreviations: BOE = barrels of oil equivalent; IDW = inverse distance weighted; UOGD = unconventional oil and gas development.
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Congenital anomalies  

Nine studies assess the association between upstream OGD and congenital anomalies from 1996 
to 2018 (Gaughan et al., 2023; Han et al., 2023; Hill, 2018; Janitz et al., 2019; Ma, 2016; McKenzie 
et al., 2014, 2019a; Tang et al., 2021; Willis et al., 2023, Cairncross et al. 2022). Because 
congenital anomalies include etiologically different types of birth defects, we summarize and 
present study results by total, non-specific birth defects, as well as the three most specific types 
of birth defects evaluated: congenital heart, neural tube, and oral cleft defects.   

Total, non-specific congenital anomalies 

Six studies considered total, non-specific congenital anomalies. Three of these were ecological 
studies and had mixed findings. The other three were retrospective cohort studies that observed 
increased risk of congenital anomalies within 5 and 10 km (3.1 and 6.2 mi) of upstream OGD. 

Ecological studies. Two studies, Hill (2018) and Ma (2016) considered all congenital anomalies 
among infants born to mothers in Pennsylvania. Post-drilling, Hill (2018) found a non-statistically 
significant decrease in congenital anomalies among infants born to mothers living within 2.5 km 
(8,202 ft) of an active oil and gas well. Ma (2016) found that the odds of congenital anomalies 
were higher among infants born in ZIP codes with unconventional natural gas development as 
compared to infants born in ZIP codes without unconventional natural gas development. However, 
prevalence of birth defects decreased in ZIP codes with and without unconventional natural gas 
development after drilling occurred.  

Han et al. (2023) conducted an ecological study of four Texas counties with active OGD, and with 
the highest gas production in the Barnett Shale area from 1999–2014 (Tarrant, Johnson, Wise, 
and Denton counties [listed from highest to lowest production 1999–2014]). Han et al. (2023) also 
observed that the risk of total birth defects increased with the annual county -level annual natural 
gas production as a proxy measure of exposure to OGD and estimated standardized morbidity 
ratios (SMR), accounting for maternal age and race/ethnicity as well as other demographic factors 
by county for various study periods (1999–2002, 2003–2006, 2007–2010, 2011–2014). For total 
birth defects, Tarrant County had an elevated SMR in each time period, Johnson County in three, 
and Wise County in one. Denton County did not differ from the expected number of cases.  

While some of these studies indicates a decrease in rates of congenital anomalies over time, 
each study examines exposures and outcomes at the group-level (e.g., the ZIP code or county 
level), as opposed to examining proximity to well sites or well density near maternal residence. 
Therefore, these studies do not examine exposures to OGD as granularly as the retrospective 
cohort and case-control studies that evaluate exposure at the individual level. Additionally, the 
grouping of all types of congenital defects together pushes the result towards the null, which 
makes it more difficult to detect associations. 

Retrospective cohort studies: Cairncross et al. (2022), Gaughan et al. (2023), and Willis et al. 
(2023) undertook retrospective cohort studies and considered all congenital anomalies among 
infants born to mothers in Alberta, Ohio, and Texas, respectively, using data from birth defect 
registries and birth registries. Cairncross et al. (2022) compared presence to absence of an oil 
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and gas well that underwent hydraulic fracturing one year prior to the conception through birth 
within 10 km (6.2 mi) of the birth residence. Results showed statistically significant increased odds 
of major congenital anomalies for children with a birth residence within 10 km (6.2 mi) of an oil 
and gas well that was hydraulically fractured. Gaughan et al. (2023) compared presence to 
absence of an unconventional oil and gas well within a 10 km (6.2 mi) buffer of the birth residence, 
as well as presence to absence unconventional oil and gas well hydrologically upgradient of the 
birth residence within the 10 km (6.2 mi) buffer of the birth residence. Results showed increased 
odds of any structural birth defect for children with presence of an unconventional oil and gas well 
in the 10 km (6.2 mi) buffer, and less precise increased odds for children with presence of an 
upgradient unconventional oil and gas well in the 10 km (6.2 mi) buffer. Willis et al. (2023) 
examined upstream OGD-related exposures using tertiles of inverse distance-squared weighting 
within 5 km (3.1 mi) for drilling site count, gas production, oil production, and produced water, 
compared to infants born to mothers living within 5 km (3.1 mi) of future drilling sites that were not 
yet operating during the pregnancy period (temporal comparison group). Results showed 
increased odds of any congenital anomaly in the highest tertile exposure group for site well count, 
oil production, gas production, and produced water, although associations did not follow a 
consistent exposure-response pattern across tertiles. Using a spatial comparison group of 
mothers living 5–10 km (3.1–6.1 mi) away from an upstream OGD site revealed attenuated, but 
still increased, odds of any congenital anomaly. While these three studies improve on the 
ecological design by evaluating exposure and congenital anomalies at the individual level, the 
grouping of all types of congenital defects together pushes the result towards the null, which 
makes it more difficult to detect associations.  

A subset of analyses in the Gaughan, Willis, and Han studies, in addition to four other studies 
examined specific subsets of congenital malformations. The most commonly evaluated 
malformations included congenital heart defects, neural tube defects, and oral clefts.  

Congenital heart defects  

All seven studies that evaluated associations between upstream OGD and congenital heart 
defects report increased risk of congenital heart defects increasing levels of and/or proximity to 
OGD within 1–16.1 km (0.6–10 mi) of the birth residence. Four retrospective cohort and two case-
control studies observed increased odds of congenital heart defects with increased upstream 
OGD.  

The Han et al. (2023) ecological study described previously observed increased risks of atrial 
septal defects, ventricular septal defects, and patent ductus arteriosus in three, one, and two out 
of the four selected Texas counties. They also observed that risks of atrial septal defects and 
patent ductus arteriosus increased with annual natural gas production volumes. No significant 
associations of increased natural gas production were found with ventricular septal defects. 

In the Gaughan et al. (2023) Ohio study described previously, non-statistically significant 
increased rates of congenital heart defects as a whole increased with presence of an 
unconventional oil and gas well within 10 km of the birth residence. The Willis et al. (2023) Texas 
study described previously found consistently increased odds of cardiac and circulatory 
anomalies, across tertiles of all upstream OGD exposure metrics using a temporal comparison, 



 

3-33 

with results attenuated using a spatial comparison group. In another Texas study, Tang et al. 
(2021) employed a case-control design to examine congenital heart defects among infants born 
to mothers living within 1 km (3,281 ft), 3 km (1.8 mi), and 7.5 km (4.7 mi) of an active Texas oil 
and gas well during the year of birth. The authors found significantly increased odds of aortic 
valve stenosis, hypoplastic left heart syndrome, and pulmonary valve atresia or stenosis among 
those living within 1 km (3,281 ft), 3 km (1.8 mi), and 7.5 km (4.7 mi) of an active oil and gas well 
and exposed to the highest density of natural gas activity.  

Results in Colorado and Oklahoma are consistent with the Texas and Ohio studies. In Colorado, 
McKenzie et al. (2014) employed a retrospective cohort design to compare tertiles of inverse 
distance weighted sums of oil and gas wells within 16.1 km (10 mi) of birth residence to absence 
of any OGD within 16.1 km (10 mi). They reported a statistically significant, monotonically 
increasing risk of congenital heart defects with increasing inverse distance weighted sum of oil 
and gas wells within 16.1 km (10 mi) of the birth residence In a follow up Colorado study, 
McKenzie et al. (2019a) employed a nested case control design to examine the relationship 
between more specific congenital heart defects and the inverse distance weighted oil and gas 
well count, adjusted for intensity of oil and gas activity. They also consider other major air 
population sources in the analysis. Similar to their first study, they observed a statistically 
significant monotonic increase in odds of total congenital heart defects, with increasing intensity 
adjusted inverse distanced weighted counts of oil and wells, within 16.1 km (10 mi) of the birth 
residence. They also observed a positive, though not statistically significant, association between 
upstream OGD and specific congenital heart defects, including aortic artery and valve defects, 
pulmonary artery and valve defects, conotruncal defects, and tricuspid valve defects. In 
Oklahoma, Janitz et al. (2019) conducted a retrospective cohort study to compare inverse 
distance weighted counts of actively producing natural gas wells within two miles (3.2 km) of the 
birth residence. While they did not find an association between upstream OGD and critical 
congenital heart defects as a whole; when broken out by specific defect, the authors found non-
statistically significant but increased rates of common truncus, transposition of the great arteries, 
pulmonary valve atresia and stenosis, tricuspid valve atresia and stenosis, interrupted aortic arch, 
and total anomalous pulmonary venous connection among children living in areas of upstream 
OGD.  

Studies that evaluated congenital heart defects are summarized in Figure 3.6
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Figure 3.6. Summary of associations in the peer-reviewed literature between upstream oil and gas development and congenital heart defects. 
See notes on last series of forest plots that comprise Figure 3.6. 
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Figure 3.6. continued Summary of associations in the peer-reviewed literature between upstream oil and gas development and congenital heart 
defects. See notes on last series of forest plots that comprise Figure 3.6. 
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Figure 3.6. continued Summary of associations in the peer-reviewed literature between upstream oil and gas development and congenital heart 
defects. 

* Radius represents the distance used to define exposed individuals.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group to tertiles, with the 1st tertile representing low activity, the 2nd tertile representing medium activity, and the 3rd tertile 
representing high activity. Quantiles/quartiles were fitted in the same fashion.  
Note: Results from Han et al. (2023) did not include estimated odds ratios (or risk ratios) and was therefore excluded from the figure.  
Abbreviations: BOE = barrels of oil equivalent; DORV = Double outlet right ventricle; IA-IDW = intensity-adjusted inverse distance weighted; IDW = 
inverse distance weighted; IAA = Interrupted Aortic arch TAPVC = Total anomalous pulmonary venous connection; UNGD = unconventional 
natural gas development. 
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Neural tube defects  

Five out of six studies that evaluated neural tube defects and upstream OGD found that the risk 
of neural tube defects increased with increasing level activity and/or proximity to upstream OGD 
within 1–16.1 km (0.6–10 mi) of the birth residence. 

The Han et al (2023) ecological study described previously observed increased risks of severe 
microcephaly and hydrocephaly without spina bifida in two out of four selected Texas counties. 
They did not observe that risks of microcephaly or hydrocephaly without spina bifida increased 
with annual natural gas production volumes.  

Four retrospective cohort studies and one case-control study examined neural tube defects 
(Janitz et al., 2019; McKenzie et al., 2014; Tang et al., 2021; Willis et al., 2023). In Ohio, the 
previously described Gaughan et al. (2023) study found elevated odds of neural tube defects 
among women living within 10 km of upstream OGD sties. The previously described Tang et al. 
(2021) Texas study found significantly increased odds of spina bifida and anencephaly, two 
subtypes of neural tube defects. The previously described Janitz et al. (2019) study found that 
among children living in Oklahoma within two miles (3.2 km) of natural gas activity, prevalence of 
neural tube defects was increased compared to children exposed to zero wells, though these 
findings were not statistically significant. The previously described McKenzie et al. (2014) study 
found significantly increased odds of neural tube defects in children exposed to the highest level 
of oil and gas activity compared to children exposed to no active gas wells within a 10-mile (16.1 
km) radius. While the sample size was small, findings were statistically significant, indicating a 
potential association. However, the previously described Willis et al. (2023) study did not find 
significant associations of neural tube defects among Texas infants living within 5 km (3.1 mi) of 
OGD sites using multiple exposure metrics as well as a temporal or spatial comparison group. 

Studies that evaluated neural tube defects are summarized in Figure 3.7. 

Oral cleft defects 

Five previously described studies examined associations between oral cleft defects and upstream 
OGD (Janitz et al., 2019; McKenzie et al., 2014; Tang et al., 2021, Gaughan et al., 2023, Willis et 
al., 2023). Mckenzie et al. (2014), Janitz et al. (2019), Tang et al. (2021), and Willis et al. (2023) 
found no association between upstream OGD and oral cleft defects. Studies that evaluated cleft 
defects are summarized in Figure 3.8.



 

3-38 

 
Figure 3.7. Summary of associations in the peer-reviewed literature between upstream oil and gas development and neural tube defects 

* Radius represents the distance used to define exposed individuals.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group to tertiles, with the 1st tertile representing low activity, the 2nd tertile representing medium activity, and the 3rd tertile 
representing high activity. Quantiles/quartiles were fitted in the same fashion.  
Abbreviations: IDW = inverse distance weighted; UNGD = unconventional natural gas development. 
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Figure 3.7. continued Summary of associations in the peer-reviewed literature between upstream oil and gas development and neural tube defects 

* Radius represents the distance used to define exposed individuals.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group to tertiles, with the 1st tertile representing low activity, the 2nd tertile representing medium activity, and the 3rd tertile 
representing high activity. Quantiles/quartiles were fitted in the same fashion.  
Abbreviations: IDW = inverse distance weighted; UNGD = unconventional natural gas development. 
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Figure 3.8. Summary of associations in the peer-reviewed literature between upstream oil and gas development and cleft defects 

* Radius represents the distance used to define exposed individuals.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group to tertiles, with the 1st tertile representing low activity, the 2nd tertile representing medium activity, and the 3rd tertile 
representing high activity. Quantiles/quartiles were fitted in the same fashion.  
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Abbreviations: IDW = inverse distance weighted; UNGD = unconventional natural gas development. 

 
Figure 3.8. continued Summary of associations in the peer-reviewed literature between upstream oil and gas development and cleft defects 

* Radius represents the distance used to define exposed individuals.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group to tertiles, with the 1st tertile representing low activity, the 2nd tertile representing medium activity, and the 3rd tertile 
representing high activity. Quantiles/quartiles were fitted in the same fashion.  
Abbreviations: IDW = inverse distance weighted; UNGD = unconventional natural gas development. 
 
 



 

 

Infant health index  

Three studies examined the relationships between upstream OGD and the infant health index, a 
composite value that combines multiple factors (e.g., birth weight, prematurity, any congenital 
anomalies, presence of abnormal conditions) (Apergis et al., 2019; Currie et al., 2017; Hill, 2018). 
Infant health index values range from 0 to 1; the higher the infant health index value, the more 
positive the assessment of infant health at birth is (Apergis et al., 2019). Two studies were 
conducted in Pennsylvania (Currie et al., 2017; Hill, 2018), and one in Oklahoma (Apergis et al., 
2019) for infants born between 2003 and 2017.  

Apergis et al. (2019) evaluated effects of upstream OGD on infant health using data from 2006–
2017 in Oklahoma. The authors found statistically significant decreases in the infant health index 
up to 20 km (12 mi) from hydraulically fractured oil and gas wells, with the largest decreases seen 
at the closest distance examined of 1km (3,281 ft). The authors also found smaller decreases in 
the infant health index up to 20 km (12 mi) from oil and gas wells that were not hydraulically 
fractured.  

Results in Pennsylvania are consistent with findings in Oklahoma. Currie et al. (2017) found 
statistically significant decreases in the infant health index up to 3 km (1.9 mi) from hydraulically 
fractured oil and gas wells, with the largest decreases within 1 km (3,281 ft). Similarly, Hill (2018) 
found a statistically significant increase in the probability of an adverse health outcome at birth 
within 2.5 km (1.5 mi) of hydraulically fractured shale gas well activity post-drilling.   

Low Apgar score  

Two studies conducted in Pennsylvania examined low Apgar scores in relation to upstream OGD 
between 2003 and 2013 (Casey et al., 2016; Hill, 2018). Five-minute American Pediatric Gross 
Assessment Record (Apgar) scores are determined through clinician-rated review of five health 
dimensions at birth (heart rate, breathing effort, muscle tone, reflexes, color); each score is 
summed together to produce a final Apgar score ranging from 0 to 10, with lower values 
representing poorer infant health (Hill, 2018). Infants with low Apgar scores often require 
respiration support. Casey et al. (2016) defines a “low” Apgar score as any score <7, whereas Hill 
(2018) defines it as any score <8. 

Relying on health records from 2009 to 2013, Casey et al. (2016) found no association with low 
Apgar score (<7) and upstream OGD. However. Hill (2018) found that the introduction of shale 
gas development significantly increased low Apgar score (<8) prevalence for those living within 
2.5 km (1.5 mi) of hydraulically fractured shale gas wells. These differences may be due to the 
authors’ definition of low Apgar score; Casey et al. (2016) findings considering a low Apgar score 
as <7 may be more clinically relevant, as clinicians usually deem scores <7 as less healthy 
(ACOG, 2015).  

Fetal death  

Two studies assessed fetal death and upstream OGD between 2003 and 2012 (Busby & 
Mangano, 2017; Whitworth et al., 2017). Busby and Mangano (2017) assessed county-level infant 
deaths and unconventional OGD in Pennsylvania and found a significant increase in infant 
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mortality in the 10 counties where hydraulic fracturing was present. Whitworth et al. (2017) 
conducted a retrospective cohort study in the Barnett Shale region of North Texas by assessing 
individual exposure to active oil and gas wells and fetal death. Adjusted models found increased 
odds of infant mortality among those living within a half-mile (2,640 ft, 0.8 km) of oil and gas 
activity in the highest exposure category. These effects were also observed for women living 
within two miles (3.2 km) of oil and gas activity in the second tertile of exposure.  

High-risk pregnancy  

Casey et al. (2016) evaluated adverse birth outcomes in Pennsylvania between 2009 and 2013 
and also evaluated physician-reported high-risk pregnancy, a maternal health outcome, as a 
secondary endpoint. The authors hypothesized that natural gas development exposures could 
contribute to the occurrence of high-risk pregnancies through effects to the pulmonary and 
cardiovascular systems (Casey et al., 2016). The authors found that exposure to unconventional 
natural gas development was significantly associated with 30% increased odds of physician-
reported high-risk pregnancy when comparing the highest level of activity to the lowest.  
 
Gestational hypertension and eclampsia 

Willis et al. (2022) examined associations between residential proximity to oil and gas extraction 
and hypertensive conditions during pregnancy in Texas. Using a difference-in-differences 
framework and adjusting for potential confounders (see Table 3.3), the study found that pregnant 
women living within 1 km (3,281 ft) of an active oil and gas well had 5% increased odds of 
gestational hypertension and 26% increased odds of eclampsia when compared to pregnant 
women living far away from extraction activities (>10 km; >6.2 mi). Significantly increased odds 
were not found for pregnant women living within 1–2 km (3,281–6,561 ft) or 2–3 km (6,561–9,842 
ft) of an active oil and gas well (Willis et al., 2022).



 

 

Table 3.3. Summary of epidemiological studies that evaluate upstream oil and gas development and adverse perinatal health outcomes in the United 
States and Canada. Studies are categorized by state and then chronologically by publication year.  

Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

California 

Gonzalez 
et al. 

(2020) 

San 
Joaquin 

Valley, CA 

Oil & 
natural 

gas 

NIH, March 
of Dimes 

Prematurity 
Research 
Center at 
Stanford 

University 

Case-control 

IDW2 index of new and 
active wells within 10 km 

(32,808 ft) radius of 
maternal residence 

225,374 births 
27,913 cases 

197,461 controls 
 

1998–2011 
 

California OSHPD 

Mother’s age, 
education, 

ethnicity/race, 
parity, and 

insurance payer, 
prenatal care 

access, 
neighborhood-level 

poverty 

Exposure during 1st or 2nd trimester: 
Preterm birth (20–27 weeks) △ 
Preterm birth (28–31 weeks) ▲ 
Preterm birth (32–36 weeks) ⬄ 

 
Exposure during 3rd trimester: 
Preterm birth (32–36 weeks) ⬄ 

Tran et 
al. (2020) 

San 
Joaquin 
Valley, 
South 

Central 
Coast & 
South 

Coast Air 
Basins, 

CA 

Oil & 
natural 

gas 

CARB, the 
11th Hour 
Project, 

NIEHS, UC 
Berkeley, 
SAGE-
IGERT 

Fellowship, 
NSF 

Retrospective 
cohort 

Exposure was defined as 
having one active or inactive 
well within 1 km (3,281 ft) of 
maternal residence at time 

of delivery; participants 
included residents with at 

least one well within 10 km 
(32,808 ft) 

 
Exposure to active wells 

was characterized by total 
production volume - barrels 

of oil and barrels of oil 
equivalent natural gas 

(BOE); exposure to inactive 
wells was characterized by 

well count 
 
 

2,918,089 births 
 

2006–2015 
 

California Department of 
Public Health 

Mother’s age, 
education, 

race/ethnicity, 
prenatal care, 

infant sex, and birth 
month/year, 

neighborhood level 
concentration of 

wealth/poverty as 
measured by index 
of concentration at 

the extremes, 
neighborhood level 

traffic-related air 
pollution 

Active Wells (rural): 
No BOE vs. >100 BOE/day 

Low birth weight ▲ 
Preterm birth ⇔ 

Small for gestational age ▲ 
Mean term birth weight ▼ 

 

Inactive Wells (rural): 
0 wells vs. 6+ wells 
Low birth weight ⇔ 

Preterm birth ⇔ 
Small for gestational age ⇔ 
Mean term birth weight ⇔ 

 

Active Wells (urban): 
No BOE vs. >100 BOE/day 

Low birth weight ⇔ 
Preterm birth ⇔ 

Small for gestational age ▲ 
Mean term birth weight ⇔ 

 

Inactive Wells (urban): 
0 wells vs. 6+ wells 
Low birth weight ⇔ 

Preterm birth ⇔ 
Small for gestational age ⇔ 
Mean term birth weight ▲ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Tran et 
al. (2021) 

Glenn, 
Colusa, 
Fresno, 
Kern, 
Santa 

Barbara, 
Los 

Angeles, 
Ventura, 
Orange 

counties, 
CA 

Oil and 
gas 

CARB, 11th 
Hour Project, 

NIEHS 

Retrospective 
cohort 

Exposed individuals had at 
least one well hydraulically 
fractured within 1 km (3,281 

ft) of residence during 
pregnancy. 

979,961 births to mothers 
in eight California 
counties with HF 

 
2006–2015 

California Department of 
Public Health 

Infant covariates — 
sex, month and 

year of conception 
based on date of 

last menstrual 
period. Maternal 

covariates — age, 
race/ethnicity, 
educational 
attainment, 

Kotelchuck index of 
prenatal care, 

parity 

Adjusted OR, rural  
Low birth weight ▲ 

Preterm birth △ 
Small for gestational age ▲ 

 
Mean difference, rural  

Term birth weight ▼ 
 

Adjusted OR, urban  
Low birth weight ▽ 

Preterm birth ▼ 
Small for gestational age △  

 
Mean difference, rural  

Term birth weight ▽ 

Canada 

Caron-
Beaudoin 

et al. 
(2020) 

North-
eastern 
British 

Columbia,
Canada 

Natural 
gas 

Canadian 
Institutes of 

Health 
Research 

Retrospective 
cohort 

UNGD activity metric – IDW 
sum of wells with a spud 
date earlier than delivery 

date for 2.5, 5, 10 km 
(8,202, 16,404, 32,808 ft) 
buffers around each postal 

code centroid 

5,018 births 
 

2006–2015 
 

Perinatal Data Registry 
and Northern Health 

(healthcare provider in 
Northeastern British 

Columbia) 

Mother’s age at 
delivery, prior poor 

pregnancy outcome, 
complications during 
current pregnancy, 

parity, stillbirth, 
singleton, multiple 

birth count for current 
pregnancy, infant’s 
birth date, infant’s 

biological sex 
assigned at birth, 
prior and current 

history of depression 
and mental health 
concerns, use of 

alcohol and drugs or 
tobacco during 

current pregnancy, 
exposure to second-
hand smoke during 

pregnancy 

Postal code well density/proximity 4th 
quartile to reference (2.5 km, 8,202 ft) 

Preterm birth △ (2nd quartile ▲) 
Birth weight ▽ 

Head circumference △ 
Small for gestational age ▽ 

 

Postal code well density/proximity 
(5 km, 16,404 ft) 
Preterm birth ▽ 

Birth weight ▽ (2nd and 3rd quartile▼) 
Head circumference △ 

Small for gestational age ▽ 
 

Postal code well density/proximity (10 km, 
32,808 ft) 

Preterm birth △ 
Birth weight ▽ (3rd quartile ▼) 

Head circumference △ 
Small for gestational age ▽ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Cairncross 
et al. 

(2022) 

Alberta, 
Canada 

Unconvent
ional oil & 

gas 

New 
Frontiers in 
Research 

Fund 

Retrospective 
cohort 

Residents living within 10 
km (32,808 ft) of 100+ 

hydraulically fractured wells 
during first year of 

pregnancy or preconception 

 
26,193 people 

34,873 pregnancies 
 

2013–2018  
 

Alberta 
Health & Alberta Health 

Services 
 

Age at delivery, 
multiple births (i.e., 

twins, triplets), 
infant sex, obstetric 

comorbidities, 
area-level 

socioeconomic 
status 

100+ wells vs. 1-24 wells within 10 km 
(32,808 ft):  

Spontaneous preterm birth ▲ 
Indicated preterm birth △ 

Small for gestational age ▲ 
Severe neonatal mortality/morbidity △ 

Colorado 

McKenzie 
et al. 

(2014) 

Rural 
areas in 

CO; towns 
<50,000 
residents 

Natural 
gas 

Department 
of 

Environment
al and 

Occupational 
Health, 

Colorado 
School of 

Public Health 

Retrospective 
cohort 

UNGD activity metric – IDW 
well count (wells/mi) within 
10-mile (52,800 ft; 16.1 km) 
radius of maternal residence 

 
124,842 births 

 
1996–2009 

 
CDPHE Health Statistics, 
Colorado Responses to 
Children with Special 

Needs registry 

Mother’s age, 
education, 

ethnicity/race, child 
parity, tobacco and 
alcohol use, infant 

sex, residential 
elevation 

Highest exposure category vs. 0 wells 
within 10 miles (16.1 km) 
Congenital heart defects ▲ 

(Increased prevalence of pulmonary artery 
and valve defects/PAV defects by 60%, 
ventricular septal defects/VSDs by 50%, 
tricuspid valve defects/ TVDs by 400%) 

Neural tube defects ▲ 
Oral clefts ▽ 

Preterm birth ▼ 
Term low birth weight ▼ 

Mean term birth weight ▲ 

McKenzie 
et al. 

(2019a) 

34 CO 
counties 

with 20 or 
more wells 

drilled 

Oil & 
natural 

gas 

American 
Heart 

Association 

Case-control 
(nested) 

IA-IDW 
(well intensity/mi2) 

considering wells and O&G 
facilities other than wells 

(compressor stations, tank 
farms, gathering lines) 

within 10-mile (52,800 ft) 
radius of each maternal 

residence 

3,324 mother-infant pairs 
 

2005–2011 
 

Colorado Responds to 
Children with Special 
Needs birth defects 

registry 

Mother’s age, child 
parity, 

Socioeconomic 
status index, sex, 
IDW count of O&G 
facilities other than 
wells, IA-IDW count 

for air pollution 
sources not 

associated with 
O&G activities 
(continuous) 

Exposure during 3 months prior to 
conception: 

Any congenital heart defects ▲ 
Aortic artery and valve defects △ 

Pulmonary artery and valve defects △ 
Conotruncal defects △ 

Tricuspid valve defects ▽ 
 

Exposure during 2 months prior to 
conception: 

Any congenital heart defects ▲ 
Aortic artery and valve defects △ 

Pulmonary artery and valve defects ▲ 
Conotruncal defects △ 

Tricuspid valve defects ▽ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

McKenzie 
et al. 

(2019a) 
 

(continued) 

34 CO 
counties 

with 20 or 
more wells 

drilled 

Oil & 
natural 

gas 

American 
Heart 

Association 

Case-control 
(nested) 

IA-IDW 
(well intensity/mi2) 

considering wells and O&G 
facilities other than wells 

(compressor stations, tank 
farms, gathering lines) 

within 10-mile (52,800 ft) 
radius of each maternal 

residence 

3,324 mother-infant pairs 
 

2005–2011 
 

Colorado Responds to 
Children with Special 
Needs birth defects 

registry 

Mother’s age, child 
parity, 

Socioeconomic 
status index, sex, 
IDW count of O&G 
facilities other than 
wells, IA-IDW count 

for air pollution 
sources not 

associated with 
O&G activities 
(continuous) 

Exposure during 1 month prior to 
conception: 

Any congenital heart defects ▲ 
Aortic artery and valve defects △ 

Pulmonary artery and valve defects △ 
Conotruncal defects △ 

Tricuspid valve defects ▽ 
 

Exposure during 1st gestational month: 
Any congenital heart defects ▲ 

Aortic artery and valve defects △ 
Pulmonary artery and valve defects △ 

Conotruncal defects △ 
Tricuspid valve defects ▽ 

 
Exposure during 2nd gestational month: 

Any congenital heart defects ▲ 
Aortic artery and valve defects △ 

Pulmonary artery and valve defects △ 
Conotruncal defects △ 

Tricuspid valve defects △ 

Erickson 
et al. 

(2022) 

Five CO 
counties 
where 

hydraulic 
fracturing 

occurs 

Un- 
convention

al oil & 
natural 

gas 

Not 
disclosed Ecological County-wide well density 

and production activity  

252,502 birth records 
 

1999–2019 
 

CDPHE Vital Birth 
Statistics registry 

Population density, 
age, gender, race, 
education, income 

High vs. low well density 
Birthweight ▼ 
Prematurity ⬄ 

 
High vs. low production 

Birthweight ▼ 
Prematurity ⬄ 

 
High vs. low well density/production  

Birthweight ▼ 
Prematurity ▲ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Ohio 

Gaughan 
et al. 

(2023) 
Ohio 

Unconvent
ional oil & 
gas 

U.S. EPA, 
NIH, Yale 
Cancer 
Center, 
National 
Cancer 
Institute 

Retrospective 

IDW2 index within 5 km, and 
10 km (6.2 mi) for active 

UOG wells; 
IDups: the inverse distance 
to the nearest upgradient 

active UOG well 

965,236 live births 
2010–2017 

Ohio Department of 
Health Birth Records 
 Ohio Connections for 
Children with Special 
Needs (OCCSN) birth 
defects surveillance 

system 

infant sex, birth 
year, season of 

birth, maternal age, 
maternal race, 

maternal ethnicity, 
maternal 

educational 
attainment, 

maternal marital 
status, maternal 
smoking status 

during pregnancy, 
maternal alcohol 

use during 
pregnancy, parity 

(nulliparous, one or 
more previous live 

births), primary 
payer for delivery 
(Medicaid, private 
insurance), use of 

federal Women 
Infants and 

Children (WIC) 
program, pre-

pregnancy body 
mass index (BMI), 
whether a mother 
received prenatal 

care, and maternal 
hypertension or 

diabetes, 
urbanicity/rurality, 

Social Vulnerability 
Index, air pollution 

(PM2.5), nearby 
cropland 

Any UOG wells within 10 km (6.2 mi): 
Any structural defect △ 

Any CHD △ 
Any NTD ▲ 
Oral clefts △ 

Limb reduction ▲ 
Hypospadias ▼ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Oklahoma 

Apergis 
et al. 

(2019) 

OK 
Statewide 

Oil & 
natural 

gas 

Not 
disclosed 

Empirical 
analysis with 
Dumitrescu-

Hurlin 
causality test 
and (long-run) 
Pooled Mean 
Group method 

Number of conventional or 
unconventional (fracking) 
wells within 0–1 km (0–

3,281 ft), 1–5 km (3,281–
16,404 ft), 5–10 km 

(16,404–32,808 ft), or 10–20 
km (32,808 ft–65,617 ft) of 

maternal residence 
 

556,794 birth 
observations 

 
2006–2017 

 
Birth certificates from 

Oklahoma Health 
Department 

Mother’s age, 
education, 

ethnicity/race, child 
parity 

0–1 km (0–3,281 ft) from fracturing vs. > 20 
km (65,617 ft): 

Total birth weight ▼    Low birth weight ▲ 
Health index ▼ 

Lower health index represents decline in infant 
health 

1–5 km (3,281–16,404 ft) from fracturing: 
Total birth weight ▼    Low birth weight ▲ 

Health index ▼ 
5–10 km (16,404–32,808 ft) from fracturing: 

Total birth weight ▽    Low birth weight ▲ 
Health index ▼ 

10–20 km (32,808 ft–65,617 ft) from 
fracturing: 

Total birth weight ▽    Low birth weight △ 
Health index ▼ 

 

0–1 km (0–3,281 ft) from conventional 
drilling vs. > 20 km: 

Total birth weight ▽    Low birth weight △ 
Health index ▼ 

1–5 km (3,281–16,404 ft) from conventional 
drilling: 

Total birth weight ▽    Low birth weight △ 
Health index ▽ 

5–10 km (16,404–32,808 ft) from 
conventional drilling: 

Total birth weight ▽    Low birth weight ⬄ 
Health index ▽ 

10–20 km (32,808 ft–65,617 ft) from 
conventional drilling: 

Total birth weight ⬄    Low birth weight ⬄ 
Health index ▽ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Janitz et 
al. (2019) 

OK 
Statewide 

Natural 
gas 

NIH, National 
Institute of 
General 
Medical 

Sciences 

Retrospective 
cohort 

IDW well count of actively 
produced wells within 2 

miles (3.2 km; 10,499 ft) of 
maternal residence during 

month of delivery 

476,600 births 
 

1997–2009 
 

Oklahoma State 
Department of Health, 

Oklahoma Birth Defects 
Registry 

Birth year, infant 
sex, maternal 
race/ethnicity, 

gestational age at 
delivery, birth 

weight, maternal 
age, marital status, 

parity, prenatal 
care, tobacco use 
during pregnancy, 

education 

Neural tube defects △ 
Oral clefts ⬄ 

Congenital heart defects ▽ 
Common truncus △ 

Transposition of the great arteries △ 
Pulmonary valve atresia and stenosis△ 
Tricuspid valve atresia and stenosis △ 

Interrupted aortic arch △ 
Total anomalous pulmonary venous 

connection △ 
Double outlet right ventricle ▽ 

Ebstein’s anomaly ▽ 
Hypoplastic left heart syndrome ▽ 

Coarctation of aorta ▽ 
Tetralogy of Fallot ▽ 

Pennsylvania 

Stacy et 
al. (2015) 

Marcellus 
Shale, PA 

Natural 
gas 

Heinz 
Endowments 

Retrospective 
cohort 

IDW well count within 10 
miles (52,800 ft; 16.1 km) of 

maternal residence 

15,451 births 
 

2007–2010 
 

Pennsylvania Department 
of Health  

Mother’s age, 
education, pre-

pregnancy weight, 
prenatal care, 

smoking status, 
gestational 

diabetes, WIC, 
race, child parity, 

infant sex 

Small for gestational age ▲ 
Mean birth weight ▼ 

Preterm birth ⬄ 

Casey et 
al. (2016) 

Central & 
Northeast 

PA 

Natural 
gas 

NIEHS, 
Degenstein 
Foundation, 
Robert Wood 

Johnson 
Foundation, 

NSF 

Retrospective 
cohort 

IDW2 considering distance 
of well to maternal 

residence, phases of well 
activity (pad development, 
drilling, hydraulic fracturing, 

production volume) 

10,946 neonates 
 

2009–2013 
 

Geisinger Health System 

Neonate sex, 
gestational age, 

birth season/year, 
mother’s age, 
race/ethnicity, 

insurance 
coverage, smoking 
status, BMI, parity, 

antibiotic use, 
receipt of medical 

assistance 

Preterm birth ▲ 
High-risk pregnancy ▲ 

Low 5-min Apgar score ⬄ 
Small for gestational age ⬄ 

 
Mean term birth weight ▼ 

Mean term birth weight adjusted for birth 
year ⬄ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Ma (2016) Marcellus 
Shale PA 

Natural 
gas 

Not 
disclosed Ecological 

Zip code-level presence or 
absence of UOG wells 

spudded by conception date 

1,401,813 births 
 

2003–2012 
 

Pennsylvania vital birth 
registry records (birth 

certificate data) 

Maternal smoking 
status, age at 

delivery, highest 
education level, 
self-designated 

race, maternal pre-
pregnancy body 

mass index, 
primary payor for 

delivery, WIC 
during pregnancy, 

pre- and during 
pregnancy diabetes 

status, 
hypertension 

status, infection 
during pregnancy 

status 

Zip codes with UNGD vs. zip codes 
without UNGD (adjusted OR) 

Any birth defects ▲ 
Structural birth defects ▲ 

Functional or developmental birth defects 
▲ 

Zip codes with UNGD pre-drilling vs. zip 
codes with UNGD post-drilling 
(difference in prevalence rate) 

Any birth defects ▼ 

Busby 
and 

Mangano 
(2017) 

Marcellus 
Shale, PA 

Natural 
gas 

Not 
disclosed Ecological 

Rate ratio comparison 
(2007-2010 and 2003-2006) 
for 10 counties with highest 

UOG drilling activity, 
combined, regionally, and 

statewide 

98,941 births and 431 
infant deaths 

 
2003–2010 

 
Pennsylvania Department 

of Health (PADOH) 

Not considered 

Early infant deaths 
10 counties with heaviest fracking activity 

▲ 
5 northeastern fracked counties ▲ 

5 southwestern counties ▲ 

Currie et 
al. (2017) 

 
PA 

Statewide 

Oil and 
natural 

gas 

John D. & 
Catherine T. 
MacArthur 

Foundation, 
US EPA 

Retrospective 
cohort & 

difference-in-
differences 

Proximity of maternal 
residence to wells where 
conception occurs after 

spud date — buffer of 0–1 
km (0–3,281 ft) as "Near", 

and 3–15km (9,843–49,213 
ft) as "Far" 

1,125,748 births 
 

2004–2013 
 

Certificate of Live Births  

Mother’s age, 
education, 

ethnicity/race, 
marital status, child 

parity 

0–1 km (0–3,281 ft) vs 3–15 km (9,843–
49,213 ft) 

Low birth weight ▲ 
Mean term birth weight ▼ 

Infant health index ▼ 
Lower health index represents decline in 

infant health 

Hill 
(2018) 

PA 
Statewide 

Natural 
gas 

Cornell 
Population 

Center 

Retrospective 
cohort & 

differences in 
differences 

Proximity of maternal 
residence to wells (<2km, 
<2.5km, <3km, <3.5km, 
<4km, <4.5km, <5km) 

(<6,562–16,404 ft) and well 
density at 2.5 km (8,202 ft). 

Birth pre-drilling (unexposed) 
and post drilling (exposed). 

1,098,884 births 

 
2003–2010 

 
Vital statistics natality & 

mortality data 

Mother’s age, 
education, 

ethnicity/race, marital 
status, WIC status, 

insurance type, 
previous risky 

pregnancy, smoking 
status, birth month/year, 

gender 

2.5 km (8,202 ft) of a well compared to 
2.5 km (8,202 ft) of a permitted, but not 

yet drilled, well 
Low birth weight ▲ 

Mean term birth weight ▼ 
Small for gestational age ▲ 

Apgar score <8 ▲ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Hill 
(2018) 

(continued) 

PA 
Statewide 

Natural 
gas 

Cornell 
Population 

Center 

Retrospective 
cohort & 

differences in 
differences 

Proximity of maternal 
residence to wells (<2km, 
<2.5km, <3km, <3.5km, 
<4km, <4.5km, <5km) 

(<6,562–16,404 ft) and well 
density at 2.5 km (8,202 ft). 

Birth pre-drilling 
(unexposed) and post 

drilling (exposed). 

1,098,884 births 
 

2003–2010 
 

Vital statistics natality & 
mortality data 

Mother’s age, 
education, 

ethnicity/race, 
marital status, WIC 
status, insurance 

type, previous risky 
pregnancy, smoking 

status, birth 
month/year, gender 

Well density at 2.5 km (8,202 ft) 
Low birth weight ▲ 

Mean term birth weight ▼ 
Premature birth ▲ 

Texas 

Whitworth 
et al. (2017) 

Barnett 
Shale, TX 

Natural 
gas 

NIEHS, 
NIOSH 

Retrospective 
cohort 

UNGD-activity metrics - IDW 
sum of active wells ½ mile 
(2,640 ft; 0.8 km), 2 miles 

(10,560 ft; 3.2 km), 10 miles 
(52,800 ft; 16.1 km) from 

material residence 

158,894 births 
 

2010–2012 
 

Texas Department of 
State Health Services 

Mother’s age, 
race/ethnicity, 

education, BMI, 
parity, smoking, 
prenatal care, 
previous risky 

pregnancy, infant 
sex 

1/2 mile (2,640 ft; 0.8 km): 
Preterm birth ▲ 

SGA ⬄ 
Fetal deaths △ 

Mean birth weight ⬄ 
 

2 miles (10,640 ft; 3.2 km): 
Preterm birth ▲ 

SGA ▽ 
Fetal deaths △ 

Mean birth weight ▽ 
 

10 miles (52,800 ft; 16.1 km): 
Preterm birth ▲ 

SGA ▽ 
Fetal deaths ▲ 

Mean birth weight ▽ 

Walker 
Whitworth 

et al. (2018) 
 

Barnett 
Shale, TX 

Natural 
gas 

NIH, NIEHS, 
NIOSH  Case-control 

UNGD-activity metric – 
IDW2 count of wells in 

drilling phase within ½ mile 
(2,640 ft; 0.8 km) of 

maternal residence; sum of 
IDW sum of natural gas 

produced from wells within 
½ mile (2,640 ft; 0.8 km) of 

maternal residence 

163,827 births 
 

2010–2012 
 

Texas Department of 
State Health Services 

Mother’s age, 
race/ethnicity, 

education, parity, 
smoking status, 
BMI, infant sex, 
previously poor 

pregnancy 
outcome, prenatal 

care 

Drilling/Production (all pregnancy): 
All Preterm birth ▲ 

Extremely Preterm birth ▲ 
Very Preterm birth △ 

Moderately Preterm birth ▲ 
 

Drilling 
1st or 2nd trimester: 
All Preterm birth ▲ 

3rd trimester: 
All Preterm birth △ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Walker 
Whitworth 

et al. (2018) 
(continued) 

 

Barnett 
Shale, TX 

Natural 
gas 

NIH, NIEHS, 
NIOSH  Case-control 

UNGD-activity metric – 
IDW2 count of wells in 

drilling phase within ½ mile 
(2,640 ft; 0.8 km) of 

maternal residence; sum of 
IDW sum of natural gas 

produced from wells within 
½ mile (2,640 ft; 0.8 km) of 

maternal residence 

163,827 births 
 

2010–2012 
 

Texas Department of 
State Health Services 

Mother’s age, 
race/ethnicity, 

education, parity, 
smoking status, 
BMI, infant sex, 
previously poor 

pregnancy 
outcome, prenatal 

care 

Production: 
1st trimester: 

All Preterm birth ▲ 
2nd trimester: 

All Preterm birth △ 
3rd trimester 

All Preterm birth ▽ 

Cushing 
et al. 

(2020) 

Eagle 
Ford 

Shale, TX 
Oil & gas NIH, NIEHS Retrospective 

cohort 

Number of wells and 
number of satellite 

observations of flaring 
activity during pregnancy 
within 5 km (16,404 ft) of 

maternal residence 

23,487 births 
 

2012–2015 
 

Texas Department of 
State Health Services 

Center for Health 
Statistics 

Mother’s age, 
education, 

ethnicity/race, BMI, 
birthplace, prenatal 

care usage, 
smoking status, 

insurance 
coverage, child 

parity, birth 
year/season, high-

risk pregnancy 

Results from adjusted model (Model 2) 
shown below 

 
27-954 wells within 5 km (16,404 ft) vs. 0 

wells: 
Preterm birth ▲ 

Small for gestational age ⬄ 
Gestational age in days ▼ 
Mean term birth weight ▼ 

 
>10 flares within 5 km (16,404 ft) vs. 0 

flares: 
Preterm birth ▲ 

Small for gestational age ⬄ 
Gestational age in days ▼ 
Mean term birth weight ▽ 

Tang et 
al. (2021) 

TX 
Statewide 

Natural 
gas 

UC Irvine 
Program in 

Public Health 
Case-control 

Yearly active well density 
within 1 km (3,281 ft), 3 km 

(9,843 ft), and 7.5 km 
(24,606 ft) of maternal 

residence for year of birth 

52,995 cases  
642,399 controls 

 
1999–2011 

 
Texas Department of 
State Health Services 
Texas Birth Defects 

Registry 

Mother’s smoking 
status, plurality of 

birth, age, 
race/ethnicity, 

education status, 
median household 
income, urbanicity 
in 2010, average 

daily vehicle miles 
traveled for all 

trucks by county 

p-values for trend tests of adjusted odds 
ratios, p <0.01 below 

Well density within 1 km (3,281 ft) buffer, 
3 km (9,843 ft) buffer, and 7.5 km (24,606 

ft) buffer: 
Atrial Septal Defect ▲ 

Aortic Valve Stenosis ▲ 
Hypoplastic Left Heart Syndrome ▲ 
Pulmonary Valve Atresia/Stenosis ▲ 

Ventricular Septal Defect ▲ 
 

Well density within 1 km buffer: 
Anencephaly ▲ 

Tricuspid Valve Atresia/Stenosis ▲ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Willis et 
al. (2021) 

TX 
Statewide Oil & gas NIH, NIEHS, 

NCATS 

Retrospective 
cohort & 

difference-in-
differences 

Residential proximity near 
[0–1 km (0–3,281 ft), 1–2 

km (3,281–6,562 ft), 2–3 km 
(6,562–9,843 ft)] vs. far [3–
10 km (9,843 ft–32,808 ft)] 
from active/future drill site; 

births before drilling 
(unexposed) vs. births 

during drilling (exposed) 

2,598,025 mother-infant 
pairs 

 
1999–2009 

 
Texas Department 

of State Health Services 
Vital Statistics Program 

Birth year/month, 
infant sex, mother’s 
age, race/ethnicity, 

& educational 
attainment, 
nulliparous, 

prenatal care 
received, smoking 
during pregnancy, 
weight gain during 

pregnancy, 
diabetes diagnosis, 

gestational 
hypertension 

diagnosis, 
eclampsia 

diagnosis, infant 
gestational age, 
regional location, 

income, 
employment, 
distance to 

highways, census 
place  

Mothers living 0–1 km (0–3,281 ft) vs. 3–
10 km (9,843 ft–32,808 ft) from 

current/future drilling site  
(Model 3) 

Term birth weight ▼ 
Small for gestational age ⬄ 

 
1–2 km (3,281–6,562 ft) & 2–3 km (6,562–
9,843 ft) vs. 3–10 km (9,843 ft–32,808 ft) 

from current/future drilling site  
Term birth weight ▼ 

Small for gestational age ⬄ 

Willis et 
al. (2022) 

TX 
Statewide Oil & gas NIH, NIEHS, 

NCATS 

Retrospective 
cohort & 

difference-in-
differences 

Residential proximity near 
[0–1 km (0–3,281 ft), 1–2 

km (3,281–6,562 ft), 2–3 km 
(6,562–9,843 ft)] vs. far [3-
10 km (9,843 ft–32,808 ft)] 
from active/future drill site; 

births before drilling 
(unexposed) vs. births 

during drilling (exposed) 

2,845,144 mothers 
 

1999–2009 
 

Texas Department 
of State Health Services 
Vital Statistics Program 

Birth year/month, 
infant sex, 

gestational age, 
mother’s age, 
race/ethnicity, 

mother’s education, 
nulliparous, 

prenatal care 
received, smoking 

and mother’s 
weight during 
pregnancy, 

distance to major 
roadways 

Mothers living 0–1 km (0–3,281 ft) vs. 3–10 
km (9,843 ft–32,808 ft) from current/future 

drilling site  
(Fully adjusted model) 

Gestational hypertension ▲    Eclampsia ▲ 
 

1–2 km (3,281–6,562 ft) vs. 3–10 km (9,843 
ft–32,808 ft) from current/future drilling site 

Gestational hypertension ⬄    Eclampsia △ 
 

2–3 km (6,562–9,843 ft) vs. 3–10 km 
(9,843 ft–32,808 ft) from current/future 

drilling site 
Gestational hypertension ⬄   Eclampsia ⬄ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study time 
frame, and outcome 

data source 

Confounders and 
covariates 
considered 

Main findings1 

Han et 
al. 

(2023)2 

Barnett 
Shale, TX 
(Denton, 
Johnson, 
Tarrant, 

Wise 
Counties) 

Hydraulic 
fracturing None  Ecological 

Billions cubic feet gas 
produced from hydraulic 

fracturing per county 

1999–2014 
Texas Birth Defects 

Registry 
Four counties versus 

statewide rates 

county, time period 

Standardized Morbidity Ratios (SMR) of 
total birth defects: 

Denton County: 
1999-2002 ⬄     2003-2006 ⬄ 
2007-2010 ⬄     2011-2014 ⬄ 

Johnson County: 
1999-2002 ⬄     2003-2006 ▲ 
2007-2010 ▲     2011-2014 ▲ 

Tarrant County: 
1999-2002 ▲     2003-2006 ▲ 
2007-2010 ▲     2011-2014 ▲ 

Wise County: 
1999-2002 ⬄     2003-2006 ▲ 
2007-2010 ⬄     2011-2014 ⬄ 

 

Willis et 
al. 

(2023) 
TX Oil & gas NIH Retrospective 

cohort 

IDW2 index within 5 km 
(16,4040 ft) for drilling site 
count, gas production, oil 
production, and produced 

water 

2,234,138 births 
 86,315 cases 

 2,147,823 controls 
1999–2009 

Texas Department of 
State Health Services 

Vital Statistics Database 
& Birth Defects Registry 

infant sex, 
gestational age, 

birth weight, 
maternal age, 

maternal race and 
ethnicity, maternal 

education, 
maternal smoking, 
maternal alcohol 
usage, prenatal 
care initiated, 
census tract 

unemployment, 
census tract 

percent White 
population, census 

tract median 
household income, 
distance to nearest 

highways, birth 
year, county 

Temporal comparison, IDW2 well count 
within 5 km (16,404 ft): 

All defects ▲  
> 1 site ▲ 

Cardiac and circulatory ▲ 
Central nervous system ⬄  

Eye and ear ▲ 
Gastrointestinal ⬄ 
Genitourinary ▲ 

Musculoskeletal ⬄ 
Oral clefts ⬄ 
Respiratory ⬄ 

Chromosomal ↑▲ 
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1 Associations from studies that tested for statistical significance are represented using the following symbols: ▲=significant increase, ▼= significant 
decrease, ▽= non-significant decrease, △= non-significant increase, ⬄ = null findings/no association. Studies that did not test for statistical significance are 
noted in the table and results are briefly summarized. Unless explicitly stated, the summary of outcomes represents results from comparing the highest 
tertile/quantile/quartile/highest exposure category to the lowest exposure category. In other words, the increase or decrease in a health outcome is the 
highest exposure group compared to the lowest (or reference category).  

2 Han et al. (2023). For findings from this study for specific congenital anomalies by year and by county, please see Han et al. (2023), Table 4.  

Abbreviations: Barrels of oil and barrels of oil equivalent natural gas (BOE); body mass index (BMI); California Air Resources Board (CARB); Colorado 
Department of Public Health and the Environment (CDPHE); inverse distance weighted (IDW); intensity adjusted inverse distance weighted well intensity 
(IA-IDW); National Center for Advancing Translational Science (NCATS); National Institute for Occupational Safety and Health (NIOSH); National Institute 
of Environmental Health Sciences (NIEHS); National Institutes of Health (NIH); National Science Foundation (NSF); California Office of Statewide Health 
and Planning (OSHPD); Pennsylvania Department of Health (PADOH); Systems Approach to Green Energy-Integrative Graduate Education and Research 
Traineeship (SAGE-IGERT); University of California (UC); unconventional natural gas development (UNGD), unconventional oil and gas (UOG); United 
States Environmental Protection Agency (US EPA).



 

 

3.3.2.3 Respiratory outcomes 

Eleven studies examine the association between upstream OGD and respiratory outcomes 
(Bushong et al., 2022; Johnston et al., 2021; Koehler et al., 2018; Li et al., 2023; Peng et al., 
2018; Rabinowitz et al., 2015; Rasmussen et al., 2016; Shamasunder et al., 2018; Willis et al., 
2018; 2020; Trickey et al., 2023). Two studies were conducted in California (described directly 
below: Johnston et al., 2021; Shamasunder et al., 2018) and nine studies were conducted in other 
oil and gas regions, including Pennsylvania (Bushong et al., 2022; Koehler et al., 2018; Peng et 
al., 2018; Rabinowitz et al., 2015; Willis et al., 2018), Texas (Li et al., 2023; Willis et al., 2020), 
and across multiple states (Pennsylvania and New York: Rasmussen et al., 2016; Trickey et al., 
2023). These studies evaluate potential exposures and respiratory outcomes from 2005 to 2019.  

Below we first present studies conducted in California, and then discuss findings regarding the 
most examined respiratory outcome, asthma.  

Respiratory outcome studies conducted in California  

Two studies conducted in California evaluated the associated upstream OGD and respiratory 
outcomes (Shamasunder et al., 2018; Johnston et al., 2021). These studies focused on upstream 
OGD exposures and respiratory outcomes between 2016 and 2019.  

Shamasunder et al. (2018) 

Shamasunder et al. (2018) conducted household health surveys between March and May 2016 
using questions from a validated health questionnaire within two 1,500 ft (457 m) buffer areas 
surrounding the Jefferson and AllenCo oil production sites in the City of Los Angeles. The authors 
found that self-reported physician-diagnosed asthma rates were elevated within both buffer zones 
compared to sub-county and county-level surveys (e.g., the California Health Interview Survey of 
Service Planning Area 6). Asthma prevalence was higher in one buffer zone (West Adams near 
the Jefferson drill site) than in Los Angeles County in aggregate. The authors reported that 45% 
of residents surveyed were unaware of nearby oil development. The study also included in situ 
monitoring for methane near a site with oil wells. Prior research has found that methane emissions 
from oil and gas wells are associated with emissions of air toxics, including non-methane volatile 
organic compound (VOC) emissions. However, there were no efforts to determine the source of 
emissions as part of this study. Subsequent studies have reported elevated concentrations of 
ambient air pollutants, including non-methane VOCs, near oil and gas wells in Los Angeles 
(Collier-Oxandale et al., 2020; Garcia-Gonzales et al., 2019; Gonzalez et al., 2022; Okorn et al., 
2021). While this study compared localized asthma rates to sub-county and county-level surveys, 
the authors were not able to control for additional sources of air pollution or other variables 
associated with asthma prevalence. It also relies on self-reported data, which can be subject to 
bias.  

Johnston et al. (2021) 

Johnston et al. (2021) evaluated lung function and self-reported acute health symptoms among 
residents living near one active oil development site and one idle oil development site in the Las 
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Cienegas oil field in South Los Angeles between January 2017 and August 2019. The authors 
used a cross-sectional study design: an observational study comparing measured health 
outcomes at one time point (i.e., without assessing temporal variation). Johnston et al. (2021) 
surveyed 961 study participants ages 5 and over who were residents living within 1 km (3,281 ft) 
of an active oil development site (with 28 wells) in the Jefferson Park neighborhood and within 1 
km (3,281 ft) of an idle oil development site (with 21 wells) in the North University Park 
neighborhood. Additionally, the authors assessed lung function of 747 residents using spirometry. 
Residents living near the active oil development site self-reported significantly higher odds of 
recent wheeze, sore throat, chest tightness, eye and nose irritation, dizziness, and ringing of the 
ears as compared to residents living near the idle oil development site. Residents who lived closer 
to both oil development sites had reductions in lung function; lung function decreased for every 
100 m (328 ft) closer to the site. The investigators also assessed differences in lung function 
between participants living at distances of <150 m (492 ft), <200 m (656 ft), and <400 m (1,312 
ft) from the active and idle oil development sites compared to those living farther away. They also 
evaluated differences in lung function among participants living downwind from wells out to 1 km 
(3,281 ft) from oil development sites (the farthest distance assessed), compared to residents living 
less than 1 km (3,281 ft) and upwind from the oil development sites. Across all analyses, 
participants living closer to both oil development sites (active and idle) had reductions in lung 
function. The reduction in lung function was greatest among participants living near and downwind 
of the active oil development site compared to the idle oil development site. The findings of 
reduced lung function among residents downwind of oil and gas wells, compared to those living 
farther away and upwind, were adjusted for participant age, height, weight, sex, race/ethnicity, 
proximity to freeway, recent cold/flu, asthma status, smoking status, indoor exposure to 
environmental tobacco smoke, and season.  

Asthma  

Asthma is the most commonly studied respiratory health outcome in the epidemiological literature 
focused on upstream OGD. Eight studies conducted outside of California examined asthma 
exacerbations and hospitalizations, with five focused in Pennsylvania, one focused in 
Pennsylvania and New York (multiple states), and two focused in Texas (Bushong et al., 2022; 
Koehler et al., 2018; Li et al., 2023; Peng et al., 2018; Rabinowitz et al., 2015; Rasmussen et al., 
2016; Willis et al., 2020, 2018). These studies examined upstream OGD and asthma-related 
outcomes between 2000 and 2014.  

Studies in Pennsylvania have found that upstream OGD is associated with increased pediatric 
hospitalizations for asthma, increased rates of mild asthma exacerbations8, and increased rates 
of lower respiratory symptoms, including mild asthma exacerbations9 (Figure 3.9) (Koehler et al., 
2018; Peng et al., 2018; Rabinowitz et al., 2015; Rasmussen et al., 2016; Willis et al., 2018). 
Consistent with findings observed from studies focused on Pennsylvania, in Texas, Willis et al. 
(2020) also observed an increased odds of pediatric asthma hospitalizations associated with 
natural gas development, for both conventional drilling and unconventional drilling activities, and 

 
8 Defined by the presence of new oral corticosteroid prescriptions. 
9 Defined as new oral corticosteroid medication orders, asthma/COPD, chronic bronchitis, chest 
wheeze/whistling, shortness of breath, and/or chest tightness. 
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increased well production volumes. Furthermore Li et al. (2023) observed an increase in asthma 
rates in census block with higher counts of oil and natural gas wells in Texas.  

As shown in Figure 3.9 below, two studies conducted in Pennsylvania found an association with 
increased rates of mild asthma exacerbations and oil and gas exposure within 1 km (3,281 ft) of 
a well compared to those living greater than 2 km (1.2 mi) away (Koehler et al., 2018; Rabinowitz 
et al., 2015). This is consistent with another Pennsylvania study, which found a significant positive 
association between asthma hospitalization rates and annual well density (Bushong et al., 2022). 
Similarly, Rasmussen et al. (2016) found that those living next to the densest areas of oil and gas 
production in the Marcellus Shale region had significantly increased odds of mild asthma 
exacerbation compared to those living near lower-density activity. This result was found to be 
significant during all four phases of development (pad development, drilling, stimulation, and 
production). In addition to mild asthma exacerbations, Rasmussen et al. (2016) also found that 
those living in the highest quartile of residential unconventional natural gas development activity 
for all four phases (pad development, drilling, stimulation, production) had significantly higher 
odds of moderate and severe types of asthma exacerbations (emergency department visits, and 
hospitalizations, respectively) than those in the lowest quartile.  

This is consistent with another Pennsylvania study (Willis et al., 2018), which found a significant 
positive association between pediatric asthma hospitalization rates and annual well density. Using 
a similar methodological approach in Texas, Willis et al. (2020) also found that both conventional 
and unconventional natural gas development at the ZIP code level was associated with pediatric 
asthma hospitalizations. Overall, all studies found upstream OGD was associated with increased 
asthma-related outcomes. 
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Figure 3.9. Summary of epidemiological studies on associations in between upstream oil and gas development and lower respiratory effects, 
including but not limited to mild asthma exacerbations and asthma-related hospitalizations.  
* Radius represents the distance used to define exposed individuals. Studies that have no radius did not utilize a buffer distance when defining their 
study population.  
** The exposure category represents the name of the category as defined by the original study. To provide visual comparability, we standardized 
each exposure group to tertiles, with the 1st tertile representing low activity, the 2nd tertile representing medium activity, and the 3rd tertile 
representing high activity. Quantiles/quartiles were fitted in the same fashion.  
Note: Results from Shamasunder et al. (2018), Bushong et al. (2022), Li et al. (2023), and Trickey et al. (2023) did not include estimated odds ratios 
(or risk ratios) and were therefore excluded from the figure.  
Abbreviations: DNDW = distance to nearest drilled well; IDW = inverse distance weighted; mild asthma exacerbations = new oral corticosteroid 
medication orders; lower respiratory symptoms = mild asthma exacerbations defined as new oral corticosteroid medication orders, asthma/COPD, 
chronic bronchitis, chest wheeze/whistling, shortness of breath, or chest tightness.  
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Table 3.4. Summary of epidemiological studies on association between upstream oil and gas development and adverse respiratory health outcomes 
in the United States. Studies are categorized by state and then chronologically by publication year.  

Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and 
covariates considered Main findings1 

California 

Shama-
sunder et 
al. (2018) 

South Los 
Angeles, 

CA 

 

West 
Adams & 
University 

Park 

Oil 
11th Hour 
Project, 

NSF 

Self-
reported 
survey 

(validated 
question-

naire; 
physician -
reported 
asthma) 

1,500 ft (457 m) buffer 
around two oil development 

sites. 

205 surveys at 
randomly sampled 

residences  

813 residents 

 

March–May 2016 

 

Self-reported outcome 

Not considered 

1,500 ft (457 m) from site vs. Los 
Angeles County: 

Asthma diagnosis ▲ (West Adams) 

Asthma diagnosis △ (University Park) 

Asthma emergency department visit ⬄ 

 

1,500 ft (457 m) from site vs. California 
Health Interview Survey of Service 

Planning Area 6 (SPA6): 

Asthma diagnosis ▲ (West Adams & 
University Park) 

Asthma emergency department visit ⬄ 

Johnston 
et al. 

(2021) 

South Los 
Angeles, 

CA 
 

North 
University 

Park & 
Jefferson 

Park 

Oil NIEHS 

Cross-sectional 
(self-reported 

survey with lung 
function 

measurements) 

1 km (3,281 ft) buffer around 
two oil development sites, 
one with 28 active wells 
(Jefferson Park) and one 
with 21 idle wells (North 

University Park) 

961 residents from 488 
addresses  

747 valid spirometry 
tests 

2017–2019 

Self-reported symptoms 
& spirometry 

measurements 

Age, sex, height, age-height 
interaction, race/ethnicity, 

weight, recent flu/cold, 
proximity to freeway, 

asthma status smoking 
status, indoor exposure to 

environmental tobacco 
smoke, season, wind 

direction (downwind vs. 
upwind) 

Lung function findings 

Significantly lower lung function was found 
among residents living near O&G 
development (<200 m, 656 ft) and 

downwind (200–1,000 m, 656–3,281 ft). 

For self-reported acute health symptoms 
findings, see Table 3.8.  
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and 
covariates considered Main findings1 

Pennsylvania 

Rasmus-
sen et al. 

(2016) 

Marcellus 
Shale 

(PA, NY) 

Natural 
gas 

NIEHS, 
Degenstein 
Foundation, 
Robert Wood 

Johnson 
Foundation, 

NSF 

Case-
control 

(nested) 

UNGD activity metric – IDW2 
method considering pad 

preparation, spud, 
stimulation, and production 

phases 
*Patients in the highest 
exposure group lived a 

median of 19 km (62,336 ft) 
from closest well vs. 63 km 
(206,693 ft) for patients in 

the lowest group. 

35,508 patients 
 

2005–2012 
 

Geisinger Health 
System 

Age, season, smoking 
status, obesity status, 

medical assistance, type 2 
diabetes, sex, race/ethnicity 

Pad: 
Asthma hospitalizations ▲ 

Asthma emergency department visits △ 
Oral corticosteroid medication orders ▲ 

Spud: 
Asthma hospitalizations ▲ 

Asthma emergency department visits ▲ 
Oral corticosteroid medication orders ▲ 

Stimulation: 
Asthma hospitalizations ▲ 

Asthma emergency department visits ▲ 
Oral corticosteroid medication orders ▲ 

Production: 
Asthma hospitalizations ▲ 

Asthma emergency department visits ▲ 
Oral corticosteroid medication orders ▲ 

 

Koehler et 
al. (2018) 

 

Northeast, 
Northcentral, 
Northwest, 
Southwest 

PA 

Natural 
gas 

NIEHS, 
Degenstein 
Foundation, 
Robert Wood 

Johnson 
Foundation, 

NSF 

Case-
control 

DNDW (distance to nearest 
drilled well) < 1 km (3,281 ft) 

to >2 km (6,562 ft) 
 

IDW considers drilling phase 
for wells <10 miles (52,800 

ft) of residence; IDW2 
considers four phases: pad 

preparation, drilling, 
stimulation, production, & 

compressors 

13,196 cases 

18,693 controls 

2005–2013 

Geisinger Health 
System 

 
Study relied on data 
from Rasmussen et 
al. (2016) but was 

considered a 
separately published 
analysis as it utilized 

different exposure 
assessment 
strategies.  

Age, sex, race/ethnicity, 
history of asthma, smoking 

status, season, medical 
assistance, obesity status, 
distance/distance-squared 
to nearest major and minor 

arterial roads, max 
temperature and max 

temperature-squared on the 
day prior to the event, 

community socioeconomic 
deprivation 

DNDW <1 km (3,281 ft) vs. >2 km (6,562 
ft): 

Oral corticosteroid medication orders ▲ 
 

IDW (Drilling): Oral corticosteroid 
medication orders ▲ 

 
IDW2: 

All phases & compressor engines: Oral 
corticosteroid medication orders ▲ 

Production volume only: 
Oral corticosteroid medication orders ▲ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and 
covariates considered Main findings1 

Peng et 
al. (2018) 

Marcellus 
Shale, PA 

Unconven-
tional 

natural 
gas 

Not 
disclosed 

Difference-
in-

differences 

County-level active well 
count 

804 observations 
 

2001–2013 
 

Pennsylvania Health 
Care Cost 

Containment Council 

 
County-level proportion of 
type of insurance, female 
patients, race/ethnicity, 

types of admission; county-
level Charlson index, 

unemployment rate, poverty 
rate, median household 

income, population density, 
coal production, number of 

conventional wells, 
conventional production, 

age-distribution 

Well drilled in the last year (year fixed 
effects, county specific linear trends) 
Full sample (Age 5+) & partial (Age 65+) 

Pneumonia ▲ 
Acute myocardial infarction ⬄ 

COPD ⬄ 
Asthma ⬄ 

Upper respiratory infections ⬄ 
 

Willis et 
al. (2018) 

Rural 
counties 
located in 
Marcellus 
Shale, PA 

Unconven-
tional 

natural 
gas 

NIH Office 
of the 

Director 

Difference-
in-

differences 

Newly spudded wells, ever-
spudded wells, cumulative 

count of wells ever drilled by 
zip code for unconventional 
and/or conventional oil and 

gas development. 

15,837 pediatric 
asthma-related 
hospitalizations 

 
2003–2014 

 
Pennsylvania Health 

Care Cost 
Containment Council 
Inpatient Discharge 

Data 

Non-UNGD respiratory 
hazards 

Highest tertile of exposure to 
unconventional drilling vs. unexposed 

Pediatric asthma hospitalizations ▲ 
 

Newly spudded wells 
Pediatric asthma hospitalizations ▲ 

 
Ever-spudded wells in zip code 

Pediatric asthma hospitalizations ▲ 

Bushong 
et al. 

(2022) 

PA 
Statewide 

Unconven-
tional oil & 

natural 
gas 

NIH  
Difference-

in-
differences 

Cumulative annual well 
density at the county-level 

62 of 67 counties  
2001–2014  

PA-DOH & PA-DEP 
asthma hospitalization 

rates 

PM2.5 pollution, smoking 
prevalence, people <65 

years old who are 
uninsured, household 
income, race/ethnicity, 
educational attainment 

Increased well density in urban & rural 
counties: 

Asthma hospitalization rate ▲ 

Trickey et 
al. (2023) 

Three 
Northern 

Pennsylva
nia 

Counties 
and eight 
New York 
Counties 

Unconven-
tional oil & 

gas 

University of 
Chicago and 

Argonne 
National 

Laboratories 

Difference-
in-

differences 

UOG activity in zip code 
(binary variable) 

61,152 Medicare 
enrollees in 2015 

2002–2015 
Hospitalisation data 

(MedPAR) of 100% of 
Medicare fee-for-

service beneficiaries 

None. Modeling method 
controls for time-invariant 
confounders by design. 

Any diagnosis of COPD and 
bronchiectasis (hospitalizations): 

2010 ⬄ 
2011 ⬄ 
2012 ▲ 
2013 ▲ 
2014 ▲ 
2015 ⬄ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and 
covariates considered Main findings1 

Texas 

Willis et 
al. (2020) 

Zip codes 
overlaying 

shale 
regions, 

TX 

Natural 
gas 

NIH, 
NIEHS, 
NCATS 

Ecological 

Cumulative count of natural 
gas drilling sites per km2 in 
zip code by quarter, with 

vertical vs. 
horizontal/directional sub-
analysis; volume of natural 

gas flared (MCF) in zip code 
per quarter; volume of 

natural gas produced (MCF) 
in zip code by quarter 

54,956 
hospitalizations in 
1,249 zip codes 

 
2000–2010 

 
Texas Department of 
State Health Services 
Inpatient Public Use 

Data File 

Population density <18 
years old, percent 

population identifying as 
Hispanic, NATA respiratory 

hazard index, percent 
unemployed, percent of 

population below poverty 
line, median household 

income, count of spudded 
drilling sites by zip code 

from 1990–1999 

Temporal & spatial fixed effects model 
(Model 3) results shown below  

 
Pediatric asthma hospitalizations 

All drilling ▲ 
Conventional △ 

Unconventional ▲ 
Flaring volume ▼ 

Production volume ▲ 

Li et al. 
(2023) 

(Dallas/Fo
rt Worth 

Metropolit
an Area 
(Collin, 
Dallas, 
Denton, 

and 
Tarrant 

Counties)  

Natural 
gas 

None 
declared 

Spatial 
cluster 

analysis of 
census 
tracts, 
Cross 

Sectional 

Urban gas drilling: 
Aggregated counts of wells 
in census block group (not 

clear if these were well 
being drilled) 

Asthma hospital visits 
for adults (18–65 

years). No population 
size provided. 

2014 
Dallas/Fort Worth 
Hospital Council 

Foundation hospital 
records  

Age, socio-economic 
characteristics, 

transportation, housing 
conditions, and land use 

Incidence of adult asthma exacerbations 
(Model 4) by demographic variable: 

# Adult males ⬄ 
# Black ▲ 

Median HH income ▼ 
# No HS diploma ▲ 

Adult density ▼ 
Median age ▼ 
Well counts ▲ 

Proximity to HWY ⬄ 
AVG speed ⬄ 

Road density ▲ 
AVG COM distance ▲ 

# Work at home ▼ 
#Pub transit users ▲ 
House before 1979 ▲ 
Gas heating house ▲ 
Elec heating house ▲ 
Park/Rec density ⬄ 
Tim/farm density ▼ 

1 Associations from studies that tested for statistical significance are represented using the following symbols: ▲=significant increase, ▼= significant decrease, ▽= 
non-significant decrease, △= non-significant increase, ⬄ = null findings/no association. Studies that did not test for statistical significance are noted in the table and 
results are briefly summarized. Unless explicitly stated, the summary of outcomes represents results from comparing the highest tertile/quantile/quartile/highest 
exposure category to the lowest exposure category. In other words, the increase or decrease in a health outcome is the highest exposure group compared to the 
lowest (or reference category). 

Abbreviations: COPD (chronic obstructive pulmonary disease); thousand cubic feet (MCF); National Air Toxics Assessment (NATA); National Center for Advancing 
Translational Science (NCATS); National Institute of Environmental Health Sciences (NIEHS); National Institutes of Health (NIH); National Science Foundation 
(NSF); Pennsylvania Department of Environmental Protection (PADEP); Pennsylvania Department of Health (PADOH); unconventional natural gas development 
(UNGD).  
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3.3.2.4 Mental and behavioral health outcomes 

Six studies evaluated the association between upstream OGD and mental and behavioral health 
outcomes between 2002 and 2019 (Aker et al., 2022; Casey et al., 2018a; Casey et al., 2018b; 
Casey et al., 2019; Elser et al., 2023; Mayer & Olson Hazboun, 2019; Table 3.5). No studies on 
mental or behavioral health outcomes were conducted in California.  

In Pennsylvania, Casey et al. (2018b) found that exposure to unconventional natural gas 
development was associated with mild depressive symptoms and overall depression symptoms 
among adults in the highest exposure category as compared to the lowest exposure category. 
Casey et al. (2018b) also examined disordered sleep among adults but found no association 
between exposure to unconventional OGD and disordered sleep. Also in Pennsylvania, Casey et 
al. (2019) found that antenatal anxiety and depression was associated with exposure to 
unconventional natural gas development among mothers in the highest exposure category, with 
a stronger association observed among mothers receiving medical assistance (an indicator of low 
family income).  

One study conducted in British Columbia, Canada, examined the association between proximity 
and density of unconventional natural gas wells and mental illness and substance use among 
mothers who gave birth between 2006 and 2016 using an IDW metric (Aker et al., 2022). Results 
from this study show that the second and third quartiles of the 10 km (32,808 ft) IDW are 
associated with increased odds of depression when compared to the first quartile. This 
association was not found when comparing the fourth quartile to the first, however. Furthermore, 
the authors found no significant associations for the 2.5 km (8,202 ft) IDW exposure metric (Aker 
et al., 2022). Another study examining alcohol consumption and oil and gas production across 
the United States found county-level oil production was associated with a slight, but statistically 
non-significant increase in heavy drinking and binge drinking among males in the United States 
(Mayer & Olson Hazboun, 2019). This study reported no association with gas production and a 
slight, but non-significant decrease in alcohol consumption among females (Mayer & Olson 
Hazboun, 2019).  

Seismic activity has increased in Oklahoma and other states due to wastewater injection from 
OGD activities (Alghannam, 2020; Keranen et al., 2008; Weingarten et al., 2015). In Oklahoma, 
Casey et al. (2018a) found a positive association between the occurrence of upstream OGD 
related earthquakes and Google searches focused on anxiety, suggesting that seismic activity 
induced by oil and gas-related wastewater injection may elicit a psychological response in 
Oklahoma residents. Additionally, Elser et al (2023) undertook a retrospective cohort study with 
repeated measures to evaluate the association between felt earthquakes (≥magnitude 4) and 
anxiety disorders in Oklahoma between 2010 and 2019. Results showed a positive association 
between the frequency of felt earthquakes and healthcare encounters for stress disorders. For 
every additional five felt earthquakes in the preceding six months, there was an increased odds 
of a healthcare encounter for stress disorder, after adjusting for age and sex. The study did not 
observe an association between the frequency of felt earthquakes and combined anxiety 
disorders, adjustment reaction, anxiety dissociative and somatoform disorders, or physical 
symptoms of anxiety.  
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Table 3.5. Summary of epidemiological studies of the association between upstream oil and gas development and mental and behavioral health 
outcomes in the United States and Canada. Studies are categorized by state and then chronologically by publication year. 

Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and covariates 
considered Main findings1 

Aker et 
al. (2022) 

North-
eastern 
British 

Columbia 
Canada 

Natural 
Gas 

Canadian 
Institutes 
of Health 
Research 

Retrospective 
cohort  

UNGD activity metric – 
IDW sum of wells for 
2.5, 5, 10 km (8,202, 

16,404, 32,808 ft) 
buffers around each 
postal code centroid 

6,278 mothers  
 

2006–2016 
 

Northern Health 
(healthcare provider 

in Northeastern 
British Columbia) 

Tobacco use, second-hand smoke 
exposure during pregnancy, 

mother’s age at delivery & postal 
code, prior adverse pregnancy 
outcomes, complications during 
pregnancy, number of previous 

pregnancies, still birth, singleton, 
multiple birth count for pregnancy, 
infant’s birth date & biological sex 
assigned at birth, gestational age 

at delivery, Apgar scores (1, 5 and 
10 min), birthweight, head 

circumference 

IDW well density/proximity (2.5 km, 
8,202 ft) 

Depression (2nd quartile) ⬄  
Anxiety ⬄ 

Substance Use ⬄  
 

IDW well density/proximity 
(5 km, 16,404 ft) 

Depression (2nd and 3rd quartile) ▲  
Anxiety ⬄ 

Substance Use ⬄  
 

IDW well density/proximity (10 km, 
32,808 ft) 

Depression (2nd and 3rd quartile) △  
Anxiety ⬄ 

Substance Use ⬄  
 

Casey et 
al. 

(2018a) 

OK 
Statewide 

Oil & 
natural 

gas 
NIEHS 

Time-series 
analysis using 
Google queries 

Monthly counts of 
injection-induced 

earthquakes > 
magnitude 4 

Prevalence of 
searches for anxiety 

estimated for 75 
weekly samples of 

the Google API 
 

2010–2017 
 

Oklahoma Google 
anxiety search data 

US-wide anxiety search episodes, 
Oklahoma-specific health-related 

queries 

Google search episodes related to 
anxiety: 

For each additional injection-induced 
earthquake >magnitude 4 that 

exceeded the monthly average, the 
proportion of Google search episodes 
increased by 1.3% (95% CI: 0.1-2.4%) 

 
In months with two or more 

>magnitude 4 injection-induced 
earthquakes, Google searched 

episodes focused on anxiety increased 
by 5.8% (95% CI, 2.3-9.3%). 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and covariates 
considered Main findings1 

Elser et 
al. (2023) Oklahoma 

Oil & 
natural 

gas 

Stanford 
Research 

Computing 
Center 

Retrospective 
cohort with 
repeated 
measures 

County-level 6-month 
rolling average exposure 

to earthquakes 
≥magnitude 4 at county 
level (USGC Advanced 

National Seismic 
System) 

4,594 patients ≥ 18 
years of age residing 
in OK during study 

period 
2010-2019 
Healthcare 

encounters for 
anxiety disorders, 

Optum Clinformatics 
Data Mart 

(commercia)l and 
Medicare Advantage 
Claims Databases 

Age, sex, calendar year and 
month. 

For every additional five 
≥magnitude 4 earthquakes in the 

preceding 6 months: 
Healthcare visits for stress disorders 

▲ 
 Adjustment reaction ⬄  

Anxiety-related disorders ⬄ 
 Physical symptoms of anxiety ⬄ 

Casey et 
al. 

(2018b) 
Marcellus 
Shale, PA 

Natural 
gas 

NIH, 
Degenstein 
Foundation 

Case-control 

UNGD activity metric – 
IDW2 from participant 

residence, incorporating 
phase and duration of 

development (pad 
preparation, drilling, 

stimulation and 
production), total well 
depth and volume of 
natural gas produced 

4,762 participants 
 

2014–2015 
 

Geisinger Health 
System electronic 
health records and 
questionnaire data 

Race/ethnicity, sex, medical 
assistance, age, disordered sleep 
diagnosis or control date; smoking 

and alcohol use, BMI, 
antidepressant medication use in 
month prior to survey, community-

based definition of place & 
socioeconomic deprivation, 

residential water source 

High UNGD exposure vs. very low 
Mild depressive symptoms ▲ 

Moderate depression symptoms △ 
Moderately severe/severe depression 

symptoms △ 
Depression symptoms ▲ 

Disordered sleep ⬄ 

Casey et 
al. (2019) 

Marcellus 
Shale, PA 

Natural 
gas 

NIEHS, 
National 

Institute on 
Drug 

Abuse, NIH 
Environmen

tal 
Influences 
on Child 
Health 

Outcomes 
Program 

Retrospective 
cohort 

UNGD activity metric – 
IDW2 between 

conception and the 
week prior to anxiety or 

depression (cases) 
based on well proximity 
to maternal residence, 
phase of development 

(pad development, 
drilling, hydraulic 

fracturing, production), 
total well depth, volume 
of natural gas produced 

7,715 mothers and 
8,371 births 

 
2009–2013 

 
Geisinger Health 

System 
 
 

Maternal age at delivery, 
race/ethnicity, primary care 

provider status, smoking status 
during pregnancy, pre-pregnancy 
BMI, parity, receipt of antibiotic or 

Medical Assistance during 
pregnancy, income-based program 

surrogate for low family 
socioeconomic status, 

season/year of conception, 
gestational age, distance to 

nearest major road, community 
socioeconomic deprivation, mean 
residential greenness, residential 

well water use, decline in 
community-level housing value 

Highest UNGD exposure vs. lower 
UNGD exposure 

Antenatal anxiety or depression ▲ 
Antenatal anxiety & depression (Both) 

⬄ 
Adverse birth outcomes ⬄ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study design 

Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 
outcome data 

source 

Confounders and covariates 
considered Main findings1 

Mayer & 
Olson 

Hazboun 
(2019) 

United 
States 

Oil & 
natural 

gas 

Not 
disclosed 

Ecological County-level oil and gas 
production 

 
18,306 records 

related to alcohol 
consumption 
prevalence 

 
2002–2012 

 
Dwyer-Lindgren et 

al. (2015) 

County median income, average 
earnings per job, labor force 

participation, USDA Rural-Urban 
Codes, lagged O&G productions, 

year fixed effects, state fixed 
effects 

County-level oil production across 
US (per 100,000 barrels) 

Males, heavy or binge drinking △ 
Females, heavy or binge drinking ▽ 

 
County-level gas production across 

US (per 100 million cubic feet) 
Males, heavy or binge drinking ⬄ 

Females, heavy or binge drinking ⬄ 

1 Associations from studies that tested for statistical significance are represented using the following symbols: ▲=significant increase, ▼= significant 
decrease, ▽= non-significant decrease, △= non-significant increase, ⬄ = null findings/no association. Studies that did not test for statistical significance are 
noted in the table and results are briefly summarized. Unless explicitly stated, the summary of outcomes represents results from comparing the highest 
tertile/quantile/quartile/highest exposure category to the lowest exposure category. In other words, the increase or decrease in a health outcome is the 
highest exposure group compared to the lowest (or reference category). 
 

Abbreviations: body mass index (BMI); inverse distanced weighted (IDW); National Institute of Environmental Health Sciences (NIEHS); National Institutes 
of Health (NIH); unconventional natural gas development (UNGD), United States Department of Agriculture (USDA). 
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3.3.2.5 Cancer 

Five studies examined oil and gas development and cancer outcomes between 1990 and 2017 
(Table 3.6). Three studies were conducted in Pennsylvania (Clark et al. 2022; Finkel, 2016; 
Fryzek et al., 2013), one in Colorado (McKenzie et al., 2017), one in Texas (Hoang et al. 2023) 
and none in California. Four out of five studies found statistically significant associations between 
upstream OGD and cancer. 

Fryzek et al. (2013) evaluated incidence of childhood cancer before and after drilling occurred in 
Pennsylvania counties among individuals <20 years old using a county-level ecological design. 
In counties where wells were drilled, standardized incidence ratios (SIRs) for all childhood cancers 
and leukemia did not increase after drilling; however, a slightly elevated SIR was reported for 
central nervous system tumors after drilling, particularly in counties with a fewer number of wells 
(1–500 wells). No trends were observed by the number of wells drilled per county. This study 
noted the increase in wells drilled between 2003 and 2008 in Pennsylvania, but examined cancer 
incidence between 1990 and 2009. Therefore, the time frame assessed in this study does not 
allow for the evaluation of exposure to upstream OGD and cancer, given the longer latency 
expected between exposure and cancer development.  

Finkel (2016) investigated unconventional natural gas development and cancer incidence in 
southwest Pennsylvania between 2000 and 2012 using an ecological county-level design. Urinary 
bladder cases were higher than expected in counties with shale gas activity. Thyroid cancer cases 
increased over time, regardless of unconventional gas development activity, and patterns for 
leukemia incidence were mixed. Overall, observed cancer incidence was higher than expected 
prior to unconventional gas development in counties, regardless of unconventional gas 
development activity. Both the Finkel and Fryzek studies are limited by county-level (rather than 
individual-level) evaluations of exposure to upstream OGD and county-level measures of cancer 
incidence and do not control for other confounding variables, including other environmental 
exposures, that may influence cancer development.  

McKenzie et al. (2017) focused on the incidence of childhood cancer cases and their association 
with upstream OGD in Colorado using a registry-based case-control design. A linear increase in 
risk of acute lymphocytic leukemia (ALL) was observed with increasing proximity and density 
exposure categories (McKenzie et al., 2017). Using inverse distance weighted well counts within 
16.1 km (10 miles) to estimate exposure, young individuals (ages 5–24) with ALL were 4.3 times 
as likely to live in the highest well proximity and density category as compared to those not 
diagnosed with ALL (McKenzie et al., 2017). Patients 5 to 24 years of age were included in this 
study to account for the approximate 10-year latency period between exposures before the age 
of 15 and the onset of cancer (McKenzie et al., 2017). Exposure to oil and gas-related compounds, 
including polycyclic aromatic hydrocarbons, other hydrocarbons such as benzene, and diesel 
exhaust, have all been linked to non-Hodgkin’s lymphoma and ALL (Adgate et al., 2014; Kassotis 
et al., 2018; McKenzie et al., 2017). While no association was observed between proximity/density 
for young children (ages 0–4) with ALL, this may be due to the fact that not enough time has 
passed for the onset of cancer to occur, due to the 10-year latency period discussed previously 
(Adgate et al., 2014; Kassotis et al., 2018; McKenzie et al., 2017). No association was found for 
non-Hodgkin’s lymphoma, regardless of age.  
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Clark et al. (2022) examined associations between residential proximity to OGD activity and risk 
of acute lymphoblastic leukemia (ALBL), the most common form of childhood leukemia, using a 
cancer registry-based case-control study (2009–2017). Cases were matched with controls based 
on birth year. Birth address was used to assign exposures using distance to nearest well and a 
water-specific metric of IDups which captures the inverse distance to the nearest upgradient OGD 
well. Two exposure windows were considered: (1) three months prior to conception to one year 
prior to diagnosis, called the “primary window,” and (2) three months prior to conception to birth, 
called the “perinatal window.” Children with at least one unconventional oil and gas well within 2 
km (6,561 ft) of their birth residence during the primary window had higher odds of developing 
ALBL compared to those with no OGD wells. Children with at least one versus no UOG wells 
within 2 km (6,561 ft) during the perinatal window also had even higher odds of developing ALBL. 
These relationships were slightly attenuated after adjusting for maternal race and socio-economic 
status. 

Hoang et al. (2023) performed a spatial clustering analysis of 4,305 brain tumors diagnosed in 
Texas between 2000–2007 in children aged ≤ 19 years. They identified 20 spatial clusters where 
the incidence of brain tumors was higher than expected, compared to the state-wide incidence 
rate. The second most significant cluster was in North Texas, included the Dallas-Fort Worth 
Metropolitan Area, and overlapped the Barnett Shale. The authors identified factors such as 
unaccounted population growth, natural gas production in the Barnett Shale, and the Dallas-Fort 
Worth airport as hypotheses that could contribute to this cluster. The third and fourth clusters, 
which were not statistically significant, were near ports where petroleum and petroleum products 
are imported and exported or near oil and gas refineries. The remaining 17 clusters, including the 
most significant cluster, did not appear to overlap with oil and gas basins. 
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Table 3.6. Summary of epidemiological studies on the association between upstream oil and gas development and cancer in the United States and 
Canada. Studies are categorized by state and then chronologically by publication year.  

Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 

Surrogate of 
exposure  
(distance 

evaluated if 
specified) 

Sample size, study 
time frame, and 

outcome data source 
Confounders and covariates 

considered Main findings1 

McKenzie 
et al. 

(2017) 

Rural 
areas in 

CO; towns 
with 

population 
<50,000 

Oil & 
natural 

gas 

Universit
y of 

Colorado 
Cancer 
Center 

Case-
control 

(registry-
based) 

IDW well count for 
active wells within 
16.1 km (52,821 ft) 
radius of residence 

 

87 ALL cases 
50 NHL cases 
528 controls 

 
2001–2013 

 
Colorado Central 
Cancer Registry 

Patient’s age, race, gender, 
income, elevation, year of 

diagnosis 

Highest tertile compared to reference (0 
wells within 16.1 km [52,821 ft]) 

 
All ages: 

Childhood ALL △ 
Childhood NHL ▽ 

 
0 to 4 Years: 

Childhood ALL ▽ 
Childhood NHL ⬄ 

 
5 to 24 Years: 

Childhood ALL ▲ 
Childhood NHL ⬄ 

 

Fryzek et 
al. (2013) 

PA 
Statewide 

Natural 
gas 

America’
s Natural 

Gas 
Alliance 

Ecological 

County-level well 
counts before and 
after oil and gas 
wells (vertical, 

horizontal, 
Marcellus) spudded 

 
1,874 cancer cases 

pre-drilling 
1,996 cancer cases 

post-drilling 
 

1990–2009 
 

Pennsylvania 
Department of Health 

and United States 
Census Bureau 

 

Standardized incidence ratios 
calculated and indirectly 

standardized for age and sex 

Childhood cancer standardized incidence 
ratios for counties after drilling vs. before 

horizontal drilling 
 

Total wells for all counties with wells after 
drilling 

All childhood cancer △ 
Leukemia △ 

Central nervous system tumors ▲ 
 

Total wells for all counties, 1990–2009 
All childhood cancer ⬄ 

Leukemia ⬄ 
Central nervous system tumors ⬄ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 

Surrogate of 
exposure  
(distance 

evaluated if 
specified) 

Sample size, study 
time frame, and 

outcome data source 
Confounders and covariates 

considered Main findings1 

Finkel 
(2016) 

Southwest 
PA 

Natural 
gas 

Not 
disclosed Ecological 

Categorized 
county-level well 

counts (high, 
moderate, minimal 
producing wells) 

 
All PA cancer cases 

Urinary bladder - 
57,177 

Thyroid - 31,599 
Leukemia - 27,670 

 
2000–2012 

 
Pennsylvania 

Department of Health 
Bureau of Health 

Statistics and 
Research’s 

Pennsylvania Cancer 
Registry 

Standardized incidence ratios 
calculated and indirectly 

standardized for age, sex, race 

% Difference 2008 - 2012 vs. 2000 - 2004, All 
PA, Males 

Urinary bladder cancer – 10.00% 
Thyroid cancer – 91.20% 

Leukemia – 18.90% 
 

SIR, Urinary bladder cancer, Males, All PA 
2000–2004 ▲ 
2004–2008 ▲ 
2008–2012 ▲ 

 

SIR, Thyroid cancer, Males, All PA 
2000–2004 △ 
2004–2008 ▲ 
2008–2012 ▲ 

 

SIR, Leukemia, Males, All PA 
2000–2004 ▽ 
2004–2008 ▽ 
2008–2012 ▼ 

 

% Difference 2008–2012 vs. 2000–2004, All 
PA, Females 

Urinary bladder cancer - 0.50% 
Thyroid cancer - 71.50% 

Leukemia - 18.30% 
 

SIR, Urinary bladder cancer, Females, All PA 
2000–2004 ▲ 
2004–2008 ▲ 
2008–2012 ▲ 

 

SIR, Thyroid cancer, Females, All PA 
2000–2004 ▲ 
2004–2008 ▲ 
2008–2012 ▲ 

 

SIR, Leukemia, Females, All PA 
2000–2004 ▼ 
2004–2008 ▼ 
2008–2012 ▽ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 

Surrogate of 
exposure  
(distance 

evaluated if 
specified) 

Sample size, study 
time frame, and 

outcome data source 
Confounders and covariates 

considered Main findings1 

Clark et 
al. (2022) 

Pennsylva
nia 

Unconvent
ional oil & 

gas 

NIH, 
EPA 

case-
control 

IDW2 index within 2 
km, 5 km, and 10 

km (6,561, 16,404, 
and 32,808 ft) for 
active UOG wells 
(used as binary); 

IDups: the inverse 
distance to the 

nearest upgradient 
active UOG well 

2002–2017 
Cases: 405, Controls: 

2,080 
Pennsylvania 

Department of Health 

sex, mode of delivery, birth 
weight, race, ethnicity, maternal 

education, air pollution exposure, 
and pesticide exposure 

Risk of childhood acute lymphoblastic 
leukemia (parsimonious model) 

Primary exposure window: 
2 km (6,561 ft) △ 
5 km (16,404 ft) △ 

10 km (32,808 ft) ⬄ 
Perinatal exposure window: 

2 km (6,561 ft) △ 
5 km (16,404 ft) △ 
10 km (32,808 ft) △ 

 

Hoang et 
al. 2023  Texas 

Oil and 
natural 

gas 

No 
external 
funding 

Spatial 
cluster 

analysis of 
census 
tracts 

None 

4,305 brain tumors 

diagnosed in children 

≤19 years old 
2000–2017 

Texas Cancer Registry 

Age 

Relative risk of childhood brain tumors for 20 
clusters across Texas, two of which were found 

to significantly increase risk (significant 
clusters: Texas Medical Center; large portion of 

North Texas) 

1 Associations from studies that tested for statistical significance are represented using the following symbols: ▲=significant increase, ▼= significant 
decrease, ▽= non-significant decrease, △= non-significant increase, ⬄ = null findings/no association. Studies that did not test for statistical significance are 
noted in the table and results are briefly summarized. Unless explicitly stated, the summary of outcomes represents results from comparing the highest 
tertile/quantile/quartile/highest exposure category to the lowest exposure category. In other words, the increase or decrease in a health outcome is the 
highest exposure group compared to the lowest (or reference category). 

Abbreviations: acute lymphocytic leukemia (ALL), inverse distance weighted (IDW), non-Hodgkin lymphoma (NHL), standardized incidence ratio (SIR).
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3.3.2.6 Cardiovascular outcomes 

Five studies evaluated associations between cardiovascular outcomes, including markers of 
cardiovascular disease, heart failure hospitalizations, acute myocardial infarction hospitalizations 
and mortality, and stroke mortality (Denham et al., 2021; Hu et al., 2022; McKenzie et al., 2019b; 
McAlexander et al., 2020; Trickey et al., 2023; Table 3.7) and upstream OGD. These studies 
examined upstream OGD exposures and outcomes between 2005 and 2018. None were 
conducted in California. 

In a study focused in northeastern Colorado’s Denver-Julesburg Basin, McKenzie et al. (2019b) 
found that well intensity per square kilometer was associated with indicators of cardiovascular 
disease, including increased indications of systemic inflammation, arterial stiffness, and systolic 
blood pressure among those not taking prescription medications. While specific mechanisms 
(e.g., air pollution, noise, stress) are not evaluated in this study, inhalation of hydrocarbons has 
been associated with increases in cardiovascular emergency visits (Ye et al., 2017) and 
cardiovascular morbidity and mortality (Bard et al., 2014; Harrison, 2016; Villeneuve et al., 2013; 
Xu et al., 2009).  

Two recently published studies evaluated cardiovascular outcomes in Pennsylvania. 
McAlexander et al. (2020) examined heart failure among residents living near unconventional 
natural gas development, with exposure defined as residential proximity to wells, nearby well 
density, well depth, natural gas production, and phase of activity at the well pad 30 days prior to 
hospitalization. A statistically significant increase in heart failure hospitalization was observed 
among those in the highest exposure category compared to the lowest exposure category during 
pad preparation, stimulation and production. Associations were more pronounced among those 
with more severe heart failure at baseline, indicating that those with heart failure may be more 
vulnerable to adverse health impacts associated with unconventional natural gas development. 
Denham et al. (2021) also found significant associations between acute myocardial infarction 
hospitalization and mortality rates and county-level contemporaneous drilled wells, overall well 
count, and well density.  

Trickey et al. (2023) used a difference-in-differences study design (that controls for time-invariant 
confounders by design since a place is compared to itself over time) to evaluate the impact of 
upstream OGD on cardiovascular and respiratory disease hospitalizations among Medicare 
enrollees from 2009–2015 in three Northern Pennsylvania counties. The study used daily 
hospitalization data from the 100% sample of Medicare fee-for-service beneficiaries in Northern 
Pennsylvania (n=36 zip codes) and Southern New York (n=128 zip codes). They defined 
exposure at the ZIP code annual level based on presence of OGD activity. No New York zip codes 
were exposed due to a drilling moratorium. In the primary analysis, they used 60 New York zip 
codes (not bordering Pennsylvania but nearby) as the unexposed group. Outcomes included: 
acute myocardial infarction, chronic obstructive pulmonary disease (COPD) and bronchiectasis, 
stroke, heart failure, and ischemic heart disease. Results showed that OGD was associated with 
more cardiovascular disease-related hospitalizations than expected in 2012–2015. For example, 
in 2015, exposed zip codes had 8.8 more heart failure hospitalizations per 1000 Medicare 
enrollees than expected associated with ODG activity.  
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Hu et al. (2022) used state-level data from the U.S. Centers for Disease Control and Prevention 
from 2010–2018 on stroke mortality (rate per 100,000) among adults aged 65+ years. They 
defined states as “fracking” and “non-fracking” states based on the presence of any hydraulically 
fractured wells. This resulted in 24 fracking states (n=19 active, n=5 not active) and 25 non-
fracking states included in the analysis (Alaska was excluded). In geographical and temporal 
weighted regression adjusted for state-level behavioral, socioeconomic, and health risk factors, 
results revealed a correlation between fracking annualized loss expectancy and stroke mortality, 
with a potentially stronger correlation for men. This ecologic study is especially prone exposure 
misclassification that could lead to spurious associations. 
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Table 3.7. Summary of epidemiological studies that evaluate upstream oil and gas development and cardiovascular outcomes in the United States 
and Canada. Studies are categorized by state and then chronologically by publication year.  

Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 

Surrogate of 
exposure  

(distance evaluated 
if specified) 

Sample size, 
study time frame, 
and outcome data 

source 

Confounders and 
covariates considered Main findings1 

McKenzie et 
al. (2019b) 

Northeast 
CO 

Oil & 
natural 

gas 

NIEHS, 
NSF 

Cross-
sectional 

IA-IDW 

(well intensity/km2) 
within 16 km (52,493 

ft) of residence 

97 adults 
 

2015–2016 
 

Clinic visits which 
included 

questionnaire, 
measurements, 

and blood sampling 

Age, sex, race/ethnicity, 
BMI, education, income, 

employment status 

Augmentation index ▲ 
Systolic blood pressure △ 
Diastolic blood pressure △ 

IL-1β/IL-6/IL-8 ⬄ 
TNF-α △ 

 
No prescription medications: 

Systolic blood pressure ▲ 
Diastolic blood pressure △ 

McAlexander 
et al. (2020) 

PA 
Statewide 

Natural 
gas NIEHS Case-

control 

UNGD activity metric 
– IDW2 incorporating 
well depth, total daily 
volume of natural gas 
production, & phase 

(pad preparation, 
drilling, stimulation, 
and production) 30 

days prior to 
hospitalization or 

matched control date 

9,054 patients with 
heart failure 

5,839 
hospitalizations 
3,215 controls 

 
2008–2015 

 
Geisinger Health 

System 

Sex, race/ethnicity, age, 
smoking status, Charlson 

index of morbidity, receipt of 
medical assistance, 
comorbid conditions, 

duration of care, medication 
use, BMI, region, community 
socioeconomic deprivation, 
proximity to nearest major & 
minor roadway, normalized 
difference vegetation index 

Hospitalizations of heart failure patients (fully 
adjusted Model 5): 
Pad preparation ▲ 

Drilling ⬄ 
Stimulation ▲ 
Production▲ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 

Surrogate of 
exposure  

(distance evaluated 
if specified) 

Sample size, 
study time frame, 
and outcome data 

source 

Confounders and 
covariates considered Main findings1 

Denham et 
al. (2021) 

Marcellus 
(PA & NY) 

Natural 
gas NIH Ecologic

al 

County-level variables 
- drilled wells (quarter-
year); well county and 

well density 
(wells/mi2) 

 
2,840 county-year-

quarters 
 

2005–2014 
 

Pennsylvania 
Health Care Cost 

Containment 
Council and New 
York’s Statewide 

Planning and 
Research 

Cooperative 
System and United 

States’ National 
Center for Health 

Statistics 

Adjusted for age, sex, 
racial/ethnic composition of 
age-sex group, county-level 
unemployment rate, poverty 

rate, median household 
income, total number of 

hospitals, uninsured rates 

Cumulative well counts & acute myocardial 
infarction (AMI) hospitalizations per 10,000 

residents 
Males 

45–54 years old ▲      55–64 years old △ 
65–74 years old ▲      75+ years old △ 

 
Females 

45–54 years old ⬄      55–64 years old △ 
65–74 years old ▲      75+ years old ▲ 

 
Well counts & AMI mortality/10,000 residents 

Males 
45–54 years old ▲      55–64 years old △ 
65–74 years old ▽      75+ years old ⬄ 

 
Females 

45–54 years old ▽      55–64 years old ▽ 
65–74 years old ⬄      75+ years old △ 

 
Well density & AMI hospitalizations/10,000 

residents 
Males 

45–54 years old ▲      55–64 years old △ 
65–74 years old △      75+ years old △ 

 
Females 

45–54 years old ⬄      55–64 years old ⬄ 
65–74 years old △      75+ years old ▲ 

 
Well density & AMI mortality/10,000 residents 

Males 
45–54 years old ▲      55–64 years old ⬄ 

65–74 years old ▽      75+ years old △ 
 

Females 
45–54 years old ⬄      55–64 years old ▽ 

65–74 years old △      75+ years old △ 
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Author 
(Year) Region 

Primary 
hydro-
carbon 

produced 
Funder Study 

design 

Surrogate of 
exposure  

(distance evaluated 
if specified) 

Sample size, 
study time frame, 
and outcome data 

source 

Confounders and 
covariates considered Main findings1 

Hu et al. 
(2022) 

49 US 
states 

(excludes 
Alaska) 

Fracking 
wells None Ecologic

al 
Any fracking within a 

state  

2010–2018 
Stroke mortality in 

65+ 
CDC 

Prevalence of diabetes, 
cardiovascular, overdose, 

tobacco use, high cholesterol, 
physical activity, mean income, 
marital rate, employment rate, 

alcohol consumption, 
education, concentrations of 

hazardous air pollutants 

Positive spatiotemporal correlation between fracking 
annualized loss expectancy and stroke mortality, with 

a potentially stronger correlation for men. 

Trickey et al. 
(2023) 

Three 
Northern 

Pennsylva
nia 

Counties 
and eight 
New York 
Counties 

Unconvent
ional oil & 
gas 

Universi
ty of 

Chicago 
and 

Argonn
e 

National 
Laborat

ories 

Differenc
e-in-

differenc
es 

UOG activity in zip 
code (binary variable) 

61,152 Medicare 
enrollees in 2015 

2002–2015 
Hospitalisation data 
(MedPAR) of 100% 
of Medicare fee-for-

service 
beneficiaries 

None. Modeling method 
controls for time-invariant 
confounders by design. 

Any diagnosis of 
COPD & bronchiectasis (hospitalizations): 

2010 ⬄      2011 ⬄ 
2012 ▲      2013 ▲ 
2014 ▲      2015 ⬄ 

Heart failure: 
2010 ⬄      2011 ⬄ 
2012 ▲      2013 ▲ 
2014 ▲      2015 ▲ 

AMI: 
2010 ⬄      2011 ⬄ 
2012 ▲      2013 ▲ 
2014 ▲      2015 ▲ 

Ischaemic heart disease (including AMI): 
2010 ⬄      2011 ▲ 
2012 ▲      2013 ▲ 
2014 ▲      2015 ▲ 

Stroke: 
2010 ⬄      2011 ⬄ 
2012 ⬄      2013 ⬄ 
2014 ⬄      2015 ⬄ 

1 Associations from studies that tested for statistical significance are represented using the following symbols: ▲=significant increase, ▼= significant 
decrease, ▽= non-significant decrease, △= non-significant increase, ⬄ = null findings/no association. Studies that did not test for statistical significance are 
noted in the table and results are briefly summarized. Unless explicitly stated, the summary of outcomes represents results from comparing the highest 
tertile/quantile/quartile/highest exposure category to the lowest exposure category. In other words, the increase or decrease in a health outcome is the 
highest exposure group compared to the lowest (or reference category). 

Abbreviations: acute myocardial infarction (AMI); body mass index (BMI); intensity adjusted inverse distance weighted well intensity (IA-IDW); interleukin 
(IL); National Institute of Environmental Health Sciences (NIEHS); National Institutes of Health (NIH); National Science Foundation (NSF); tumor necrosis 
factor alpha (TNF- α); unconventional natural gas development (UNGD).



 

3-79 

3.3.2.7 Other adverse health outcomes 

Fifteen studies examined upstream OGD and other health outcomes, including all-cause 
mortality, non-outcome specific hospitalizations, antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis, migraine headaches, and self-reported symptoms and outcomes.10 These 
studies are summarized below by outcome and are shown in Table 3.8. A single study, on 
migraine headache, was conducted in California related to other adverse health outcomes. 

Migraine headache 

Elser et al. (2021) conducted a case-control study of migraineurs and those without migraine 
among Sutter Health patients across 27 counties in Northern California between 2014 and 2018. 
The authors also assessed the relationship of environmental factors with migraine severity in a 
case-only analysis. The authors evaluated exposure to four environmental stressors, including 
ambient annual average concentrations of PM2.5 and NO2 at the U.S. Census block group level 
and inverse-distance weighted metrics (considering proximity and nearby density) of methane 
super-emitters (including but not limited to oil and gas sources), as well as active oil and gas 
wells. Exposure to methane super-emitters and ambient NO2 were associated with increased 
odds of being a migraine case. The authors did not observe an association between exposure to 
active oil and gas wells and migraine prevalence or severity. 

All-cause mortality  

Three studies evaluated the association between upstream OGD and all-cause mortality in the 
United States (Boslett & Hill, 2022; Li et al., 2022; Mayer et al., 2019). Using two methods — a 
Cox proportional hazards model and a difference-in-differences design — the Li et al. (2022) zip 
code level analysis found a statistically significant increased risk of mortality associated with 
Medicare beneficiaries living in proximity to and downwind of unconventional oil and gas wells. 
Similarly, another study using ecological study design found that for all counties in the United 
States, morality rates increase as the number of oil and gas wells increases (within-effect, active 
oil and gas wells) (Mayer et al., 2019). However, the authors also found that counties with active 
oil and gas production tend to have lower all-age, all-cause mortality rates (between-effect, 
average wells) compared to counties without oil and gas production. When evaluated at the 
regional level, these findings persist only for the southern United States, suggesting that regional 
differences in upstream OGD may influence all-cause, all-age mortality (Mayer et al., 2019).  

Boslett and Hill (2022) applied an ecological retrospective study design using the National Vital 
Statistics System Multiple Cause of Death Data at the county level (1999–2016) to assess the 
relationship between boom-and-bust cycles associated with coal, oil, and natural gas extraction 
and mortality. Two-way fixed effects models controlling for state and year found no association 
between drilled horizontal wells and mortality.  

 
10 One study included in this count, Johnston et al. (2021), evaluates both measured respiratory outcomes 
and self-reported symptoms. This study is described in detail above under Section 3.3.2.3 “Respiratory 
outcomes” and also discussed within this section under “Self-reported symptoms.”  
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Non-outcome specific hospitalizations  

Two ecological studies examined the association between upstream OGD and a variety of non-
outcome-specific, broad-disease categories of hospitalization rates in Pennsylvania between 
2003 and 2014 (Denham et al., 2019; Jemielita et al., 2015). Denham et al. (2019) examined the 
relationship of 16 broad-disease categories of hospitalization rates11 and total hospitalizations, 
with three county-specific exposure metrics at the county-year level: cumulative well count, 
cumulative well density (per square kilometer), and contemporaneous spudded wells. For all 
exposure metrics, the authors found significant positive associations with hospitalizations for 
genitourinary diseases. At a county level, an increase of 0.008 hospitalizations for genitourinary 
diseases per 10,000 residents was associated with the addition of one cumulative oil and gas 
well, and a 1.2% relative increase in the genitourinary hospitalization rate was associated with 
the addition of 100 cumulative oil and gas wells as compared with the baseline average rate. 
Twenty hospitalizations for genitourinary diseases per 10,000 residents were associated with an 
increase of one well per square kilometer (0.39 square miles). After removing large metropolitan 
counties, genitourinary hospitalizations were significantly positive associated with well count and 
well density remained. The authors also observed an increase of 0.004 skin-related 
hospitalizations per 10,000 residents with each additional well and well count and well density, 
and an increase of 12.2 hospitalizations for skin-related diseases per 10,000 residents was 
associated with each additional well per square kilometer (0.39 square miles), compared to the 
baseline rates. Finally, they found that cumulative well count and well density had significant 
positive associations with genitourinary and skin-related hospitalizations after controlling for 
multiple comparisons. Genitourinary hospitalization findings were driven by non-elderly adult 
females (ages 20–64) and included kidney infections, calculus of the ureter, and urinary tract 
infections, whereas the skin-related hospitalization findings were driven by non-elderly adult 
males. They found negative associations with infectious diseases and musculoskeletal diseases 
and no associations with other hospitalization categories or overall hospitalizations. No 
associations were found with any type of hospitalizations and contemporaneous wells.  

Jemielita et al. (2015) examined ZIP code-specific inpatient prevalence rates per year per 100 
people for the top 25 specific medical categories12 and total inpatient rates, and their relationship 
to both the number of oil and gas wells (within a specific ZIP code for a specific year) and density 
of oil and gas wells (wells per square kilometer at the ZIP code level). With the strictest criteria to 
account for multiple comparisons, only cardiology inpatient rates were significantly associated 

 
11 Denham et al. (2019). The 16 broad-disease categories of hospitalization rates examined were infectious 
diseases, neoplasms, endocrine/nutritional & metabolic diseases/immunity disorders, diseases of the blood 
and blood-forming organs, mental disorders, diseases of the nervous system and sense organs, diseases 
of the circulatory system, diseases of the respiratory system, diseases of the digestive system, diseases of 
genitourinary system, complications of pregnancy and childbirth, diseases of the skin and subcutaneous 
tissues, diseases of the musculoskeletal system and connective tissue, congenital abnormalities, conditions 
originating in the perinatal period, injury and poisoning.  
12 Jemielita et al. (2015). The 25 specific medical categories of inpatient rates examined were cardiology, 
dermatology, endocrine, gastroenterology, general medicine, general surgery, gynecology, hematology, 
neonatology, nephrology, neurology, normal newborns, ob/delivery, oncology, ophthalmology, orthopedics, 
other/ob, otolaryngology, psych/drug abuse, pulmonary, rheumatology, thoracic surgery, trauma, urology, 
and vascular surgery.  
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with both number of wells and well density, and neurology inpatient rates were significantly 
associated with well density. However, the authors found the following inpatient prevalence rates 
were positively associated with ZIP code-level well counts and well density: dermatology, 
neonatology, neurology, oncology, and urology. Jemielita et al. (2015) also reported positive 
associations between well density and dermatology, endocrine, neurology, oncology, urology, 
and overall inpatient prevalence rates. The remaining inpatient prevalence rates had no 
associations with the two exposure measures. The authors also performed well density quantile 
analyses and found significant positive associations with inpatient prevalence rates for cardiology 
and neurology. Positive associations (though non-significant) were seen again with dermatology, 
neurology, oncology, and urology inpatient prevalence rates.  

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis 

One ecological study evaluated the impacts of natural gas drilling in West Virginia on ANCA-
associated vasculitis diagnoses and their subtypes (myeloperoxidase [MPO]-ANCA and 
persistent proteinase 3 [PR3]-ANCA) between 1990 and 2019 (Makati et al., 2022). The authors 
found the proportion of MPO-ANCA-diagnosed patients significantly increased after 2010, from 
37.5% in 2010 to 61% after 2010. During this time, unconventional natural gas development rose 
more than tenfold after 2010. Similarly, the prevalence of ANCA-associated vasculitis diagnoses 
also increased significantly after 2010 — from 64.8 to 141.9 cases per one million individuals 
(Makati et al., 2022). This increase was largely driven by a rise in MPO-ANCA cases.  

Self-reported symptoms 

Ten studies focused on self-reported health symptoms related to exposure to upstream OGD, six 
of which were conducted in Pennsylvania (Blinn et al., 2020; Ferrar et al., 2013; Rabinowitz et al., 
2015; Saberi et al., 2014; Steinzor et al., 2013; Tustin et al., 2016; Weinberger et al., 2017), one 
in Colorado (Weisner et al., 2023), one in Ohio (Elliot et al., 2018) and one in California (Johnston 
et al., 2021). Three of these studies relied on convenience sampling to recruit study participants, 
a well-known limitation of studies that rely on self-reported information to assess potential harmful 
exposures due to the small sample size (n=33–108) and potential for selection bias (Ferrar et al., 
2013; Saberi et al., 2014; Steinzor et al., 2013). Of note, other studies evaluated health symptoms 
and outcomes using other methods, such as structured health assessments with physician review 
(Weinberger et al., 2017) or standardized and validated questionnaires (Tustin et al., 2016).  

Self-report studies have consistently documented skin irritation and rash; respiratory symptoms 
including difficulty breathing; nose, throat, and sinus problems; gastrointestinal disturbances; 
headache; sleep disruption; and psychological symptoms including stress as symptoms related 
to oil and gas development (Ferrar et al., 2013; Rabinowitz et al., 2015; Saberi, 2013; Steinzor et 
al., 2013). Rabinowitz et al. (2015) found increased prevalence of dermal and respiratory 
symptoms was associated with increased proximity to gas wells. 

Johnston et al. (2021) evaluated a variety of acute health symptoms in South Los Angeles and 
found that residents living near active oil wells self-reported higher odds of recent wheeze, sore 
throat, chest tightness, eye and nose irritation, dizziness, and ringing of the ears as compared to 
residents living near idle wells. Seven additional studies that rely on self-reported health symptom 
data between 2010 and 2017 have also reported the same acute health symptoms among 
residents living in areas of oil and gas development in Ohio and Pennsylvania (Blinn et al., 2020; 
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Elliott et al., 2018; Ferrar et al., 2013; Rabinowitz et al., 2015; Steinzor et al., 2013; Weinberger 
et al., 2017). 

Blinn et al. (2020) found that exposure to unconventional OGD — estimated by proximity to and/or 
density of nearby wells — was associated with headache, difficulty sleeping, sore throat, stress, 
and itchy or burning eyes. Annual emissions concentrations (AEC) examined near unconventional 
OGD were also significantly associated with numerous health outcomes; the top five most 
reported symptoms being difficulty sleeping, anxiety/worry, cough, stress, and shortness of breath 
(difficulty breathing) (Blinn et al., 2020). Similarly, Rabinowitz et al. (2015) found that living within 
1 km (3,281 ft) of active natural gas drilling is significantly associated with increased dermal 
symptoms. Gastrointestinal and neurological symptoms also increased among residents living 
within 1 km (3,281 ft) of active drilling, although these results were not significant (Blinn et al., 
2020). Tustin et al. (2016) found the highest quartile of unconventional natural gas development 
activity, compared with the lowest, was associated with significantly increased odds of the 
following combinations of two or more outcomes: chronic rhinosinusitis and higher levels of fatigue 
(88% increased odds), migraine headache and higher levels of fatigue (95% increased odds), 
and all three outcomes (84% increased odds). Weinberger et al. (2017) found physician-reviewed 
symptoms reported within 1 km (3,281 ft) of active well drilling included sleep disruption, 
headache, throat irritation, stress or anxiety, cough, shortness of breath, sinus problems, fatigue, 
nausea, and wheezing; although, these findings were not statistically significant.  

Elliott et al. (2018) sampled the drinking water of 66 Ohio homes located at varying distances 
from upstream OGD and found oil and gas-associated pollutants to be present in both the 
groundwater and surface water near oil and gas sites. The authors detected significantly elevated 
levels of toluene in groundwater and halogenated compounds in surface water. Furthermore, the 
authors found that as distance to the nearest well increased, the odds of detecting 
trihalomethanes, bromoform, and dibromochloromethane in surface water significantly decreased 
(odds ratios: 0.28–0.29 per km).13 Similarly, the odds of detecting gasoline range organics, 
toluene, and organic compounds in groundwater also decrease as distance to the nearest oil and 
gas well increases. These findings were statistically significant, with the exception of organic 
compound detection. The authors accompanied the water sampling campaign with a self-report 
survey and found that “those with higher inverse-distance-squared-weighted unconventional oil 
and gas well counts within 5 km (16,404 ft) around the home were more likely to report 
experiencing general health symptoms (e.g., stress, fatigue)” (Elliott et al., 2018).  

Weisner et al. (2023) undertook a cross-sectional survey study of 427 adults and 59 children to 
evaluate associations between self-reported health symptoms (Summed Likert scores for upper 
respiratory, lower respiratory, mental health, neurological, gastrointestinal, or acute symptoms) 
and residential distance from multi-well oil and gas sites in Broomfield, Colorado, in 2021. After 
adjustment for several covariates, respondents living within 1 mile (1.6 km) of a multi-well oil and 
gas site tended to report higher frequencies of upper respiratory, lower respiratory, 
gastrointestinal, and acute symptoms than respondents living more than 2 miles (3.2 km) from 
the sites, with the largest differences for upper respiratory and acute symptoms (nausea, vomiting, 
nosebleeds, lung irritation, shortness of breath, cough, and throat irritation).   

 
13 This incremental increase in odds ratios is applicable to bromoform, and dibromochloromethane in 
surface water. 
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Table 3.8. Summary of epidemiological studies that evaluate upstream oil and gas development and other adverse health outcomes in the United 
States and Canada. Studies are categorized by health outcome, by state and then chronologically by publication year.  

Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Mayer 
(2019) 

All-cause 
mortality 

Rural 
places, 
United 
States 

Oil & 
natural 

gas 

Not 
disclosed Ecological 

County-level number of active 
oil and gas wells and county-
level averages for active oil 
and gas wells, aggregated 
nationally and regionally 

47,937 deaths 
 

2000–2016 
 
 

Center for Disease 
Control  

Labor force 
participation ratio, % 

poverty, median 
income, per capita 

income 

p-values of <0.05*, <0.01**, <0.001*** 
reported below; authors define statistical 

significance as p-value <0.01** 
 

All-cause mortality, All Ages 
Active oil and gas wells 

All U.S. ▲ *** 
South △ * 

Average oil and gas wells 
All U.S. ▼ *** 
South ▼ ** 

Northeast △* 
 

All-cause mortality, Females, 15–64 
Active oil and gas wells 

South ▼ ** 
West △ * 

Average oil and gas wells 
Northeast △ * 

 
All-cause mortality, Males, 15–64 

Active oil and gas wells 
South ▽* 

Li et al. 
(2022) 

All-cause 
mortality 

United 
States 

Unconven-
tional oil & 

gas  

US EPA, 
NIH, Climate 

Change 
Solutions 

Fund - 
Harvard 

University 

Retrospecti
ve cohort & 
differences 

in 
differences 

Zip code-level proximity 
exposure to unconventional 

oil and gas wells; sub-
analysis of downwind vs. 

upwind exposure 

15,198,496 Medicare 
beneficiaries 

 
2001–2015 

 
US Energy 
Information 

Administration, Center 
for Medicare & 

Medicaid Service  

Sex, Medicaid 
availability, age, 

race/ethnicity, PM2.5 

(μg/m3), development 
ratio, population 
density, income, 

educational attainment, 
BMI, smoking status, 
proximity-exposure to 
conventional oil and 

gas development 

Low proximity exposure vs. unexposed 
All-cause mortality ▲ 
Mortality (upwind) ▲ 

Mortality (downwind) ⬄ 
 

Medium & high proximity exposure vs. 
unexposed 

All-cause mortality ▲ 
Mortality (upwind) ▲ 

Mortality (downwind) ▲ 
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Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Boslett & 
Hill (2022) 

All-cause 
mortality 

United 
States 

Unconven-
tional oil & 

gas 
NIH Ecological 

Number of newly drilled 
horizontal oil & gas wells per 

county per year 

1999–2016 
CDC National Vital 
Statistics System 

(NVSS) Multiple Cause 
of Death Data 

Year, shares of the 
county population who 

are white, Hispanic, 
and working-aged (25–

64 years old); total 
population; and the 

total number of 
hospitals and 

pharmacies in the 
county 

# of horizontal O&G wells (in 100s), 0 < X 
≤25 miles (40 km): 

Non-drug mortality ⬄ 
Working age non-drug mortality △ 

Drug overdose mortality ⬄ 
Opioid overdose mortality ⬄ 

Non-drug overdose suicides ⬄ 
Alcohol overdoses ⬄ 

# of horizontal O&G wells (in 100s), 25 
<X ≤50 miles (40 km <X ≤80 km) : 

Non-drug mortality ▼ 
Working age non-drug mortality ▽ 

Drug overdose mortality ▼ 
Opioid overdose mortality ▼ 

Non-drug overdose suicides ⬄ 
Alcohol overdoses ⬄ 

# of horizontal O&G wells (in 100s): 
Non-drug mortality ⬄ 

Working age non-drug mortality ⬄ 
Drug overdose mortality ⬄ 

Opioid overdose mortality ⬄ 
Non-drug overdose suicides ▲ 

Alcohol overdoses ⬄ 

Jemielita 
et al. 

(2015) 

Non-
outcome 
specific 

hospitalizati
ons 

Bradford, 
Susqueh
anna and 
Wayne 
County, 

PA 

Oil & 
natural 

gas 
NIEHS Ecological 

Wells per zip code per year 
(well analysis) and wells 

density per square kilometer 

per year (quantile analysis) 

92,805 hospitalizations 
in 

67 zip codes 
 

2007–2011 
 

Pennsylvania Health 
Care Cost Containment 

Council 

Not considered 

Wells per zip code per year, inpatient 
prevalence rates:  

Cardiology ▲ 
Dermatology, neonatology, neurology, 

oncology, urology △ 
 

Well density per year, inpatient 
prevalence rates:  

Cardiology ▲ 
Neurology ▲ 

Dermatology, endocrine, neurology, 
oncology, urology △ 
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Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Denham 
et al. 

(2019) 

Non-
outcome 
specific 

hospitalizati
ons 

54 rural 
counties 
that are 
not large 

metro 
areas, 

PA 

Natural 
gas NIH Ecological 

County-level wells for each 
year, cumulative well count 
and cumulative well density 

per square kilometer 

1,452 records 
 

2003–2014 
 

Pennsylvania Health 
Care Cost Containment 

Council 

Annual county-level 
data, including 

distributions of age, 
sex, race-ethnicity, 
poverty and median 

income, unemployment 
rates, hospital counts, 

uninsured rates 

Increased well density: 
All-cause hospitalizations ⬄ 

Infectious diseases ▽ 
Neoplasms △ 

Endocrine/immune ⬄ 
Blood ⬄ 

Nervous system ⬄ 
Circulatory ⬄ 
Respiratory ⬄ 
Digestive ⬄ 

Genitourinary ▲ 
Pregnancy ⬄ 

Skin ▲ 
Musculoskeletal ⬄ 

CM ⬄ 
Perinatal ⬄ 

Makati et 
al. (2022) 

ANCA-
associated 
vasculitis 

Northcen
tral, WV 

Unconven-
tional 

natural 
gas 

None Retrospecti
ve cohort 

County-level unconventional 
natural gas production per 

year - pre-2010 vs. post-2010 

212 patients diagnosed 
with ANCA-associated 

vasculitis 
 

1990–2019 
 

West Virginia 
University Health 
System-affiliated 
hospitals health 

records 

Age, sex 

Natural gas production before 2010 vs. 
after 2010  

ANCA-associated vasculitis ▲  
PR3-ANCA (subtype) ⬄ 
MPO-ANCA (subtype) ▲ 

Elser et 
al. (2021) Migraines Northern 

CA Oil & gas CARB, 
NIEHS 

Case-
control 

 
(Case-case 
analysis for 

migraine 
severity) 

Annual average concentrations 
of PM2.5 and NO2 at the block 

group level. 
Methane super-emitters (IDW 
sum kg/hour of all methane 

sources within 10 km (32,808 ft) 
of residence, weighted IDW2. 

 

IDW sum of active oil and gas 
wells within 10 km (32,808 ft) of 
each residence and presence of 
any active oil or gas well within 

10 km (32,808 ft).  

360,139 patients 
89,575 cases 

270,564 controls 
 

2014–2018 
 

Sutter Health 
Electronic Health 

Records 

Age, sex, 
race/ethnicity, Medicaid 
use, number of primary 

care visits per year, 
block group-level 

population density, 
poverty 

 
IDW Active O&G well (per 1,000-unit 

increase) 
Migraine case ⬄ 

MPA score ⬄ 
Urgent care visit ⬄ 
Neurology visit ⬄ 

Triptans ⬄ 
ED visit ⬄ 
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Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Weisner 
et al. 

(2023) 

Self-reported 
symptoms 

Colorado: 
City and 

County of 
Broomfield 

UOGD 
City and 
County of 
Broomfield 

Cross-
sectional 

Residential proximity to 
UOGD (within 1 mile (1.6 km) 

versus >2 miles (3.2 km) 

n=3393 
2020–2021 

survey 

 Age, sex, race, 
smoking, alcohol 

consumption, time 
spent in home, number 
of children <18 years in 

home, exercise, 
number of chronic 

health conditions, time 
of residence at current 
home, education level 

and 
occupation. 

Difference between >2 Mile (3.2 km) and 
1–2 Mile (1.6–3.2 km) Means to multiwell 

O&G site: 
Total symptoms ⬄ 

Upper respiratory ⬄ 
Lower respiratory ⬄ 

Mental Health ⬄ 
Neurological ⬄ 

Gastrointestinal ⬄ 
Acute ⬄ 

 
Difference between >2 Mile (3.2 km) and 
<1 Mile (1.6 km) Means to multiwell O&G 

site: 
Total symptoms ▲ 
Upper respiratory △ 
Lower respiratory ▲ 

Mental Health ⬄ 
Neurological ⬄ 

Gastrointestinal ▲ 
Acute ▲ 

Johnston 
et al. 

(2021) 

Respir-
atory & self-

reported 
acute 
health 

symptoms 

South Los 
Angeles, CA 

 
North 

University 
Park & 

Jefferson 
Park 

Oil NIEHS 

Cross-sectional  
 

(self-reported 
survey with 

lung function 
measurements) 

1 km (3,281 ft) buffer around 
two oil development sites, 
one with 28 active wells 

(Jefferson Park) and one with 
21 idle wells (North University 

Park) 

960 residents from 488 
addresses  

747 valid spirometry 
tests 

 
2017–2019 

 
Self-reported 

symptoms & spirometry 
measurements 

Age, sex, height, age-
height interaction, 

race/ethnicity, weight, 
recent flu/cold, 

proximity to freeway, 
asthma status smoking 
status, indoor exposure 

to environmental 
tobacco smoke, 

season, wind direction 
(downwind vs. upwind) 

Self-reported acute health symptoms 
Active vs. idle well site 

Recent wheeze ▲ 
Recent cough every morning ▽ 
Sleep disturbed by wheeze △ 

Sore throat ▲ 
Chest tightness ▲ 

Sneezing/runny nose △ 
Eye irritation ▲         Nose irritation ▲ 
Dizziness ▲            Headache △ 
Fatigue △                Ringing of the ears ▲ 
Diarrhea ▽              Nausea/vomiting ▽ 
Nosebleeds △         Backache △ 
Rash ▽ 
 
Lung function findings shown in Table 3.4. 
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Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Elliot et 
al. (2018) 

Other / 
General 
health 

outcomes 

Ohio, 
Appala-
chian 
Basin, 

Belmont 
County 

Unconvent
ional oil & 

gas 

Yale Institute 
of Biospheric 
Studies, Jan 
A. J. Stolwijk 
Fellowship 

Self-
reported 
survey & 

measureme
nt of 

drinking 
water 

samples 

IDW well count, IDW2 count 
within 5 km of residence, and 

distance to nearest active 
O&G well (km) 

66 residents of 
Belmont County 

 
June–August 2016 

 
Self-reported survey 
and drinking water 

samples 

Age, sex, body-mass 
index, smoking status, 

educational status, 
marital status, 

employment status 

Self-reported health symptoms: 
ID2W well count: 

Odds of reporting general symptoms ▲ 
respiratory ⬄ 
neurologic ⬄ 

dermal ⬄ 
gastro-intestinal ⬄ 

Blinn et 
al. (2020) 

Other / 
General 
health 

outcomes 

Southwest 
PA 

Oil & 
natural 

gas 

Heinz 
Endowments 

Self-
reported 
survey 
(health 

assessment 
reviewed by 
healthcare 
providers) 

Cumulative well density 
(CWD), IDW of wells, and 

annual emission 
concentrations (AEC) from 
wells within 5 km (16,404 ft) 

of respondents’ homes 

104 health 
assessments 

 
2012–2017 

 
Self-selected survey 

conducted by 
Southwest 

Pennsylvania 
Environmental Health 

Project 

Age, sex, smoker 
status 

Most commonly reported symptoms 
(CWD metric): 
Headache ▲ 

Difficulty sleeping ▲ 
Sore throat ▲ 

Stress ▲ 
Itchy or burning eyes ▲ 

 
Most commonly reported symptoms 

(IDW metric): 
Headache ▲ 

Difficulty sleeping ▲ 
Sore throat ▲ 

Stress ▲ 
Itchy or burning eyes ▲ 

Rabinowi
tz et al. 
(2015) 

Other / 
General 
health 

outcomes 

Washingt
on 

County, 
PA 

Natural 
gas 

Heinz 
Endowments

, 11th Hour 
Project, 
Claneil 

Foundation, 
Jan Stolwijk 
Fellowship 
fund and 

Yale 
University 

Clinical and 
Translational 

Science 
Award grant 

Health 
symptom 
survey 

DNDW (distance to nearest 
drilled well) - Proximity of 
residence with ground-fed 

water supply to nearest well, 
<1 km (3,281 ft) to >2km 

(6,562 ft) 

492 persons (180 
households) 

 
Summer 2012 

 
Random-sample 

environmental health 
assessment of reported 
health symptoms and 

health status 

Age, sex, household 
education, smoking, 

awareness of 
environmental risk, 
work type, animal in 

house 

DNDW (<1 km (3,281 ft) vs. >2 km (6,562 ft)): 
Dermal ▲ 

Upper respiratory ▲ 
Lower respiratory △ 

Cardiac △ 
Gastrointestinal △ 

Neurological △ 
 

DNDW (1–2 km, 3,281–6,562 ft): 
Dermal △ 

Upper respiratory △ 
Lower respiratory △ 

Cardiac △ 
Gastrointestinal △ 

Neurological △ 
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Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Tustin et 
al. (2016) 

Other / 
General 
health 

outcomes 

Central and 
Northeast, 

PA 

Natural 
gas 

NIH, Robert 
Wood 

Johnson 
Foundation, 
Degenstein 
Foundation, 

NSF 

Self-
administered 
questionnaire 

IDW2 from patient residence, 
incorporating well phase, well 
depth, daily gas production; 
exposure averaged across 

three months prior to survey 

7,785 surveyed 
patients 

 
April 2014 

 
Survey of patients from 

Geisinger Health 
System 

Socioeconomic status, 
race/ethnicity, age, 
medical assistance, 

smoking status 

Current chronic rhinosinusitis △ 
Migraine headaches △ 

Higher levels of fatigue △ 
Chronic rhinosinusitis & migraine △ 

Chronic rhinosinusitis & higher fatigue ▲ 
Migraine & higher levels of fatigue ▲ 

Migraine, fatigue & chronic rhinosinusitis ▲ 

Wein-
berger et 
al. (2017) 

Other / 
General 
health 

outcomes 

Marcellus 
Shale, PA 

Natural 
gas 

Heinz 
Endowments 

Structured 
health 

assessments 
(physician-
reviewed) 

Residence within 1 km (3,281 
ft) of an unconventional 

natural gas well 

135 health records 
collected among 

people concerned 
about unconventional 

natural gas 
development 

 
2012–2015 

 
Structured health 

assessment 

 Not considered 

Statistical significance not assessed. 
 

Symptoms reported by >20% 
participants:  

Sleep disruption 
Headache 

Throat irritation 
Stress/anxiety 

Cough 
Shortness of breath  

Sinus problems 
Fatigue 
Nausea 

Wheezing 

Saberi et 
al. (2014) 

Other / 
General 
health 

outcomes 

Marcellus 
Shale, PA 

Natural 
Gas 

NIEHS, 
NIOSH, 
Health 

Resources 
and Services 
Administratio
n Center of 

Excellence in 
Environment
al Toxicology 
at University 

of 
Pennsylvania 

Self-
reported, 

health 
symptom 
survey 

Shale region residents (not 
formally evaluated) 

72 residents in the 
Shale region 

 
Summer 2012 

 
Structured health 
symptom survey 

administered in primary 
care clinics 

Not considered 

Statistical significance not assessed. 
 

Nine patients thought natural gas activity 
was a cause for medical symptom  

One had both symptoms & environmental 
concern included in medical record 

22% of patients in area with extensive 
UNGD activity expressed concern about 

health related to UNGD. 
12.5% of patients believed symptoms due 

to UNGD, including anxiety or sleep 
disturbances. 
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Author 
(Year) 

Health 
outcome 
category 

Region 
Primary 
hydro-
carbon 

produced 
Funder Study 

design 
Surrogate of exposure  
(distance evaluated if 

specified) 

Sample size, study 
time frame, and 

outcome data source 

Confounders and 
covariates 
considered 

Main findings1 

Steinzor 
et al. 

(2013) 

Other / 
General 
health 

outcomes 

Oil & gas 
regions, 

PA 

Natural 
gas 

Colcom 
Foundation 

Self-
reported 
health 

symptom 
survey & 
subset of 

environmen
tal sampling 

Residents in “gas patches;” 
questionnaire included 
proximity to three gas 

facilities (within 1,500 ft (457 
m) & outside this radius): 
compressor and pipeline 

stations, gas-producing wells, 
and impoundment or waste 

pits 

108 individuals 
(children and adults) 
from 55 households 

 
August 2011–July 2012 

 
Self-administered, 
structured health 
symptom survey 

 
Environmental 

sampling from subset 
of 70 participants 

Not considered 

Reported health symptoms from residents 

≤1,500 ft (457 m) vs. >1,500 ft (457 m) of 

natural gas facility: 
Throat Irritation ▲ 
Sinus problems ▲ 
Nasal irritation ▲ 
Eye burning ▲ 

Joint pain △ 
Severe headaches ▲ 
Sleep disturbances △ 

Skin rash▲ 
Shortness of breath △ 

Forgetfulness △ 

Ferrar et 
al. (2013) 

Other / 
General 
health 

outcomes 

Marcellus 
Shale, PA 

Natural 
gas 

University of 
Pittsburgh 
Graduate 

School of Public 
Health, 

Environmental 
& Occupational 

Health 
Department 

Longitudinal 
health 

symptom & 
stressor 
interview 

Not evaluated 

Session 1: 
33 individuals 

May–October 2010 
 

Session 2: 
20 individuals (same 

individuals as session 1) 
January–April 2012 

 
Interviews administered 
by phone or in-person 

Not considered; 
discussed participant 

characteristics  

Statistical significance not assessed. 
 

A total of 59 health impacts were attributed 
to Marcellus Shale development, and 13 
stressors, with most common symptom 

being stress. 
 

Perception of health impacts increased 
from session 1 to 2; Stressors remained the 

same across sessions. 

1 Associations from studies that tested for statistical significance are represented using the following symbols: ▲=significant increase, ▼= significant 
decrease, ▽= non-significant decrease, △= non-significant increase, ⬄ = null findings/no association. Studies that did not test for statistical significance are 
noted in the table and results are briefly summarized. Unless explicitly stated, the summary of outcomes represents results from comparing the highest 
tertile/quantile/quartile/highest exposure category to the lowest exposure category. In other words, the increase or decrease in a health outcome is the 
highest exposure group compared to the lowest (or reference category). 
Abbreviations: annual emissions concentration (AEC); antineutrophil cytoplasmic antibody (ANCA); body mass index (BMI), California Air Resources Board 
(CARB); congenital malformations (CM); cumulative well density (CWD); distance to nearest drilled well (DNDW); emergency department (ED), inverse 
distance weighted (IDW); migraine probability algorithm (MPA); myeloperoxidase (MPO); micrograms per cubic meter (µg/m3); persistent proteinase 3 
(PR3); National Institutes of Health (NIH); National Institute of Environmental Health Science (NIEHS); National Institutes of Occupational Safety and Health 
(NIOSH); nitrogen dioxide (NO2), particulate matter less than or equal to 2.5 microns (PM2.5); unconventional natural gas development (UNGD); United 
States Environmental Protection Agency (US EPA). 
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3.4. Discussion 
This chapter presents the findings of epidemiological studies on the association between 
upstream OGD exposures and adverse health outcomes conducted in the United States and 
Canada, including California. Here, we discuss (1) the strengths and limitations of environmental 
epidemiological research evaluating health risks and impacts associated with oil and gas 
development; (2) the need for broad consideration of the peer-reviewed literature across time and 
space; (3) evidence of disproportionate exposure and health risks; and (4) measures to mitigate 
health risk and impacts associated with oil and gas development.  

3.4.1 Strengths and limitations of environmental epidemiological research 
evaluating health risks and impacts associated with oil and gas development 

The proliferation of upstream OGD in several regions of the United States has been followed by 
a rapid growth in the peer-reviewed epidemiologic literature assessing the human health risks 
associated with exposure to upstream OGD. Below we describe the strengths and limitations of 
environmental epidemiological research in evaluating health risk and impacts associated with 
upstream OGD, in the context of exposure assessment, overall study design, addressing 
confounding factors, and considering geographic differences and temporal changes in regulation, 
extraction methods, etc. 

3.4.1.1. Exposure assessment 

Epidemiological studies employ various approaches to evaluate the association between 
upstream OGD and various adverse health outcomes. Surrogates of exposure used in 
epidemiological studies often include proximity to oil and gas wells, density of oil and gas wells, 
phase of well development, and cumulative volume of oil and/or natural gas produced (see 
Surrogates of exposure to upstream oil and gas development; Table 3.1). These surrogates of 
exposures are aggregate measures of the chemical, physical, and social stressors associated 
with upstream OGD.  

Recent reviews of the literature that examine upstream OGD acknowledge the need for more 
robust exposure assessment methods to more accurately evaluate specific risk factors, such as 
exposure to air and water pollution associated with upstream OGD (Bamber et al., 2019; Deziel 
et al., 2020, 2022a; Health Effects Institute-Energy Research Committee, 2019; Shonkoff et al., 
2014).  

However, given the complexity of and multiple potential hazards and exposure pathways 
associated with upstream OGD, relying on aggregate metrics of exposure (e.g., proximity to wells, 
well density, etc.) offers advantages over the examination of exposure to one pollutant or one 
hazard at a time (Deziel et al., 2022a). These approaches enable epidemiologists to identify 
human health burdens that may otherwise be missed (Buonocore et al., 2020). Therefore, the 
body of epidemiological literature is crucial to consider when aiming to mitigate exposures and 
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health burdens, as a narrow focus on one pollutant or pathway may be ineffective at reducing 
health burdens associated with multiple potential pathways.  

Findings from previous studies have reinforced the need to consider stressors associated with 
upstream OGD from a broader perspective. For example, one study conducted in Pennsylvania 
found an asthma effect size that was much greater — almost an order of magnitude higher — 
than would be expected from exposure to criteria air pollutants alone (e.g., particulate matter 
[PM10], nitrogen dioxide, ozone), suggesting that additional pollutants or other risk factors may be 
playing a role in the health effects observed (asthma exacerbation) (Rasmussen et al. 2016). 
Additionally, this body of epidemiological studies tend to place heavier focus on well sites as 
opposed to other oil and gas infrastructure (because of the public availability of geo-spatially 
explicit well data) though effects have still been observed in studies while adjusting for other 
upstream OGD sources (e.g., McKenzie et al., 2019a).  

3.4.1.2. Addressing confounding factors 

While residual confounders — unmeasured factors that might bias the observed associations — 
in epidemiological studies is always a possibility, such uncertainty has generally been well 
addressed in this body of peer-reviewed epidemiological studies. Over time, analytical 
epidemiological studies, such as cohort and case-control studies focused on upstream OGD in 
particular, have considered an increasing number of potential confounding variables and 
covariates in their study designs (see Tables 3.2–3.7), and epidemiologists have conducted 
sensitivity analyses among subsets of their study populations to further substantiate their findings. 
While the first studies examining adverse health outcomes reported inverse associations for 
certain outcomes (McKenzie et al., 2014), studies published since then have expanded upon the 
types of confounders considered and how exposure to upstream OGD is estimated. For example, 
recent studies looking at preterm birth include innovative exposure metrics that allow for a more 
detailed evaluation of exposure associated with upstream OGD (e.g., inclusion of phase of well 
pad, production volume, flaring activity) and indicate that adverse perinatal outcomes are still 
observed (Casey et al., 2016; Walker Whitworth et al., 2018; Cushing et al., 2020; Tran et al., 
2020). 

Additionally, certain causal inference study designs, such as difference-in-differences design, 
control for temporal changes in variables that might confound an observed association (Currie et 
al., 2017; Hill, 2018; Willis et al., 2018). Exposure misclassification is consistently a concern in 
environmental epidemiological studies. However, imprecision in exposure assessment or non-
differential exposure misclassification is more likely to attenuate observed relationships (i.e., bias 
toward the null), thus leading to an underestimate of the true adverse impacts of upstream on 
perinatal outcomes (Figure 3.10) (Blanchard et al., 2018). In environmental epidemiologic 
studies, researchers often use surrogates to estimate exposures or assign individuals to exposure 
categories; these surrogates have some measurement error associated with them. When these 
errors in assigning or classifying participant exposures are similar between exposed and 
unexposed or those with or without the health outcome, this is referred to as non-differential 
exposure misclassification. This type of “noise” in the data tends to dilute or attenuate the true 
exposure-response relationship, as illustrated by the hypothetical dashed line in Figure 3.10, 
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which has a shallower slope compared to the hypothetical “true” solid line. In the context of the 
literature on OGD-related exposures summarized in this chapter, this suggests that positive 
associations are likely not attributable to exposure misclassification and that effect sizes may in 
fact have been underestimated (Deziel et al., 2020).  

 

Figure 3.10. Potential effect of imprecise exposure estimates on a hypothetical exposure-response 
relationship. Source: Adapted from Seixas & Checkoway (1995). 

3.4.1.3. Study design 

Despite constraints inherent in environmental epidemiology — specifically, the reliance on 
observational study designs and surrogate measures of population-level exposure — 
retrospective study designs used in most of the published studies have accounted for both spatial 
and temporal aspects of past exposures, as well as complex exposure scenarios. Additionally, 
retrospective (longitudinal cohort and case-control) study designs are also able to establish 
temporality — that is that the exposure to OGD occurred prior to the health outcome. Registry-
based studies, including those using birth certificate and cancer registry data, allow for inclusion 
of all adverse perinatal health outcomes, and therefore yield a low chance of selection bias. 

Recent reviews of the literature that examine upstream OGD acknowledge the diversity of health 
outcomes, study design, geography of focus, and exposure assessment methodology among the 
peer reviewed literature introduce challenges to comparing adverse health outcomes across 
states, fields, and basins (Bamber et al., 2019; Deziel et al., 2020; Health Effects Institute-Energy 
Research Committee, 2019; Shonkoff et al., 2014). However, even when studies relying on 
hypothesis-generating designs (e.g., self-reported surveys, cross-sectional, ecological studies) 
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are removed, the directionality observed in the remaining body of analytical epidemiological 
studies indicating upstream oil and gas development is associated with adverse health outcomes 
is preserved.  

3.4.2 Broad consideration of the epidemiological literature across time and space 

The epidemiological literature to date has examined potential associations between upstream 
OGD and increased health risks and impacts across hydrocarbon types, technological 
approaches to extraction, and regions throughout the United States and Canada. The body of 
epidemiological literature examining exposure to upstream OGD and adverse health outcomes 
encompasses three decades, with the most recent year examined being 2019 in California 
(Figure 3.3). Because of this, assessment of epidemiological literature should include 
consideration of factors that may no longer be applicable in the immediate present, such as 
changes in emission control technologies, regulatory contexts, and shifting petroleum geological 
target zones and associated technological approaches to hydrocarbon development.  

Though the majority of studies that examine health risks associated with upstream OGD have 
been conducted outside of California, these studies are relevant to the California context for 
multiple reasons. First, many health-damaging pollutants (e.g., benzene, toluene, ethylbenzene, 
xylene, and hexane) emitted from upstream OGD activities occur naturally in petroleum 
reservoirs, regardless of the region. While the magnitude of emissions of health-damaging 
petroleum-associated compounds across environmental media may vary across site-specific 
conditions, the presence of these health hazards is intrinsic to OGD and are therefore consistently 
present across different geographical and geological contexts.  

Second, while petroleum reservoirs may differ by oil and gas region, certain regional petroleum 
reservoir characteristics and technological approaches to upstream OGD in other regions are 
similar to those of California. For example, similar to California, Colorado produces oil and gas 
from geological zones with migrated oil and gas with the use of relatively shallow hydraulic 
fracturing and the application of enhanced oil recovery (EOR), similar to California (Long et al., 
2015). Furthermore, the regulatory environment may influence the types and levels risk of health-
damaging exposure associated with upstream OGD. While the regulation of OGD has evolved 
over time and may differ by jurisdiction, there are examples of overlap between the California 
regulatory landscape and that of other oil and gas states. Like California, Colorado has methane 
and VOC-emission control rules which — if properly enforced — may significantly reduce 
emissions of methane, toxic air contaminants, and other potentially health damaging air pollutants 
from certain types of infrastructure during upstream oil and gas development (CARB, 2021; 
CDPHE AQCC, 2019a, 2019b). Similar to California’s Public Health Rulemaking Process, the 
Colorado Oil and Gas Conservation Commission (COGCC) recently underwent a mission change 
rulemaking after the adoption of Senate Bill 19-181 (SB 19-181) (Colo. S.B. 19-181, 2019). SB 
19-181 changed the mission of the COGCC “from ‘fostering’ to ‘regulating’ OGD in a manner that 
protects public health, safety, welfare, the environment and wildlife resources” (CO DNR, 2020). 
Four peer-reviewed epidemiological analytical studies evaluating upstream OGD have been 
conducted in Colorado and found associations between upstream OGD and congenital heart 
defects and neural tube defects, childhood cancer, and markers of cardiovascular disease 
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(McKenzie et al., 2014, 2017, 2019a, 2019b). These studies may be particularly relevant to 
California, given similar types of regional petroleum geology (e.g., migrated oil), methods of oil 
and gas development (e.g., enhanced oil recovery and hydraulic fracturing of migrated oil 
deposits), and similar regulatory environments.  

Third, while the vast majority of studies published in recent years outside of California focus on 
unconventional OGD (e.g., high-volume hydraulic fracturing and development of hydrocarbons 
from source rock), we reiterate the relevance of considering epidemiological studies on both 
conventional and unconventional OGD, as many chemical stressors (e.g., toxic air contaminants, 
criteria pollutants) and physical stressors (e.g., noise) are intrinsic to both conventional and 
unconventional OGD (for more information see Chapter 2, Section 2.5.1).  

Given the similarities in hydrocarbons under production, petroleum reservoir characteristics, 
technological approach to extraction, and regulatory context between California and other regions 
where epidemiological studies have been conducted, most notably for Colorado, the body of 
epidemiologic literature is relevant to consider in assessing health risks and health impacts of 
upstream OGD in the California context. Further, consistency in findings across studies given this 
heterogeneity provides additional confidence that such studies are relevant to consider when 
assessing the health risks and burdens attributable to upstream OGD on California and how best 
to minimize them. An important guiding principle here is the precedent in the United States and 
elsewhere of governing bodies making decisions to protect health based on scientific evidence of 
environmental hazards elsewhere, such as the promulgation of National Ambient Air Quality 
Standards for particulate matter, despite differences in chemical composition and physical 
characteristics of particulates across different geographic regions and the range of intrinsic and 
extrinsic vulnerabilities among study populations (US EPA National Center for Environmental 
Assessment, 2019).



 

3-95 

3.4.3 Disproportionate exposures and health risks  

Epidemiological studies in California and other oil and gas regions have observed stronger 
associations between exposure to upstream OGD and adverse health effects among vulnerable 
subpopulations. In California, Gonzalez et al. (2020) reported associations between exposure to 
upstream OGD and preterm birth at 28–31 weeks, that, in a stratified analysis by maternal 
race/ethnicity and educational attainment, were restricted to Hispanic mothers. The stratified 
analysis also revealed that exposure to new and active wells was associated with preterm birth 
at 20–27 weeks, 28–31 weeks, and 32–36 weeks among mothers with less than a high school 
education. Additionally, Johnston et al. (2021) noted that the majority of the study participants 
within 1,000 m (3,281 ft) of active oil and gas sites in South Los Angeles identify as 
Hispanic/Latinx and reported reduced lung function on average to be significant among adults, 
Hispanic/Latinx residents and participants over the age of 60 if living downwind and within 200 m 
(656 ft) of a well site. Of note, effect sizes in reductions in lung function by Johnston et al. (2021) 
are similar in magnitude to reductions in lung function associated with secondhand smoke 
exposure among women (Eisner, 2002) and reductions in lung function among adults living near 
busy roadways (Kan et al., 2007). In oil and gas regions outside of California, health inequities 
have also been observed among population subsets. For example, Casey et al. (2019) reported 
a stronger association between exposure to unconventional natural gas development and 
antenatal anxiety and depression during pregnancy among mothers receiving Medical Assistance 
(an indicator of low family income) in Pennsylvania. Additionally, in Texas, Cushing et al. (2020) 
found that exposure to nightly oil and gas-associated flare events was associated with increased 
odds of preterm birth and shorter gestation, and that in a stratified analysis, these findings were 
restricted to Hispanic women.  

3.4.4 Strategies to reduce human health hazards, risks, and impacts from 
upstream OGD activities 

The body of science reviewed by the Panel for this report strongly supports the need for additional 
protections (such as setbacks) for populations existing in close proximity to upstream OGD. 
Although additional research on the impacts of upstream OGD would be helpful, this should not 
be used as a reason to delay regulatory action to reduce exposure to OGD-related hazards.  

Existing epidemiologic studies were not designed to test and establish a specific “safe” buffer 
distance between upstream OGD sites and sensitive receptors, such as homes and schools. 
Nevertheless, studies consistently demonstrate evidence of harm at distances less than 1 km 
(3,281 ft), and some studies also show evidence of harm linked to upstream OGD activity at 
distances greater than 1 km (3,281 ft). In addition, exposure pathway studies have demonstrated 
through measurements and modeling techniques, the potential for human exposure to numerous 
environmental stressors (e.g., air pollutants, water contaminants, noise) at distances less than 1 
km (3,281 ft) (e.g., Allshouse et al., 2019; DiGiulio & Shonkoff, 2021; Holder et al., 2019; 
McKenzie et al., 2018; Soriano et al., 2020), and that the likelihood and magnitude of exposure 
decreases with increasing distance. 
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Figure 3.11 presents a hierarchy of strategies to reduce human health hazards, risks and impacts 
from upstream OGD activities. Table 3.9 presents the advantages and disadvantages of each 
strategy from an environmental public health perspective. 

At the top of Figure 3.11 is the most health protective strategy: to stop drilling and developing 
new wells, phase out existing upstream OGD activities and associated infrastructure, and properly 
plug remediate legacy wells and ancillary infrastructure. This approach is being considered or 
adopted by various states and municipalities.  

 

Figure 3.11. Hierarchy of controls to reduce public health harms from oil and gas development activities 
Source: Figure 1, Deziel et al. (2022b).  

For example, unconventional OGD (i.e., hydraulic fracturing or ‘fracking’) has been eliminated in 
Vermont, Maryland, New York, and Washington, which vary in available reserves. The Delaware 
River Basin (DRB) Commission prohibited fracking in the DRB region, which covers parts of New 
York, Pennsylvania, New Jersey, and Delaware, in order to protect drinking water (DRBC, 2021). 
Because these bans are specific to fracking, they do not eliminate conventional wells or orphaned 
and abandoned wells. However, some municipalities are moving towards complete upstream 
OGD elimination, including Los Angeles, which has approved a ban of all new conventional and 
unconventional oil and gas wells and a phase-out of existing wells (LACBS, 2021).  

If the development of oil and gas is to continue, the greatest health benefits would be gained from 
a strategy that includes the next two controls in the hierarchy depicted in Figure 3.11: the 
elimination of new and existing wells and ancillary infrastructure within scientifically informed 
setback distances, and the deployment of engineering emission controls and associated 
monitoring approaches that lead to rapid leak detection and repair for new and existing wells and 
ancillary infrastructure. Because air pollutant concentrations and noise levels decrease with 
increasing distance from a source, adequate setbacks can reduce harm to local populations by 
reducing exposures to air pollutants and noise directly emitted from the OGD activities. However, 
setbacks do not reduce harms from upstream OGD contributions to regional air pollutant levels, 
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such as secondary particulate matter and ozone, nor greenhouse gases such as methane, which 
are nearly always co-mingled with health-damaging air pollutants (Michanowicz et al., 2021). As 
compared to other pollutant-specific or pathway-specific policy measures (e.g., implementation of 
chemical additive restrictions or additional emission control requirements), the implementation of 
a minimum surface setback distance is a policy measure that considered the real-world scenarios 
of multiple stressors associated with upstream OGD but makes allowance for some continued oil 
and gas production. Setback distances between a source and a receptor are utilized in other 
federal, state, and local settings to mitigate harms associated with a given source. Engineering 
controls that reduce emissions at the well site are also necessary to reduce these harms.  

Engineering controls include cradle-to-grave noise and air pollution emission mitigation controls 
on OGD infrastructure — including new, modified and existing infrastructure — and proper 
abandonment of legacy infrastructure, prioritizing those nearest to residential sites and schools 
and those associated with the highest emissions, leaks and other environmental hazards.  

However, engineering controls can fail and engineering solutions may not be available for or 
economically feasible to handle all of the complex stressors generated by upstream OGD, 
including multiple sources and types of air pollution, noise pollution, light pollution, water pollution, 
and other stressors. Therefore, neither setbacks or engineering controls alone are sufficient to 
reduce the health hazards and risks from OGD activities — both approaches are needed in 
tandem.  

Finally, we note that while outside of CalGEM’s jurisdiction, setbacks for new construction of 
housing or schools at a certain distance from existing or permitted OGD sites (commonly referred 
to as reverse setbacks) should be considered. 

Table 3.9. Advantages and disadvantages of oil and gas development (OGD) control strategies from an 
environmental public health perspective. Source: Table 1, Deziel et al. (2022b).  

Control Description Advantage Disadvantage 
Elimination Eliminate new wells, 

properly plug 
existing wells, and 
remediate ancillary 
infrastructure. 

Eliminates the source of 
nearly all environmental 
stressors (e.g., air and 
water pollutants, noise); 
protects local and regional 
populations; largest 
reduction in carbon 
emissions. 

May require a long-term approach due to 
economic, legal, political dynamics and energy 
reliability considerations, the need to address both 
conventional and unconventional wells, and the 
unknown location of many abandoned wells. 

Setbacks Establish a 
protective buffer 
zone between OGD 
hazards and 
sensitive receptors. 

Reduces risk of exposures 
to populations living near 
OGD sites; environmental 
stressors are generally 
attenuated with increasing 
distance. 

Setbacks alone without coupled engineered 
mitigation controls allow continued release of 
hazards. There is no universal setback that would 
adequately address regional air quality issues and 
emissions of climate-warming gases from OGD. 

Engineering 
controls 

Reduce or eliminate 
release of specific 
environmental 
hazards on site. 

Reduces or eliminates 
certain hazards and 
therefore can have local and 
regional environmental 
public health benefits. 

Tends to be disproportionately focused on air 
pollutant emissions and noise, and thus fails to 
address other pathways of exposure, including via 
water resources. Often not feasible to apply 
engineering solutions to multiple, complex hazards 
each requiring different control technologies (e.g., 
noise, air and water impacts, odors, light pollution) 
and lacks the important factor of safety provided by 
a setback when engineering controls fail. 
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Control Description Advantage Disadvantage 
Residence 
controls 

Households deploy 
devices and 
strategies to reduce 
exposure to indoor 
environmental 
hazards at the 
household/school- 
level (e.g., water 
filter, light-blocking 
shades, air filters). 

Reduces intensity of certain 
hazards to nearby 
communities at the 
household level. 

Places burden on individuals and 
households to use and maintain devices properly 
to maximize effectiveness. Not feasible to apply 
devices to address numerous, complex stressors. 
Does not adequately address impacts of ambient 
air pollutant and greenhouse gas emissions from 
OGD on regional air quality and the climate. 

Personal 
protective 
equipment 

Individuals wear 
protective 
equipment to reduce 
exposure to 
environmental 
hazards (e.g., 
respiratory masks, 
ear plugs, eye 
masks). 

Reduces intensity of 
exposure of certain hazards 
to nearby individuals. 

Places burden on individuals to use PPE 
consistently and properly. May not be feasible for 
understudied stressors or certain environmental 
toxicants. Does not address impacts of air pollutant 
and greenhouse gas emissions from OGD on 
regional air quality and the climate. 

3.5. Summary 
Our review included 72 peer-reviewed epidemiological studies in the United States and Canada, 
six of which are from California, that evaluated the relationships between upstream oil and gas 
development and adverse health outcomes. Studies in California observed associations between 
upstream OGD and diagnosed asthma, reduced lung function, and reduced fetal growth at 
distances of up to 1 km (0.62 mi or 3,281 ft). Studies in California evaluating the relationship 
between upstream OGD development and risk of preterm birth reported inconsistent results. One 
California study did not observe an association between upstream oil and gas development and 
migraine headaches. The Panel concluded that the totality of the epidemiological evidence from 
25 studies (three from California) provides a high level of certainty for a causal relationship 
between residential exposure to upstream OGD and poor perinatal outcomes. The Panel also 
concluded that the epidemiologic evidence (11 studies, two from California) provides a high level 
of certainty for a causal relationship between residential exposure to upstream OGD and adverse 
respiratory outcomes. These conclusions were reached because of the consistency of results 
across multiple studies that were conducted using different methodologies, in different locations, 
with diverse populations, and during different time periods. Numerous other health endpoints have 
been examined and are summarized herein. Most studies report statistically significant 
associations between oil and gas development and adverse health effects across different 
geological regions, in both urban and rural settings, and when examining different extraction 
methods (e.g., high-volume hydraulic fracturing and enhanced oil recovery approaches such as 
cyclic steam injection and water flooding). Epidemiological studies have observed consistent 
associations between upstream OGD and adverse health effects while considering different 
exposure assessment methods, including proximity of human receptors to oil and gas sites, 
nearby well density, well depth, production volume, and phase of well pad development (e.g., pad 
preparation, drilling, stimulation, production). In summary, the body of literature indicates 
upstream OGD is associated with adverse health impacts in nearby populations.  
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Appendix C.  

C.1. List of Key Terms for Literature Search  

List S1. Key Terms Used in Epidemiological Assessment Web of Science Boolean search 
conducted July 15, 2023. 
 
TS=(“oil and gas” OR shale OR petroleum OR “natural gas” OR “shale gas” OR “tight gas” OR 
“tight resource” OR “shale oil” OR “tight oil” OR “unconventional gas” OR “unconventional oil” OR 
“unconventional resource” OR “conventional gas” OR “conventional oil” OR “conventional 
resource” OR “natural gas liquids” OR drilling OR “well stimulation” OR “hydraulic fracturing” OR 
fracking OR flar* OR “coalbed methane” OR “well head” OR wellbore OR “casing head” OR “well 
pad” OR “abandoned well” OR pipeline* OR “oil well” OR “gas well”) AND TS=(“Health” OR 
“epidemiological” OR “symptom*” OR “health risk*” OR “occupational health” OR “physiological” 
OR “psychological” OR “hospitalization” OR “asthma” OR “injury” OR “mortality” OR “cancer” OR 
“morbidity” OR “adverse pregnancy outcomes” OR “birth” OR “congenital” OR “birth defects” OR 
“birth weight” OR “low birth weight” OR “preterm birth” OR “premature birth” OR “preterm delivery” 
OR “small for gestational age” OR “LBW” OR “PTB” OR “PTD” OR “SGA” OR “fetal death” OR 
“mental health” OR “cardiovascular” OR “exposure”) NOT TS=(Europe OR Australia OR China 
OR India OR “Middle East” OR Africa) AND TS=(“U.S.” OR “United States” OR USA OR Canada 
OR “North* America” OR Alabama OR Alaska OR Arizona OR Arkansas OR California OR 
Colorado OR Connecticut OR Delaware OR Florida OR Georgia OR Idaho OR Hawaii OR Illinois 
OR Indiana OR Iowa OR Kansas OR Kentucky OR Louisiana OR Maine OR Maryland OR 
Massachusetts OR Michigan OR Minnesota OR Mississippi OR Missouri OR Montana OR 
Nebraska OR Nevada OR “New Hampshire” OR “New Jersey” OR “New Mexico” OR “New York” 
OR “North Carolina” OR “North Dakota” OR Ohio OR Oklahoma OR Oregon OR Pennsylvania 
OR “Rhode Island” OR “South Carolina” OR “South Dakota” OR Tennessee OR Texas OR Utah 
OR Vermont OR Virginia OR Washington OR “West Virginia” OR Wisconsin OR Wyoming OR 
“Washington DC” OR “Washington D.C.” OR “D.C.” OR “District of Columbia” OR “Canada” OR 
“British Columbia” OR Anadarko OR Ardmore OR Arkoma OR Appalachian OR Devonian OR 
Bakken OR Barnett OR Chattanooga OR Cherokee OR Delaware OR “Denver-Julesburg” OR 
“Eagle Ford” OR Fayetteville OR “Fort Worth” OR “Greater Green River Basin” OR “Front Range” 
OR Haynesville OR Inglewood OR Marcellus OR Monterey OR Niobrara OR Permian OR 
“Powder River” OR Piceance OR Rogersville OR Saskatchewan OR San Juan OR Uinta OR Utica 
OR Wattenberg OR Williston OR “Wind River Basin” OR Woodford OR Wolfcamp OR “Four 
Corners” OR “Canadian Oil Sands”) 

C.2. Summary of studies evaluating sexually transmitted infections  

Six studies focused on the effects of oil and gas development on rates of sexually transmitted 
infections (STIs) (Beleche & Cintina, 2018; Cunningham et al., 2020; Deziel et al., 2018; Huseth‐
Zosel et al., 2021; Johnson et al., 2020; Komarek & Cseh, 2017). This is an area of concern, as 
the influx of non-local, specialized workers can result in changes to the local labor market when 
an area is flagged for new oil and gas development (Johnson et al., 2020). Studies conducted in 
Pennsylvania, Texas, North Dakota, and Ohio found counties with fracking activities to have 
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higher rates of gonorrhea and chlamydia infections compared to counties without oil and gas 
development (Beleche & Cintina, 2018; Deziel et al., 2018; Huseth‐Zosel et al., 2021; Johnson et 
al., 2020). Similarly, in the Marcellus Shale region of Pennsylvania and in the general United 
States, oil and gas development was found to be associated with higher rates of gonorrhea 
compared to the comparison group (Cunningham et al., 2020; Komarek & Cseh, 2017).  

The minority of studies found no association with rates of STIs. Two studies found no association 
between oil and gas development and rates of syphilis (Deziel et al., 2018; Johnson et al., 2020). 
Similarly, no association was found between oil and gas development and rates of STIs in 
Colorado and North Dakota counties (Johnson et al., 2020). Similarly, no association was found 
between oil and gas development and rates of STIs in Colorado and North Dakota counties 
(Johnson et al., 2020). 
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4.0. Abstract 
Upstream activities related to oil and gas development (OGD) (e.g., production and processing) 
in California — and across the United States — emit numerous air pollutants. While OGD in 
California is declining overall, dense upstream oil and gas activities still occur in many regions of 
the state. The San Joaquin Valley and South Coast Air Basins are the largest oil and gas 
producing regions in California, both of which have some of the worst air quality in the state. 
Findings suggest that emissions from upstream oil and gas may significantly impact regional air 
quality within specific regions of California, such as the San Joaquin Valley. In regions where 
upstream oil and gas is only a small contributor to the region’s ambient air quality levels, such as 
the South Coast Air Basin, emissions from upstream OGD sites still pose a risk to residents and 
other sensitive receptors located nearby. More than 3 million people live within 1 km (3,281 ft) of 
an oil and gas well in California. Therefore, the health hazards from upstream OGD still present 
a significant issue given that proximity to upstream OGD is a health risk factor.  
 
A review of one California-specific health risk assessment identified 38 air pollutants near 
upstream oil and gas sites, including 22 compounds listed as known or suspected human 
carcinogens. Toxic air contaminants (TACs) associated with upstream OGD include diesel 
exhaust; benzene, toluene, ethylbenzene, and xylenes (BTEX); formaldehyde; n-hexane; styrene; 
hydrogen sulfide (H2S); and 1,3-butadiene, among others. Cancer risk during specific upstream 
oil and gas processes (i.e., hydraulic fracturing activities, cleanout events) exceeded the U.S. 
Environmental Protection Agency de minimis threshold (one case in one million), the South Coast 
Air Quality Management District (SCAQMD) significance thresholds of 1, 10, and 25 in one million, 
and the San Joaquin Valley Air Pollution Control District (SJVAPCD) significance thresholds of 1 
and 20 in one million excess cancers. 
 
In California, regulatory exemptions from vapor recovery, leak detection and repair (LDAR), and 
equipment change-out requirements have been established based on methane and non-methane 
volatile organic compound (NMVOC) emissions from specific upstream oil and gas sources. 
These exemptions include, but are not limited to (1) a statewide zero-bleed/zero-emission 
standards exemption for existing low-bleed (<6 standard cubic feet per hour) natural-gas driven 
pneumatic devices installed prior to January 1, 2016; 2) an exemption from the statewide 95% 
vapor recovery requirement for low-throughput separators and condensate tank systems; and (3) 
an exemption from the statewide leak detection and repair (LDAR) requirement for upstream oil 
and gas infrastructure components associated with heavy oil (API gravity <20). 
 
The closure of the exemptions from statewide zero-bleed/zero-emission standards for existing 
low-bleed pneumatic devices and vapor recovery requirements for low-throughput separates and 
condensate tank systems would reduce non-methane volatile organic compound (NMVOC) 
emissions, which include TACs, by an estimated 15 tons per year (tpy) from 50 existing natural 
gas powered pneumatic devices and 208 tpy from ~2,200 small throughput separator and tank 
systems. Additionally, the California Air Resources Board (CARB) states that heavy oil 
components (API gravity <20) exempt from LDAR account for less than 1% of hydrocarbon 
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emissions from leaking components. While these exemptions represent a small fraction of 
NMVOC emissions from the statewide upstream oil and gas development sector, these emissions 
may be meaningful to risk of TAC exposure in areas with concentrated exempt infrastructure or 
when this infrastructure exists in close proximity to human populations. 
 
LDAR focused on monitoring for methane is useful when monitoring equipment with emissions 
that have high methane/non-methane hydrocarbon ratios. In this context, methane can be a 
reasonable indicator of the presence of TACs and other NMVOCs that are intermixed with 
methane. However, when monitoring emissions from infrastructure or processes containing gases 
with low methane/non-methane ratios (e.g., condensate tanks, produced water management and 
disposal, etc.) or little to no methane content (e.g., combustion from diesel engines, combustion 
emission from natural gas-powered equipment, etc.), methane is not a reliable indicator of TAC 
and other NMVOC emissions and there is likely no surrogate for these situations. LDAR 
approaches that focus on measurement of large suites of air pollutant species may be more 
comprehensive and appropriate for various applications when gas composition is uncertain. 
 
Our findings suggest there are numerous additional emission control measures (including 
regulatory setback distances) that could be implemented in California to further reduce emissions 
from upstream OGD and protect the health of residents in proximity to activity. Agencies with 
jurisdiction should deploy measures to reduce exposure to air pollution associated with upstream 
OGD sites, including but not limited to LDAR requirements and increased emission control. 

4.1. Introduction 
Over the past 15 years, the United States has seen unprecedented growth in domestic upstream 
oil and gas development (OGD) and production (Bamber et al., 2019; Deziel et al., 2020; Shonkoff 
et al., 2014). Due to technological advancements in high-volume hydraulic fracturing, directional 
and horizontal drilling, and dense spatial clustering of wells, previously inaccessible petroleum 
resources, such as tight sand and source rock formations (e.g., shale, sandstone, coal seams), 
have become more accessible and economically viable (Bamber et al., 2019; Deziel et al., 2020; 
Shonkoff et al., 2014). Since 2005, these techniques, collectively referred to as unconventional 
OGD, have resulted in a boom of tight oil and gas production in the United States, especially in 
states with active shale plays such as Colorado, Louisiana, New Mexico, North Dakota, Ohio, 
Oklahoma, Pennsylvania, Texas, West Virginia, and Wyoming (US EIA, 2019, 2020). Both 
conventional and unconventional OGD continue to be a prominent industry in specific regions of 
California, including the San Joaquin Valley and South Coast Air Basins (CalGEM, 2021a; CCST, 
2015).  

This section summarizes the air quality and health risk impacts from upstream OGD in California 
and elsewhere.  
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4.2. Review of existing emissions data, air quality impacts, and 
related health risks  

Upstream activities related to OGD emit numerous chemical pollutants into air, water, and soil. 
People that live, work, or attend school near oil and gas wells are exposed to these pollutants 
through several exposure pathways, including inhalation via the nose and mouth, ingestion 
through the mouth, and dermal absorption through the skin.  
 
 
4.2.1. Characterization of air pollutants from upstream oil and gas in California 

Components of upstream OGD

Upstream components of the oil and gas industry supply chain are separated into two
main categories: oil and gas production (including exploration efforts) and processing
(Adgate et al., 2014; Johnston et al., 2019; NRC, 2014; Shonkoff et al., 2014). Primary
components of production include the well pad, which encompasses wells and related
casing head, tubing head, and Christmas tree piping. Additional components include
any pumps, compressors (associated with production side), heater treaters, separators,
storage vessels, pneumatic devices, and dehydrators used at oil and gas facilities for
production and processing (Adgate et al., 2014; Johnston et al., 2019; NRC, 2014;
Shonkoff et al., 2014). Some of the available studies in the peer-reviewed literature
evaluate emissions from production facilities as a whole, which would measure
emissions from all these components collectively, while other studies have measured
emissions from individual components (Adgate et al., 2014; Johnston et al., 2019; NRC,
2014; Shonkoff et al., 2014).

Production also involves the use of combustion equipment, such as drill rigs and service
trucks, which are often diesel or gas powered. In production emissions, we also count
well development, which includes well drilling activities such as the completion and
recompleting of the portable non-self-propelled apparatus of the well. Stand-alone sites
where oil, condensate and produced water and gas from several wells are separated,
stored and treated are also considered. Finally, we include low pressure, small
diameter, gathering pipelines and related components that collect and transport oil, gas
and other materials and wastes from the wells to the refineries or gas processing plants
(Adgate et al., 2014; Johnston et al., 2019; NRC, 2014; Shonkoff et al., 2014).

Processing consists of separating certain hydrocarbons and fluids from the oil and gas
to produce pipeline quality oil and dry gas (CARB, 2013a). Some processing can be
accomplished in the production segment, but the majority is performed in post-
production. For upstream emissions, we consider the former. The components of
processing include oil and condensate separation, water removal, separation of gas
liquids, sulfur and carbon dioxide removal, fractionation of gas liquids, carbon dioxide
capture, and gas processing. Emissions from idle, and/or orphaned wells are also
considered, the results of which are summarized in Chapter 6 of this report.
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The primary focus for this section is to review studies that evaluate air pollution from upstream 
OGD in California.  
 

 
 
The method of hydrocarbon extraction is not important from a toxic air contaminant (TAC) 
exposure perspective. Many TACs are co-produced with upstream OGD because of their natural 
occurrence in oil and gas reservoirs, regardless of whether hydraulic fracturing and other forms 
of well stimulation are used, such as acid fracturing or matrix acidizing (Garcia-Gonzales et al., 
2019a). TACs such as benzene may be emitted to the atmosphere during the relatively brief 
amount of time that well stimulation treatments take place. Any produced water or products 
extracted from wells that contain TACs are of concern, particularly those that can become 
airborne.  
 
The environmental public health literature strongly implicates geographic proximity to active 
upstream OGD as an important risk factor for a variety of adverse health outcomes. The 
overwhelming majority of studies that have assessed associations between upstream OGD and 

Air pollutant emissions associated with upstream OGD 
Upstream activities include the transport of equipment and materials to and from the
well pad; well drilling, mixing, handling, and injection of oil and gas chemicals (including
during well stimulation and routine maintenance operations), and management of
recovered fluids and other waste products (Adgate et al., 2014; Johnston et al., 2019;
NRC, 2014; Shonkoff et al., 2014). Well stimulation treatments include methods such
as hydraulic fracturing, matrix acidizing, and acid fracturing, which are used to access
hydrocarbons from previously-inaccessible tight geological formations, such as shale
(CCST, 2015). Sources of air pollutants include products of incomplete combustion
from flares and diesel-powered equipment, which emit carbon monoxide (CO),
hydrocarbons, black carbon, diesel particulate matter (DPM) (a known carcinogen), and
carbonyls, as well as chemicals emitted from surface and subsurface equipment such
as wells, pumps, generators, compressors, pneumatic devices, tanks, surface
impoundments, and solid and liquid waste handling equipment. External combustion
equipment used during upstream OGD include boilers, heaters/treaters, and vapor
recovery systems such as flares, incinerators, and thermal oxidizers; internal
combustion equipment includes generators, pumps, accumulators, and turbines
(CARB, 2013a). In 2007, California had an estimated 1,630 external combustion “units”
(the majority of which were 5–10 years old) and 3,290 internal combustion “units” in
operation (the majority of which were 10 years old or less) (CARB, 2013a).

Air pollutant emissions from upstream OGD include toxic air contaminants (TACs) (e.g.,
benzene, H2S, hexane), criteria air pollutants (CAPs), sulfur oxides (SOx), nitrogen
oxides (NOx), volatile organic compounds (VOCs) and reactive organic gases (ROG).
The latter three are associated with the formation of tropospheric ozone (i.e., smog).
ROG, SOx, and NOx emissions are also known precursors for secondary PM2.5
formation (SJVAPCD, 2018). PM2.5 can be emitted directly or formed indirectly through
a set of chemical reactions between pollutants such as NOx (Brandt et al., 2015).
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emissions of TACs have identified a number of regularly emitted pollutants, including: diesel 
exhaust; benzene, toluene, ethylbenzene, and xylenes (BTEX); n-hexane; styrene; and 1,3 
butadiene, among others (Garcia-Gonzales et al., 2019a). Few studies found no association 
between proximity and TAC concentrations.  
 
Intermittent peaks in air pollutant emissions from upstream oil and gas activities and equipment 
have also been observed (Allen, 2014; Brown et al., 2014). While these emissions may have a 
limited influence on regional air pollutant concentrations, they are likely to be associated with 
increased health-relevant exposures to local populations near emission sources. As such, studies 
that focus on regional concentrations of air pollutants associated with upstream OGD may arrive 
at estimates of low- to moderate-level chronic exposures experienced by regional populations, 
but in order to capture the full range of potential public health risks at the local level, it is important 
to consider the proximity of receptors to sources (Gonzalez et al., 2022; McKenzie et al., 2018; 
Pétron et al., 2014; Shonkoff et al., 2015a).  
 
Methane and non-methane volatile organic compounds (NMVOCs) are emitted during upstream 
OGD (e.g., Koss et al., 2015; Rich et al., 2014; Marrero et al., 2016; see Section 4.4.1). Many of 
the NMVOCs and emitted are TACs or ground-level ozone precursors. Because both methane 
and some NMVOCs have a common source, certain infrastructure components, such as 
wellheads, gas pipelines, and gas processing plants, have emission profiles with high 
methane:non-methane hydrocarbon ratios. However, other components, such as condensate 
tanks, and produced water ponds, have emission profiles with far lower methane:non-methane 
hydrocarbon ratios, and methane is not a reliable indicator of NMVOCs that are not hydrocarbons. 
While diesel engines used for transport pumps and other purposes do not emit methane and have 
a zero methane:non-methane hydrocarbon ratio, they do emit criteria air pollutants (CAPs), TACs, 
and other air pollutants. 
 
4.2.1.1 Composition of upstream oil and gas in California 

Publicly available data concerning the composition of gas and the presence of NMVOCs and 
TACs in upstream oil and gas activities in California is limited. When gas composition data is 
available, analyses primarily focus on the characterization of light alkanes (C1–C6 hydrocarbons), 
nitrogen, oxygen, and other trace gases. Heavier hydrocarbons, including compounds of interest 
with regard to human health impacts (e.g., BTEX), are commonly reported as undifferentiated 
C6+ compounds (i.e., heavier alkanes) (USGS, 2014) or grouped together based on a range of 
carbon numbers (e.g., C5–C8). Analyses of gas in California for individual NMVOCs and TACs 
are not widely available.  
 
The U.S. Geological Survey Energy Resources Program Geochemistry Laboratory Database 
(USGS EGDB) (USGS, 2014) is an important resource for analytical data for crude oil and gas 
samples from both California, and around the world. Analytical data is compiled from a variety of 
sources, including the USGS EGDB, other contracted laboratories, published literature, and 
unpublished public domain sources.  
 
The USGS EGDB contains analytical data for gas sampled from 827 unique American Petroleum 
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Institute identifications (API)1 in California; however, information regarding analytical methods, 
detection limits, non-detect and not measured parameter reporting, and sampling methods, dates, 
and locations is incomplete. Without additional context and documentation, it is unclear if 
constituents of interest (e.g., BTEX compounds) were measured and not detected, or if they were 
not measured at all. Thus, it is difficult to analyze and draw conclusions from these data with 
confidence. 
 
A subset of gas samples in the USGS EGDB, originating from a 2007 USGS report on upstream 
OGD in the San Joaquin Basin (Lillis et al., 2007), was identified for further analysis based on the 
availability of background information regarding methodology, measured parameters, and 
sampling locations. In the report, 66 gas samples from oil and gas wells, tanks, and separators 
from six counties in the San Joaquin Basin were analyzed for gas composition, including select 
chemicals relevant to human health (i.e., benzene, n-hexane, H2S) (Lillis et al. 2007). Statistical 
data from this report are summarized in Table 4.1. Of the 66 analyzed samples, benzene was 
detected six times, H2S was detected three times, and n-hexane was reported 30 times. When 
reported, median concentrations of benzene, H2S, and n-hexane were 0.04 mole percent (400 
parts per million by volume, ppmv), 0.03 mole percent (300 ppmv), and 0.09 mole percent (900 
ppmv), respectively. Detection limits for individual gas constituents were not explicitly stated in 
the study; non-detection does not mean a constituent was not present, and it possible the 
constituent is present below the detection limit. 
 
It is important to note that these data represent a small fraction of oil and gas wells in California. 
Due to the limited data on upstream gas composition in California, it is difficult to ascertain how 
prevalent and at what concentrations pollutants are present in upstream sources. Additional 
testing and public disclosure of the composition of NMVOCs in upstream gas is needed to assess 
air pollution health risks and better inform policy makers.  
 
  

 
1 An API well number, or API number, is a unique numeric identifier assigned to each well permitted to 
drill in the United States. These API numbers are established by the American Petroleum Institute.  
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Table 4.1. Major components of gas from oil and gas wells in the San Joaquin Valley. Source: Lillis et al.  
(2007); USGS (2014). 

Constituents No. of 
detections1 

Min 
(Mole%) 

5th 
Percentile 

Median 
(Mole%) 

Mean 
(Mole%) 

95th 
Percentile 
(Mole%) 

Max 
(Mole%) 

Nitrogen2 66 0.23 0.74 2.92 6.44 26.23 39.21 
Oxygen and Argon3 66 0.07 0.16 0.77 1.14 3.13 8.13 
Helium 1 0.11 0.11 0.11 0.11 0.11 0.11 
Hydrogen 1 4.1 4.1 4.1 4.1 4.1 4.1 
Carbon Dioxide 61 0.03 0.12 1.05 5.55 17.51 92.244 
Methane 66 1.722 56.3 81.2 77.02 95.44 97.53 
Ethane 64 0.04 0.07 3.49 4.23 10.36 16.03 
Propane 62 0.02 0.03 2.75 3.64 12.08 13.1 
iso-Butane 57 0.02 0.02 0.52 0.8 2.36 3.74 
n-Butane 46 0.04 0.1 1.4 2.1 6.11 8.4 
iso-Pentane 45 0.02 0.02 0.16 0.31 0.9 1.97 
neo-Pentane 7 0.02 0.02 0.02 0.03 0.07 0.09 
n-Pentane 40 0.02 0.02 0.29 0.38 0.97 1.36 
n-Hexane 30 0.02 0.02 0.09 0.14 0.34 0.42 
n-Heptane 12 0.02 0.02 0.04 0.06 0.14 0.18 
Benzene 6 0.02 0.02 0.04 0.04 0.06 0.06 
Hydrogen Sulfide 3 0.02 0.02 0.03 0.03 0.04 0.04 
1 Detection limits for individual constituents were not provided in this study  
2 High nitrogen values are due to possible air contamination  
3 Measured oxygen and argon concentrations are assumed to be from air contamination  
4 High CO2 and low methane in one sample possibly due to being taken from surface casing of producing well 

 
4.2.1.2 Emissions from upstream OGD in California 

In 2007, the California Air Resources Board (CARB) conducted a survey of the oil and gas industry 
in California, referred to herein as the “2007 Oil and Gas Survey” (CARB, 2013a). The 2007 Oil 
and Gas Survey gathered information on the various equipment and emissions associated with 
crude oil and gas production, processing, and storage in California.  
 
The survey categorizes sources into three distinct categories: combustion, vented, and fugitive 
emissions. Combustion emissions are released from equipment that converts fuel to energy, 
whereas vented and fugitive emissions encompass the intentional (vented) and unintentional 
(fugitive) releases of vapors to the air (CARB, 2013a). As summarized in Table 4.2, 93% of carbon 
dioxide equivalents (CO2e) emissions emitted during the production, processing, and storage of 
oil and gas in California come from combustion sources, with fugitive and vented emissions 
accounting for just 7% of total CO2e emissions (CARB, 2013a). Similarly, facilities with the primary 
business types “onshore crude production” and “other” (i.e., compressed gas compression and 
marketing, cogeneration, combined heat and power, electricity generation, portable heating, 
water disposal, vapor recovery services) were responsible for 85% of the total CO2e and ~48% 
of methane generated by California’s oil and gas industry, even though they only account for 44% 
of total facilities surveyed. While oil and gas sources for these combustion, fugitive, and vented 
emissions likely co-emit TACs along with CO2 and methane, TAC emissions were not quantified 
in this survey.  
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A study by SAGE Environmental Consulting (2019) measured fugitive methane and NMVOC 
(referred to as VOCs in the report) emissions from 39 upstream gas production facilities in 
California on a component level (e.g., valves, connectors, flanges, open-ended lines). The study’s 
primary goal was to characterize fugitive emissions; composition of gas was not a priority. SAGE 
Environmental Consulting detected a total of 31 NMVOCs from 81 emission samples taken from 
various components in liquid and gas service at upstream gas facilities. Because the high flow 
rates of the sampling devices were higher than the fugitive emission rates from the components, 
it is likely that the samples contained a mixture of fugitive emissions and ambient air. Therefore, 
it is not possible to determine how much the fugitive emissions and ambient air contributed to the 
NMVOC concentrations in the samples. Detected NMVOCs are listed in Table 4.3 and are 
provided for comparative purposes only.  
 
An additional study by Lebel et al. (2020) measured methane emissions from abandoned oil and 
gas wells in California. Benzene was measured at a single unplugged well and was found to be 
below the detection limit of 6 micrograms per hour (μg/h). Additional testing and public disclosure 
of the composition of NMVOCs in emissions from upstream gas is needed to assess air pollution 
health risks and inform policy makers. 
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Table 4.2. Total California combustion, vented, and fugitive emissions by primary business type. Source: Table 3-2 and Table 3-3 in CARB 
(2013a).  

Primary Business Type Metric Tons Metric Tons of CO2e Totals 

Type No. of 
Facilities CO2 CH4 N2O Combustion Vented Fugitive CO2e % of 

Total 
Onshore Crude Production 668 9,645,891 30,568 178 9,784,578 125,428 433,082 10,343,089 58% 
Other 53 4,579,097 567 108 4,616,047 53 8,512 4,624,612 26% 
Natural Gas Processing 17 913,595 6,090 6 879,601 24,102 139,698 1,043,400 6% 
Onshore Natural Gas Production 703 205,336 16,247 4 218,910 117,835 210,879 547,624 3% 
Crude Processing and Storage 42 370,666 1,719 2 346,952 15,940 44,347 407,239 2% 
Natural Gas Storage 10 200,638 6,263 9 226,569 90,537 17,758 334,864 2% 
PERP Equipment Owner 58 148,082 339 1 148,825 1,960 4,793 155,577 1% 
Offshore Crude Production 16 101,807 1,772 4 104,272 16,708 19,138 140,118 1% 
Crude Pipeline 65 71,625 829 3 72,515 0 17,306 89,821 1% 
Totals: 1,632 16,236,738 64,394 314 16,398,268 392,563 895,513 17,686,345 100% 

Other includes: Compressed natural gas (CNG) compression and marketing, cogeneration, combined heat and power, electricity generation, portable heating, 
water disposal, vapor recovery services.  
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Table 4.3. Emission rates of VOCs identified in upstream gas systems in California (n=81 samples). Sources of VOCs cannot be determined due 
to ambient air mixing during sample collection. Emission rates are provided for comparison purposes only. Source: SAGE Environmental 
Consulting (2019).  

VOC Name CASRN No. of 
Detections 

Min 
(µg/hr) 

5th 
Percentile 
(µg/hr) 

Mean 
(µg/hr) 

Median 
(µg/hr) 

95th 
Percentile 
(µg/hr) 

Max 
(µg/hr) 

From 
gas 
service 

From 
liquid 
service 

1,2,4-Trimethylbenzene 95-63-6 3 0.81 0.99 5.33 2.59 11.60 12.60 Yes  
1,2-Dibromoethane 106-93-4 29 58.00 195.00 3,740.00 585.00 15,800.00 21,100.00  Yes 
1,3,5-Trimethylbenzene 108-67-8- 2 5.16 5.32 6.80 6.80 8.27 8.44 Yes  
2-Hexanone 591-78-6 1 124.00 124.00 124.00 124.00 124.00 124.00 Yes  
4-Ethyltoluene 622-96-8 3 2.71 2.71 8.20 6.77 14.70 15.60 Yes  
Acetone 67-64-1 4 0.78 0.78 2.94 1.07 7.72 8.88 Yes  
Benzene 71-43-2 16 0.37 0.37 6.63 1.14 25.80 80.60 Yes  
Carbon disulfide 75-15-0 2 0.32 0.32 0.32 0.32 0.33 0.33 Yes  
Chlorobenzene 108-90-7 1 45.60 45.60 45.60 45.60 45.60 45.60 Yes  
Chloroform 67-66-3 1 34.00 34.00 34.00 34.00 34.00 34.00  Yes 
Cyclohexane 110-82-7 21 0.44 0.51 25.00 2.47 174.00 227.00 Yes  
Ethanol 64-17-5 13 0.83 0.90 2.27 1.48 6.31 8.98 Yes  
Ethyl Acetate 141-78-6 2 0.49 0.50 0.59 0.59 0.67 0.68 Yes  
Ethylbenzene 100-41-4 5 0.68 0.95 5.32 2.22 15.00 17.80 Yes  
Heptane 142-82-5 18 0.63 0.77 12.50 1.51 77.80 89.30 Yes  
Hexane 110-54-3 23 0.37 0.72 29.70 2.49 77.20 404.00 Yes  
Isopropyl alcohol 67-63-0 8 0.23 0.28 3.11 0.67 13.20 19.20 Yes  
Methyl Isobutyl Ketone 108-10-1 4 0.38 0.43 7.15 3.17 19.40 21.90 Yes Yes 
Methylene chloride 75-09-2 8 1.72 1.76 2.91 2.35 5.99 7.73  Yes 
Methyl-t-butyl ether 1634-04-4 8 0.41 0.41 0.61 0.46 1.29 1.69  Yes 
Propylene 115-07-1 8 0.51 0.53 0.90 0.62 2.17 2.98  Yes 
t-Amyl Methyl Ether 994-05-8 25 0.35 0.39 885.00 20.90 3,730.00 3,780.00  Yes 
Tetrahydrofuran 109-99-9 37 0.14 0.16 935.00 1.36 5,730.00 5,820.00  Yes 
Toluene 108-88-3 32 0.34 0.40 7.90 2.31 46.60 64.80 Yes Yes 
TPH Gasoline (C4-C12) N/A 12 154.00 167.00 3,120.00 542.00 15,100.00 16,200.00 Yes  
trans-1,2-Dichloroethene 156-60-5 10 0.71 0.74 2.64 2.11 7.51 11.80  Yes 
trans-1,3-Dichloropropene 10061-02-6 20 0.82 0.98 596.00 111.00 1,910.00 1,940.00  Yes 
Trichloroethene (TCE) 79-01-6 34 0.92 1.18 4,680.00 24.70 26,400.00 26,800.00 Yes Yes 
Trichlorofluoromethane 75-69-4 6 1.33 1.37 2.77 1.60 5.47 5.64  Yes 
Vinyl chloride 75-01-4 31 0.26 0.28 76.00 0.95 375.00 380.00  Yes 
Xylenes (total) 1330-20-7 25 0.46 0.51 7.65 3.59 29.90 57.30 Yes Yes 
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4.2.1.3 Air quality and permitting in California’s oil and gas basins 

The state of California relies on 35 local air districts to control air pollution emissions from 
stationary sources, including upstream OGD (CalGEM, 2015). Referred to as Air Quality 
Management Districts (AQMD) or Air Pollution Control Districts (APCD), these governing 
authorities process and approve permits for stationary sources and regulate the cumulative air 
quality impact to the region through air quality management plans or clean air plans (CalGEM, 
2015).  
 

Of the 35 air districts in the state, 22 intersect with active oil and gas fields, and 16 districts have 
one or more active or new oil and gas wells within their jurisdiction (Figure 4.1; Figure 4.2) 
(CalGEM, 2021b; CARB, 2019a). The highest number of wells are located in SJVAPCD and 
SCAQMD regions (Figure 4.1) (CalGEM, 2021b; CARB, 2019a). When considering only active 
and new well permits, we found that only 16 air districts had at least one active or new well 
intersect with its boundaries (as of March 1, 2021) (Figure 4.2). Again, SJVAPCD and SCAQMD 
had the largest number of active and new oil and gas wells.  

 
Figure 4.1. Air Districts that intersect with oil and gas fields in California (22 total). Sources: CalGEM 
(2021b); CARB (2019a). 
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Figure 4.2. Air Districts that have a new or active oil and gas well within their jurisdiction. Sixteen districts 
have one or more new or active oil and gas wells as of March 1, 2021. Striped districts have zero new or 
active oil and gas wells. Sources: CalGEM (2021b); CARB (2019a).  
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In 2015 and pursuant to Senate Bill 4, (2013, Pavley) the California Council on Science and 
Technology (CCST) published a multi-volume, multi-chapter assessment on well stimulation 
activities in California. The report found that, from 2012 to 2013, 96% of hydraulic fracturing 
activities in California were located in the San Joaquin Basin, with 85% of activity occurring in just 
four fields: South and North Belridge, Lost Hills, and Elk Hills (CCST, 2015). A smaller amount of 
hydraulic fracturing activities occur in the Los Angeles-South Coast Air Basin (CCST, 2015). 
Approximately 25% of all production in the Los Angeles Basin is associated with hydraulic 
fracturing techniques (CCST, 2015).  
 
The South Coast and San Joaquin Valley Air Basins also have some of the worst air quality in 
California (Brandt et al., 2015; CARB, 2021a). As of March 1, 2021, both air basins are not in 
attainment for ozone and fine particulate matter (PM2.5) when compared to the National Ambient 
Air Quality Standards (NAAQS) and California Ambient Air Quality Standards (CAAQS), and not 
in attainment for coarse particulate matter (PM10) when compared to state CAAQS (SCAQMD, 
2018a; SJVAPCD, 2012). Attainment with national standards for each region is determined by 
comparing the “design value” to the established NAAQS (US EPA, 2016a). For ozone pollution, 
the design value represents a three-year average of the fourth highest annual daily maximum 8-
hour ozone concentration among the area’s regional monitors (US EPA, 2016a, 2021). For PM2.5 
pollution, the design value is the annual mean PM2.5 concentration averaged over three 
consecutive years, and represents the highest value among monitors with valid values (US EPA, 
2016a). Depending on the magnitude to which the design value exceeds the established 
standard, areas of nonattainment are further broken down into six categories ranging from 
“marginal” to “extreme” (CARB, 2021a).  
 
The designations by air basin for ozone and PM2.5 attainment status are shown in Figure 4.3 and 
Figure 4.4, respectively. Ozone pollution in the San Joaquin Valley and South Coast region are 
both in “extreme” nonattainment with national standards, meaning their design values are 0.163 
ppm or greater — more than double the current 8-hour standard of 0.07 ppm (US EPA, 2016b). 
Similarly, PM2.5 pollution is classified as “serious” in the Los Angeles-South Coast Air Basin and 

Top upstream OGD regions in California

The San Joaquin Valley and South Coast Air Basins encompass the largest oil and gas
producing regions in California. The majority of hydraulic fracturing operations in California
occurs in the San Joaquin Valley Air Basin (EIA, 2021; Shonkoff & Gautier, 2015) . More
generally, current oil production in both regions accounts for a significant portion of
California’s overall production volume, accounting for approximately 80% of all oil
produced since 2015 (Brandt et al., 2015; CalGEM, 2021a). CalGEM annual production
volumes indicate 88.1% of the total oil produced in the state from 2015 to the beginning of
2021 can be attributed to upstream oil and gas activity in just 20 fields (CalGEM, 2021a).
Twelve of these 20 oil and gas fields (70% of oil produced since 2015) are located in the
San Joaquin Valley and Kern County, four are located in the South Coast Air Basin
(Wilmington, Huntington Beach, Long Beach & Inglewood) (10% of oil production), and the
remaining three are located outside of these two regions (CalGEM, 2021a).
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“moderate” in the San Joaquin Valley, indicating large to moderate excesses above the national 
standard for PM2.5 in both basins. 
 

 
Figure 4.3. Air basin designation of 2015 8-hour ozone standard. Source: US EPA (2016c).  
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Figure 4.4. Air basin designation of 2012 PM2.5 standard. Source: US EPA (2016c).  
 
Chapter 3 of the CCST report identified the major contributors to air pollution in the Los Angeles-
South Coast and San Joaquin Valley Air Basins (Brandt et al., 2015). This study found that many 
sources are responsible for the poor air quality seen in both the South Coast and San Joaquin 
Valley regions, including but not limited to emissions from upstream OGD, other industrial 
sources, agriculture, residences and businesses, and transportation (Brandt et al., 2015). 
Upstream OGD in the San Joaquin Valley contributes significantly more to the region’s overall air 
pollutant burden as compared to the South Coast region (Brandt et al., 2015). In the Los Angeles-
South Coast area, upstream OGD is only a small portion of the District’s regional emissions, 
accounting for less than 1% of all pollutants (Brandt et al., 2015). In the San Joaquin Valley, 
however, upstream OGD accounts for a significant portion of H2S emissions (70%) and SOx 
emissions (31%), and is responsible for approximately 8% of the District’s ROG emissions and 
4% of emissions of NOx (Brandt et al., 2015). This finding is significant, as photochemical 
oxidation reactions between ROGs and NOx contribute to the formation of ground-level ozone 
(US EPA OAR, 2014). Additionally, upstream OGD in the San Joaquin Valley contributes to 
significant fractions of some TAC species, including BTEX ((Brandt et al., 2015, see Figure 3.3-
10).  
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Upstream OGD plays a significant role in influencing the air quality of San Joaquin Valley. This 
finding is especially important when considering the large population located near upstream OGD 
in the San Joaquin Valley. Shonkoff et al. (2015b) found that approximately 500,000 people live 
within 1 mi (1,609 m) of a stimulated well, and this number significantly increases when 
considering any type of upstream OGD. Results from our proximity analysis (presented in Chapter 
7) indicate that over 3 million people live within 1 kilometer (3,281 ft) of an oil and gas well in 
California. Similarly, while upstream OGD does not contribute to a large portion of emissions in 
the South Coast Air Basin, the region’s population density is more than 10 times greater than in 
the San Joaquin Valley, with residents often located near upstream oil and gas activity (Brandt et 
al., 2015).  
 
In Chapter 4 of the CCST report, Shonkoff & Gautier (2015) conducted a bottom-up inventory 
analysis of the various sources that contribute to the harmful air pollution levels seen in the South 
Coast Air Basin. Results from this assessment found stationary sources from upstream OGD to 
emit 2,361 kilograms per year (kg/yr) of benzene representing a significant portion (9.6%) of 
benzene emissions from stationary sources (Shonkoff & Gautier, 2015). Similarly, this analysis 
found upstream oil and gas facilities to emit 5,846 kg/yr of formaldehyde, accounting for 3.8% of 
formaldehyde emissions from stationary sources. However, when accounting for all sources of 
emissions (including mobile) within the South Coast Air Basin, the authors find that the upstream 
oil and gas sector is responsible for <1% of all source emissions of benzene and formaldehyde. 
These results suggest that while emissions from upstream OGD may not significantly impact 
regional air quality within the South Coast Air Basin, local emission peaks in close proximity to 
upstream OGD sites may pose a risk to those residents and other sensitive receptors located 
nearby.  
 
Shonkoff & Gautier (2015) also performed a proximity analysis in the Los Angeles Basin. They 
considered production wells that were active in 2013 or 2014, and estimated populations within 
buffers of 100 to 2,000 m (328 to 6,562 ft) from these active wells. This assessment found that 
approximately 12% of the South Coast Air Basin population (~2.3 million people) live within 2,000 
m (6,562 ft) of an active oil and gas well (Shonkoff & Gautier, 2015). Therefore, upstream OGD 
also presents a significant air pollution hazard for communities in the South Coast Air Basin given 
that proximity to these activities increases exposure to TACs (Brandt et al., 2015; Shonkoff & 
Gautier, 2015).  
 
Fann et al. (2018) estimated the number of air pollution-related deaths and adverse health 
symptoms attributable to the oil and gas industry in the United States.2 Annual attributable mean 
PM2.5 concentrations from oil and gas activities ranged from 5.27 µg/m3 to <0.001 µg/m3, with 
Alabama, Colorado, Illinois, Louisiana, North Dakota, Ohio, Oklahoma, Pennsylvania, Texas, and 
Wyoming experiencing the largest PM2.5 concentrations (Fann et al. (2018). Similarly, the authors 
found average 8-hour ozone concentrations to range from 8.12 parts per billion (ppb) to 0.003 
ppb, with Alabama, Louisiana, Nebraska, Oklahoma, Texas, and West Virginia experiencing the 

 
2 This study included oil and gas sources associated with production and transportation of oil and natural 
gas and distribution of natural gas but excluded refineries and the distribution of refined products (Fann et 
al., 2018).  
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greatest summer-season ozone concentrations from the oil and gas sector. The PM2.5- and 
ozone-related excess mortality burden was greatest in Texas, Pennsylvania, Ohio, Oklahoma, 
Illinois, California, Michigan, Colorado, Indiana, and Louisiana. In 2025 in California, an estimated 
59 deaths will be attributable to PM2.5 emissions from the oil and gas sector, as well as an 
additional 14 deaths attributable to ozone associated to upstream oil and gas production (Table 
4.4) (Fann et al., 2018).  
 
Table 4.4. Estimated total and selected state PM2.5- and ozone-related premature deaths attributable to 
emissions from the oil and gas sector in 2025. Source: Fann et al. (2018).  

 Estimated numbers of premature deaths (95% confidence interval)b 

Statea Attributable to 
PM2.5 

Attributable to 
ozone 

Total deaths attributable to 
PM2.5 and ozone 

Total deaths per 
100,000 people 

Texas 130  
(88–170) 

130  
(70–190) 

260  
(160–370) 1.4 

Pennsylvania 85  
(57–110) 

55  
(30–80)  

140  
(87–190) 1.6 

Ohio 65  
(44–86) 

48  
(26–70) 

110  
(69–160) 1.5 

Oklahoma 48  
(32–63) 

55  
(29–81) 

100  
(62–140) 4.1 

Illinois 55  
(37–73) 

38  
(20–55) 

92  
(57–130) 1.1 

California 59  
(40–77) 

14  
(7.4–20) 

72  
(47–97) 0.27 

Michigan 39  
(26–52) 

32  
(17–47) 

71  
(44–98) 1.1 

Colorado 37  
(25–49) 

34  
(18–49) 

70  
(43–98) 1.9 

Indiana 38  
(26–50) 

29  
(15–42) 

66  
(41–92) 1.6 

Louisiana 34  
(23–45) 

28  
(15–40) 

61  
(38–85) 2 

National total 1,000  
(670–1,300) 

970  
(520–1,400) 

1,900  
(1,100–2,700) 0.9 

a These states comprise the largest health impacts for the sector. States listed by descending order of total PM2.5 and 
ozone-attributable deaths.  
b All values rounded to two significant figures.  
 
4.2.2. Review of source, exposure, and health risk assessment studies 
 
In this section, we review studies that assess upstream OGD as a source of air pollution, as well 
as studies that assess exposures to and health risks from air pollutants attributed to upstream 
OGD. Our review focuses on peer-reviewed journal publications, government reports, and white 
papers commissioned by government agencies. The studies include air monitoring or modeling 
approaches to measure or estimate methane and associated health-damaging air pollutant 
concentrations from upstream OGD. Additionally, some of these sources place findings in the 
context of human health, for example, by comparing observed pollutant concentrations to air 
quality standards (e.g., NAAQS) or by estimating cancer and/or non-cancer health risk. Studies 
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that rely on emissions inventories or are focused solely on methane emissions without 
quantification or estimation of TAC, CAP, and/or NMVOC concentrations were not included in this 
review.  
 
Relevant sources were compiled using the PSE Repository for Oil and Gas Energy Research 
(ROGER) and California government agency websites (PSE Healthy Energy, 2020). In addition 
to California, we also summarize the results of peer-reviewed studies conducted outside the state, 
including assessments done in Colorado, Pennsylvania, Texas, Utah, and other states with 
upstream OGD. While these studies are not directly applicable to the California context, they 
provide useful insight into the air pollution and resultant health impacts associated with exposure 
to oil and gas at various distances.  
 
4.2.2.1 Source assessment studies conducted in California 

The primary focus of this section is to review studies that assess upstream OGD as a source of 
air pollutants (e.g., methane, CAPs, VOCs, TACs) using ambient air sampling, tracer, and 
modelling approaches. Studies that rely on emissions inventories or are focused solely on 
methane emissions were not included in this review. 
 
Four peer-reviewed studies included air monitoring focused on upstream OGD in California 
(Collier-Oxandale et al., 2020; Gonzalez et al., 2022; Johnston et al., 2021; Okorn et al., 2021). 
Three studies were conducted in South Los Angeles at sites near oil and gas facilities. This region 
is of particular interest given its unique urban setting, high oil and gas activity, and high population 
density. In the Los Angeles Basin, about 1.7 million residents live within 1 mi (1,609 m) of an 
active oil and gas well (Collier-Oxandale et al., 2020; Okorn et al., 2021). Some 70% of active oil 
and gas wells are within 500 m (1,640 ft) of a residence, school, or hospital in Los Angeles, 
including over 500,000 residents (Okorn et al., 2021). Results from each study are summarized 
below in chronological order. 

Collier-Oxandale et al. (2020) evaluated upstream OGD as a source of air pollutants in the Los 
Angeles region of California. The authors deployed low-cost device systems equipped with metal 
oxide VOC sensors to measure concentrations of methane and total non-methane hydrocarbons 
near upstream oil and gas activity. Methane and non-methane hydrocarbons are released during 
production and processing activities at oil and gas facilities, and are of highest concern at these 
sites (Allen et al., 2013).  

Fifteen devices were deployed for an 8-week period at sites surrounding highways and oil and 
gas extraction activities occurring at a multi-well site within the West Adams and University Park 
communities in South Los Angeles. 

The surrounding community was specifically interested in pollutant concentrations at two 
sampling sites (E1 and E2) <50 m (<164 ft), one east and one west of the oil and gas extraction 
site of interest. Results at these two sites suggest that the oil and gas extraction site is one 
plausible source of NMVOC (which include non-methane hydrocarbon) emissions. The authors 
incorporated CO2 and CO concentration data over the same period, the results of which suggest 
that the short-term increases in methane and non-methane hydrocarbon observed over 
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background levels are likely the result of volatilized vented (intentional release) emissions from 
the extraction site of interest, and not from a combustion source such as vehicle emissions from 
the nearby highway and surrounding major roadways (Collier-Oxandale et al., 2020). NMHCs 
include a variety of odor causing aromatic compounds, including BTEX and polycyclic aromatic 
hydrocarbons (PAHs). Some of the increases in methane and non-methane hydrocarbon 
concentrations observed at the two sites <50 m east and west of the extraction site correspond 
with concerns from the community regarding odors and/or heavy activity occurring at the 
extraction facility. Figure 4.5 highlights how emissions of CO2 and non-methane hydrocarbons 
correspond to odor and noise complaints as well as reports of heavy activity at the oil and gas 
extraction site.  

 

Figure 4.5. CO2 and non-methane hydrocarbon emissions at Sites E1 and E2, annotated with noise and 
odor complaints as well as observations by residents of heavy activity at the drill site. Source: Figure 14, 
Collier-Oxandale et al. (2020).  

While this study is limited in that it relies on low-cost monitoring tools, results suggest vehicle 
emissions are not the only source impacting the air quality of the West Adams and University Park 
communities. Results from Okorn et al. (2021) support these findings.  

From 2016 to 2019, Okorn et al. (2021) deployed low-cost air sensors that measure methane, 
non-methane hydrocarbons, CO2, and CO in three Los Angeles communities located near oil and 
gas facilities, with active operations occurring at sites 1 and 3 and no production occurring at site 
2 (well activity ceased in 2013). All three facilities are located within 3 km (1.86 mi) of each other 
and draw from the Las Cienegas oil field (Okorn et al., 2021). At each site, anywhere from four to 
11 devices were installed within 500 m (1,640 ft) of the facility. Two to 11 devices were deployed 
outside this 500 m radius: at a distance of 800 m to 8 km (2,624 ft to 26,247 ft) for Site 1; 4 km 
away (13,123 ft) for Site 2; and 800 m to 1 km (2,624 ft to 3,281 ft) for Site 3. The devices deployed 
outside the 500 m (1,640 ft) radius were used to estimate emissions from major roadways and to 
act as controls (Okorn et al., 2021, see Figure 2).  

Results from this study demonstrate that methane levels varied based on proximity to an oil and 
gas facility (Okorn et al., 2021). Specifically, monitoring results show that methane levels are 
higher within 500 m (1,640 ft) of the three oil and gas facilities and near a gas pipeline, compared 
to concentrations farther away (Figure 4.6). The authors theorize this trend is likely a result of 
proximity to emission sources (Okorn et al., 2021). Significant methane concentrations were also 
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found at Site 2, where wells have been idle since 2013, indicating that fugitive emissions of 
methane may still be released by oil and gas well sites long after active operations have stopped. 
 

 
Figure 4.6. Methane and total non-methane hydrocarbon (TNMHC) concentrations at the control site, 
within 500 m (1,640 ft) of each facility, and outside the 500 m (1,640 ft) radius. Source: Figure 5, Okorn et 
al. (2021).  

Unlike methane, which shows a clear and significant association with proximity to upstream oil 
and gas activity, total non-methane hydrocarbons results were less straightforward. Total non-
methane hydrocarbon concentrations within the 500 m (1,640 ft) radius were similar to 
concentrations found outside this radius (control sites and near major freeways), with modest 
differences seen at Sites 1 and 2. Total non-methane hydrocarbons levels were found to be 
significantly associated with proximity to freeways for Sites 1 and 3, suggesting that traffic is a 
significant source of non-methane hydrocarbons in these communities. However, total non-
methane hydrocarbons monitoring results show that short-term, episodic emissions spikes tended 
to be higher at locations near an oil and gas facility compared to variances seen outside of the 
500 m (1,640 ft) radius, suggesting these events may be associated with specific oil and gas 
activities conducted on-site (Okorn et al., 2021).  
 
Johnston et al. (2021) evaluated the methane, NMVOC, and TAC concentrations adjacent to an 
oil and gas production site in Los Angeles. Oil and gas production facilities, have periods of active 
production as well as idle periods, emissions of which greatly differ depending on the phase. 
Johnston et al. (2021) found average concentrations of methane, total NMVOC, BTEX, styrene, 
n-hexane, n-pentane, ethane, and propane to decrease once production activities idled. 
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Specifically, the authors observed a 28%, 32%, and 69% decrease in toluene, benzene, and n-
hexane concentrations, respectively, after production at the site idled. Results from positive matrix 
factorization (PMF) modeling suggest that oil and gas drilling during the active phase contributed 
23.7% of the total NMVOCs measured, while the idle period only contributes 0.6% (Johnston et 
al., 2021). While TAC concentrations at the fenceline were below state-designated acute 
Reference Exposure Levels (RELs), they were higher than background concentrations taken by 
CARB (2013b) and SCAQMD (Final Multiple Air Toxics Exposure Study (MATES) IV, 2015) for 
the area, suggesting a local emissions source. RELs are Health Guidance Values from California 
Office of Environmental Health Hazard Assessment that are used to determine the amount of a 
chemical in air that does not cause a noncancer health effect, such as asthma. 

Gonzalez et al. (2022) investigated whether drilling new wells or increasing production volume at 
active wells in California resulted in emissions of PM2.5, CO, nitrogen dioxide (NO2), ozone, or 
NMVOCs (referred to as VOCs in the study). To isolate the effect of oil and gas activities on air 
pollutant concentrations, the authors used daily variation in wind direction as an instrumental 
variable and used fixed effects regression to control for unobserved time-trending factors and 
time-invariant geographic factors. This allowed the authors to control for geographic, 
meteorological, seasonal, and time trending factors and compare monitors to themselves, i.e., to 
compare concentrations of pollutants on days when the wind was blowing from nearby oil and 
gas operations to days when there were no oil and gas activities. 
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Figure 4.7. Point estimates (95% CIs) for the marginal effect of one additional preproduction well upwind 
(left column) and downwind (right column) of the monitor. The bar plots show the number of monitor-days 
with exposure to at least one preproduction well within each distance bin. Source: Figure 3, Gonzalez et 
al. (2022). 

Results from the Gonzalez et al. (2022) study indicate that, on days when wells were being drilled 
upwind, there were significantly higher concentrations of PM2.5, NO2, NMVOCs, and ozone as far 
as 4 km (13,123 ft) from the wells (Figure 4.7). While there were higher concentrations up to 4 
km (13,123 ft) from the wells, the amount to which concentrations were elevated do appear to 
decrease with increasing distance from the well. Daily concentrations of PM2.5 increased by 2.35 
µg/m3 (95% confidence interval [CI]: 0.81, 3.89) for each additional well drilled upwind of a monitor 
~2 km (~6,562 ft) away. Daily concentrations of ozone (O3) increased by 0.31 (standard error 
[SE]: 0.06) parts per billion (ppb) for wells within 2–3 km (6,562–9,843 ft); and nitrogen dioxide 
(NO2) increased by 2.27 (SE: 1.40) ppb for wells within 1 km (3,281 ft). For each additional active 
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well upwind of the monitor, these authors also found 1.93 (SE: 0.43) µg/m3 of PM2.5, 0.62 (SE: 
0.12) ppb of NO2, and 0.04 (SE: 0.02) ppb carbon (C) of NMVOCs. (Figure 4.8). The daily 
concentrations of PM2.5 increased 1.93 μg/m3 (95% CI: 1.08, 2.78) for each additional 100 barrels 
of oil equivalent (BOE) produced within 1 km (3,281 ft) of monitors; 100 BOE is approximately the 
median volume of oil and gas production at active wells in California. In placebo tests, the authors 
assessed exposure to wells downwind of the air monitors and observed no effect on air pollutant 
concentrations. Notably, the methods employed by Gonzalez et al. (2022) to estimate air pollutant 
concentrations in relation to distance from oil and gas wells are similar to methods employed in 
many epidemiological studies that measure exposure using residential proximity wells. 
 

 

Figure 4.8. Point estimates (95% CIs) for the marginal effect of 100 additional barrels of oil equivalent 
(BOE) of daily production volume, for wells upwind (left column) and downwind (right column) of the monitor. 
The bar plots show the number of monitor-days with exposure at least 1 BOE of daily production volume 
within each distance bin. Note that more monitor-days had exposure to production volume than 
preproduction wells. Source: Figure 4, Gonzalez et al. (2022). 
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We also reviewed five government-sponsored reports that include air monitoring focused on 
upstream OGD in California (LACDPH, 2018; Mellqvist et al., 2017, 2019; SCAQMD, 2015a, 
2015b). Four of the studies focused on emissions in the South Coast Air Basin (LACDPH, 2018; 
Mellqvist et al., 2017; SCAQMD, 2015a, 2015b), and one was conducted in the San Joaquin 
Valley (Mellqvist et al., 2019).  

In 2015, Fluxsense Inc. conducted a five week sampling campaign to characterize emissions from 
oil wells, oil treatment facilities, and small tank farms (Mellqvist et al., 2017). This study took 
measurements from 900 surveys related to emissions from the oil and gas sector, completed 
between September–November 2015 (Mellqvist et al., 2017). Emission fluxes (kg/hr) of alkanes 
(a subset of non-methane hydrocarbons), BTEX, and methane were estimated by source type 
using a variety of methods and instruments. Results from all locations sampled were 1,318 kg/hr 
of alkanes, 68 kg/hr of BTEX (12 kg/hr for benzene) and 636 kg/hr of methane (Mellqvist et al., 
2017). These totals are based on emissions measurements from various oil and gas facilities, 
including oil and gas well sites, and tank farms, terminals, and depots, among others. Figure 4.9 
shows the contribution of total alkane emission fluxes from stationary sources by source category.  

 

Figure 4.9. Contribution of total alkane emission fluxes from stationary sources by category. Source: 
Figure ES-1, Mellqvist et al. (2017).  

As demonstrated in Figure 4.9, the study found 85% of total alkane emissions surveyed can be 
attributed to releases from oil and gas wells, gas stations, and treatment facilities and small 
refineries, with oil and gas wells contributing more than half of the estimated total (Mellqvist et al., 
2017). The authors note that emissions from small point sources such as oil and gas wells are 
especially concerning when considering the large population residing in close proximity to these 
source types in the South Coast Air Basin and the potential adverse health impacts associated 
with such elevated exposures (Mellqvist et al., 2017). 
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Additionally, in 2022, FluxSense Inc. conducted another assessment, evaluating the emissions 
from upstream OGD in the San Joaquin Valley and South Coast (Mellqvist et al., 2022). Emissions 
of NMVOCs, methane and TACs from several of California’s largest producing oil fields in Kern 
County were measured. A total of 6,100 kg/hr of alkanes and 10,300 kg/hr of methane were 
measured from 11 fields. NMVOC plumes were detected at all oil field fencelines; however, BTEX 
concentrations were measured above detection limit (low ppb) in only some of the fields. For field 
plumes with detectable BTEX concentrations, the ratio of BTEX mass fraction to alkane mass 
fraction was of the order of 5%. The ratio of benzene specifically was 1%. Some processing sites 
or facilities close to the fenceline had evident BTEX emissions reaching neighboring communities. 
Emissions of alkanes and methane from Inglewood Oil Field in Los Angeles County were 101 
kg/hr alkanes and 121 kg/hr, respectively. BTEX emissions were 16 kg/hr, with benzene 
contributing 7.7 kg/hr. Plume dispersion measurements within the field campaigns showed that 
evening and nighttime plumes of TACs can be traced at measurable levels often kilometers away 
from an isolated source. Modeling of plume dispersion and contaminant concentrations were 
carried out for two sites in San Joaquin Valley and were validated with measurements. Although 
cross wind dispersion may be underestimated by the simulation, the results showed that plumes 
likely carry far into residential areas, and this was supported by measurements. 

In addition to the 2017 and 2022 reports, Fluxsense Inc. also conducted a set of comparative 
measurements to characterize and quantify emissions of NMVOCs from a subset of small oil and 
gas sources in the South Coast region (SCAQMD, 2015a). Preliminary results found elevated 
levels of alkanes (~3,200 ppb) and benzene (21 ppb) downwind from a small oil treatment facility. 
Instantaneous elevated concentrations of benzene were detected near three oil well sites on 
multiple days, and follow-up inspections confirmed the presence of leaks as the source of these 
elevated benzene levels (SCAQMD, 2015a). Main findings from this study suggest (1) small 
sources like oil wells likely contribute substantially to total NMVOC emissions from stationary 
sources, and (2) oil wells may contribute to total NMVOC emissions more than previously thought 
(SCAQMD, 2015a).  

The SCAQMD’s Multiple Air Toxics Exposure Study IV (MATES IV), released in 2015, estimated 
the emissions contribution of various oil and gas processes, including upstream OGD activities 
such as oil production, in the South Coast Air Basin (SCAQMD, 2015b). A comparison of 
emissions estimates from major source categories found OGD (i.e., upstream activities) in the 
South Coast Air Basin to contribute significantly to total emissions of TACs and NMVOCs from oil 
and gas sources (e.g., midstream activities like refining) (SCAQMD, 2012). Emissions from 
upstream oil and gas activities (e.g., production) accounted for 17.4% (~57 lbs/day) of benzene 
emissions; 7.2% of formaldehyde (~70.6 lbs/day); 100% of diesel particulate matter (DPM) (~25 
lbs/day); and 100% of fine DPM (~24 lbs/day) emitted by oil and gas upstream and midstream 
sources (e.g., petroleum production, refining, and marketing) (Table 4.5). Similarly, upstream oil 
and gas sources accounted for 77.5% of NOx emissions (~1,380 lbs/day) and 7.7% of CO 
emissions (~1,200 lbs/day) emitted by midstream and upstream oil and gas sources in 2012. Both 
of these constituents are ozone precursors and contribute to the secondary formation of PM2.5.  

We compared these 2012 estimates to 2018 CAP emission estimates provided in Appendix I of 
South Coast’s Draft 2021 PM10 Maintenance Plan for the South Coast Air Basin (SCAQMD, 2021). 
These estimates, included in Table 4.5, show that emissions from the oil and gas industry 
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decreased from 2012 to 2018 for all CAPs, with the exception of NOx emissions (increased by 
~140 lbs/day). While total emissions from oil and gas sources generally decreased over time, 
emissions from upstream oil and gas production sources, such as oil and gas well sites did not. 
Total organic gas emissions from upstream production sources increased by ~5,420 lbs/day from 
2012 to 2018; NMVOCs by ~1,700 lbs/day; CO and NOx by ~60 lbs/day; and SOx emissions by 
~120 lbs/day (SCAQMD, 2012, 2021).  

This trend is more clearly defined when the contribution from upstream oil and gas activities in 
2012 is compared to emissions in 2018. Oil and gas production contributed 3.5% of total oil- and 
gas-related NMVOC emissions in 2012, while in 2018, oil and gas production accounted for 10.2% 
of emissions. A similar trend can be seen when comparing SOx estimates. In 2012, production 
accounted for 1.7% of emissions whereas in 2018, production was responsible for 21.9% of total 
SOx emissions from oil and gas sources. The large reductions in midstream oil and gas processes 
that have been achieved (e.g., petroleum refining), suggest it is possible to reduce emissions from 
upstream oil and gas production sites. CAPs from oil and gas production that increased from 2012 
to 2018 are highlighted in red in Table 4.5. Note that we converted all estimates to pounds per 
day (lbs/day) for ease of comparison. 
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Table 4.5. 2012 and 2018 emissions (lbs/day) by major relevant source category for the South Coast Air Basin. We did not compare 2018 
estimates of TACs to 2012 concentrations, as 2018 estimates were not readily available. This is noted in cells with “NA”. Source: Adapted from 
Appendix VIII, SCAQMD (2012), and Appendix I, SCAQMD (2021). 
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   2012 Criteria Air Pollutants (lbs/day) 2012 Constituents of Concern (lbs/day) 

30 Oil and Gas Production 
(Combustion) 1,760.0 200.0 1,080.0 1,220.0 20.0 200.0 200.0 200.0 25.4 60.7 12.6 25.0 24.2 51.2 50.8 

40 Petroleum Refining (Combustion) 8,840.0 2,560.0 10,120.0 0.0 0.0 3,240.0 3,120.0 3,080.0 12.8 284.4 6.3 0.0 0.0 453.6 441.4 

310 Oil and Gas Production 4,760.0 2,700.0 120.0 160.0 0.0 20.0 20.0 20.0 31.7 9.9 17.5 0.0 0.0 7.1 7.1 

320 Petroleum Refining 12,280.0 8,220.0 9,960.0 380.0 1,120.0 5,680.0 3,640.0 3,160.0 46.5 621.2 98.0 0.0 0.0 235.1 240.8 

330 Petroleum Marketing 235,840.0 69,340.0 0.0 20.0 20.0 0.0 0.0 0.0 211.2 0.0 2,926.1 0.0 0.0 0.2 0.2 

399 Other (Petroleum Production 
 and Marketing) 40.0 40.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.7 0.0 0.0 0.5 0.5 

 Total emissions from O&G (2012) 263,520 83,060 21,280 1,780 1,160 9,140 6,980 6,460 328 976 3,061 25 24 748 741 
% of emissions from upstream 

activities 2.5% 3.5% 5.6% 77.5% 1.7% 2.4% 3.2% 3.4% 17.4% 7.2% 1.0% 100.0% 100.0% 7.8% 7.8% 

   2018 Criteria Air Pollutants (lbs/day) 2018 Constituents of Concern (lbs/day) 

30 Oil and Gas Production 
(Combustion) 2,220.0 240.0 1,220.0 1,420.0 20.0 200.0 180.0 180.0 NA NA NA NA NA NA NA 

40 Petroleum Refining (Combustion) 12,960.0 2,660.0 9,740.0 0.0 20.0 3,560.0 3,540.0 3,540.0 NA NA NA NA NA NA NA 

310 Oil and Gas Production 9,720.0 4,360.0 40.0 20.0 120.0 80.0 60.0 40.0 NA NA NA NA NA NA NA 

320 Petroleum Refining 12,700.0 8,860.0 4,780.0 460.0 480.0 3,740.0 2,500.0 1,760.0 NA NA NA NA NA NA NA 

330 Petroleum Marketing 109,580.0 27,600.0 460.0 0.0 0.0 20.0 0.0 0.0 NA NA NA NA NA NA NA 

399 Other (Petroleum Production and 
Marketing) 1,200.0 1,160.0 20.0 20.0 0.0 0.0 0.0 0.0 NA NA NA NA NA NA NA 

 Total emissions from O&G (2018) 148,380 44,880 16,260 1,920 640 7,600 6,280 5,520 NA NA NA NA NA NA NA 
% of emissions from upstream 

activities 8.0% 10.2% 7.7% 75.0% 21.9% 3.7% 3.8% 4.0% NA NA NA NA NA NA NA 

Oil and gas production emissions 
(2012) 6,520 2,900 1,200 1,380 20 220 220 220 57 71 30 25 24 58 58 

 Oil and gas production emissions 
(2018)  11,940 4,600 1,260 1,440 140 280 240 220 NA NA NA NA NA NA NA 
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For many air pollutants, upstream OGD contributes relatively less emissions than other pollution 
sources at a regional scale. For example, benzene emissions from oil and gas production 
accounted for <1% of total emissions from all major sources in the South Coast (SCAQMD, 2012). 
This is consistent with previous emissions inventory studies conducted in the South Coast Air 
Basin (Brandt et al., 2015), which also found upstream oil and gas sources contribute <1% of total 
emissions from all major sources in the South Coast region. However, as noted above, emissions 
from upstream OGD contribute substantially to localized air pollution near wells. 

Mellqvist et al. (2019) estimates emission fluxes (kg/hr) of ammonia, alkanes, SOx, NO2, BTEX, 
methane, and formaldehyde from oil and gas sources in the San Joaquin Valley using a mix of 
methods similar to those implemented in Mellqvist et al. (2017). Sites were surveyed over a three-
week period in October 2019. The first two weeks were dedicated to surveying emissions from 
the Lost Hills oil and gas production area, while the last week was dedicated to sampling of 
different oil and gas sources in the San Joaquin Valley, specifically the Cymric, McKittrick, and 
Belridge oil fields, as well as emissions from produced ponds in the Cymric/McKittrick and Taft 
fields (Mellqvist et al., 2019).  

Average emission fluxes from the Lost Hills oil and gas production area were estimated to be 522 
kg/hr for alkanes, and 244 kg/hr for methane emissions over the sampling period (Table 4.6) 
(Mellqvist et al., 2019). Higher average emission fluxes were observed from the Cymric & 
McKittrick oil and gas production area, with estimated alkane and methane fluxes of 1,380 and 
2,430 kg/h over the sampling period (Mellqvist et al., 2019, see Table S1). The highest average 
alkane flux of 2,970 kg/h was observed in the Cymric & McKittrick Belridge production area 
(Mellqvist et al., 2019, see Table S1). Larger sources of emissions were found to occur during 
workover activities and activities at other oil rigs, as well as from vacuum trucks accessing the oil 
and gas field, with the largest permanent source of emissions attributed to separators operating 
within the field. 

Finally, a neighborhood health investigation conducted at the AllenCo Energy Facility, located in 
the University Park Community in Los Angeles, found the facility’s operational emissions to 
adversely affect the health of nearby residents (LACDPH, 2018). The AllenCo facility consisted 
of seven oil production wells on-site, and an additional 14 production wells located at various 
locations nearby, with the closest resident located 60 feet (18 m) from an active well. Between 
2010 to 2014, the SCAQMD received nearly 300 odor complaints, conducted 150 inspections, 
and issued 18 notices of violation (SCAQMD, 2018b). Complaints from University Park residents 
were recurrent and included reports of headaches, nausea, and irritation to the eyes, nose, throat 
and airway (LACDPH, 2018).  
 
Sampling results in 2011 indicated very low levels of H2S emissions; however, the U.S. 
Environmental Protection Agency (EPA) and county health investigators suspected that constant 
exposure to even low levels of pollutants such as H2S were associated with the symptoms 
reported by community members (Sahagun, 2013a, 2013b). Additionally, one sample, taken from 
a wastewater tank discharge line, found hydrocarbon levels to be 10,000 times higher than 
ambient concentrations (Sahagun, 2013a). As stated by the Los Angeles County Department of 
Public Health (LACDPH), the petroleum-based compounds emitted at the AllenCo facility 
appeared to be “well below levels that would lead to long-term systemic health effects. However, 
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intermittent exposure to low level emissions can cause recurrent short-term health effects with 
symptoms consistent with those reported by neighboring residents” (LACDPH, 2018). The 
Director of Environmental Health for Los Angeles County agreed with this conclusion, stating that 
symptoms described by nearby residents “are not inconsistent with what we would expect to see 
after exposure to low levels of hydrocarbons. So, while the detectable concentrations of 
hazardous pollution may be below regulatory standards, they are nonetheless making people 
sick” (Los Angeles Times, 2013b).  
 
4.2.2.2 Source assessment studies conducted outside California 

A total of 20 peer-reviewed studies focused on air monitoring and modeling of air pollutant 
emissions from upstream OGD outside of California. Four were conducted in Pennsylvania (Goetz 
et al., 2015, 2017; Maskrey et al., 2016; Yuan et al., 2015), seven were conducted in Texas (Allen, 
2016; Brantley et al., 2015; Marrero et al., 2016; Rich & Orimoloye, 2016; Roest & Schade, 2017; 
Zhou et al., 2021; Zielinska et al., 2014), three were conducted in Utah (Ahmadov et al., 2015; 
Helmig et al., 2014; Koss et al., 2015; Oltmans et al., 2016), two were conducted in Colorado 
(Hecobian et al., 2019; Milford, 2015), one was conducted in West Virginia (McCawley, 2015), 
and two were conducted across multiple states (Eisele et al., 2016; Johnson et al., 2018).  
 
Texas 
 
Studies in Texas found upstream OGD to have a significant impact on air quality. Rich & 
Orimoloye (2016) assessed air quality as a function of distance and found concentrations of 
various TACs, including benzene, to be higher in close proximity to active upstream OGD. 
Zielinska et al. (2014) found air quality impacts beyond a distance of approximately 100 m (328 
ft) from gas wells and compressor stations in the Barnett Shale region to be indiscernible from 
background levels, suggesting that higher concentrations close to activity are observed. Source 
apportionment results from Zielinska et al. (2014) also demonstrate the significant contribution to 
regional NMVOCs from gas production sources in the Barnett Shale region, especially for alkanes 
with a low molecular weight. This corresponds with a study conducted in the Eagle Ford Shale, 
which estimated NMVOC emissions from the largest oil and gas facilities in the state (Zhou et al., 
2021). Similarly, Eisele et al. (2016) measured NMVOC concentrations at an oil and gas site in 
the Texas Barnett Shale and found BTEX and styrene concentrations sampled within 60 m (197 
ft) of the well site to be significantly higher than concentrations sampled 195 – 290 m (640 – 951 
ft) from the site.  

Marrero et al. (2016) collected whole air samples upwind and downwind from a number of 
upstream oil and gas sources in Texas. The authors found the highest hexane and m- & p-xylene 
mixing ratios to be observed downwind of well pads with compressors, where methane leak rates 
were highest; the highest toluene and benzene mixing ratios were found near oil-producing wells. 
Estimates of hexane, benzene, and toluene in Texas were consistent with estimates in Colorado 
and Utah, suggesting that there may be some consistency in emissions profiles from upstream 
OGD across geographic regions (Marrero et al., 2016). Findings from another Texas-based study 
suggests that a small number of upstream oil and gas sources are responsible for a significant 
portion of methane and NMVOC emissions (“super emitters”) (Allen, 2016). While it is still 
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uncertain why specific sites become super emitters over other upstream sites, the evidence 
suggests that differences in operational practices at well sites, as well as operational failures of 
high-emitting oil and gas components like pneumatic controllers and compressors, are potential 
factors (Allen, 2016). 

Findings from Roest & Schade (2017) in Texas confirmed methane and non-methane 
hydrocarbons are indeed co-emitted from liquid storage tanks, with alkane mixing ratios 
increasing in the Eagle Ford Shale region in tandem with increasing oil and gas production rates. 
The largest fraction of methane emissions identified in Brantley et al. (2015) were found in tank 
samples collected from a dehydrator (64.4%), which is a device used to remove excess water 
vapor from gas (Brantley et al., 2015). 

Pennsylvania 

In the Marcellus Shale region of Pennsylvania, Goetz et al. (2015) performed a tracer study 480–
1,100 m (1,575–3,609 ft) downwind of several gas facilities (eight compressor stations, two 
transient well pads for drilling and completion, and four production well pads) to measure and 
compare methane, ethane, and combustion by-product emission rates. They observed 
compressors and transient sites, followed by production sites to be the largest emitters of 
methane, CO, NOx, and CO2. The greatest ethane emission rates were measured at well 
production sites, although ethane emission rates were not reported for transient sites. They did 
not detect benzene or toluene in any plumes downwind of the sites, and detected elevated levels 
of methanol in only one plume downwind of a compressor site.  

This is consistent with findings from Goetz et al. (2017), which identified gas well pads as 
significant sources of methane, ethane, and CO, but not major contributors of toluene and 
benzene. This may be due to the presence of dry-gas wells in the northeast region, as opposed 
to wet gas, which is composed of methane and other light alkanes (Goetz et al., 2017). Ethane to 
methane enhancement ratios were found to be consistent with ratios similar to dry gas, consistent 
with this hypothesis. Another Pennsylvania study (Yuan et al., 2015) found methane to benzene 
enhancement ratios to be consistent with emissions signatures associated with upstream OGD. 
The authors note that ~10% of facilities (e.g., gas processing facilities, compressor stations) 
accounted for ~40% of methane emissions observed in the monitored regions, highlighting the 
potential presence of super-emitting facilities that require further mitigation. One study conducted 
in Pennsylvania found operations at the well pad did not significantly impact local air 
concentrations of PM2.5 and NMVOCs (Maskrey et al., 2016).  

Utah 

In Utah’s Uintah Basin, surface and vertical profile observations of NMVOCs identified highly 
elevated levels of atmospheric NMVOCs, including benzene and toluene, at 200−300 times above 
the regional and seasonal background during temperature inversion events in 2013 (Helmig et 
al., 2014). These observations suggest a causal link between oil and gas emissions and, 
accumulation of TACs in the atmospheric surface layer. Another study in Utah found methane 
emissions from a gas field to be significantly correlated with levels of ethane, propane, n-butane, 
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i-pentane, n-pentane, hexane, benzene, heptane, toluene, octane, and xylenes (Oltmans et al., 
2016). Emissions were traced to several upstream sources, including numerous well sites, 
gathering pipelines, compressor stations and two large processing plants. Consistency in the 
distribution of these NMVOCs with methane distributions suggests they are co-emitted (Oltmans 
et al., 2016). A 2015 study in the Uintah Basin found pollutant emission ratios to be consistent 
with contributions of emissions from oil and gas producing wells (Koss et al., 2015). In addition, 
the methane emission rate, extrapolated from the emission rate for benzene, was consistent with 
an independent evaluation of methane emissions using aircraft measurements (top-down) from 
2012. Another Utah-based study evaluated emissions from oil and gas operations using a top-
down (i.e., aircraft measurements) and bottom-up (i.e., emissions inventory) approach (Ahmadov 
et al., 2015). They found high emissions of NMVOCs compared to emissions of NOx, suggesting 
oil and gas operations are a significant source of ozone in the region.  

Colorado 

In Colorado, Hecobian et al. (2019) found variations in measured emission rates of TACs and 
NMVOCs at the various stages of production in the Denver-Julesburg and Piceance Basins in 
Colorado. Emission rates differed depending on the basin and phase of production, with flowback 
operations accounting for the highest levels of light and heavy alkane (e.g., n-hexane, n-heptane) 
emissions among all the sites sampled. Drilling and production activities produced elevated levels 
of light alkane emissions (e.g., ethane, propane, n-butane), but at much lower levels than during 
hydraulic fracturing and flowback operations. When the duration of operations is considered, 
however, drilling and production activities could still present a significant risk, as drilling and 
production activities (including conventional methods) are continuous (e.g., ≥8 hours per day) and 
generally fixed in one location (i.e., longer exposure duration), whereas stimulation treatments 
and flowback operations occur over shorter intervals (e.g., 5 hours of operation per day) and move 
from location to location (Hecobian et al., 2019). Similarly, Eisele et al. (2016) measured NMVOC 
emissions at oil and gas sites in Colorado and Texas and found benzene and toluene 
concentrations at the well pad to be significantly higher in the Denver-Julesburg Basin compared 
to downtown Denver. 

These findings are consistent with findings from Milford (2015), which identified diesel-powered 
drill rigs and natural gas-powered compressor stations as the largest contributors to emissions of 
NOx in Colorado. In addition to NOx, large reciprocating natural-gas powered compressors are 
significant sources of NMVOCs, CO, PM, CO2, and methane; diesel fuel-powered drill rigs are 
significant sources of PM, NMVOCs, and sulfur dioxide (SO2) (Milford, 2015). The largest NMVOC 
emissions were attributed to “flashing losses from crude oil and condensate storage tanks, fugitive 
emissions from leaks in valves, fittings and other equipment, venting of hydrocarbons from 
completions and blowdowns, venting from glycol dehydration units and gas-driven pneumatic 
devices” (Milford, 2015). 

The intensive use of service trucks, horizontal drilling rigs, and hydraulic fracturing pumps during 
unconventional OGD in the United States, all of which are typically diesel fuel-powered, are also 
sources of air pollution. Johnson et al. (2018) found engines used during hydraulic fracturing 
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activities to produce the largest amount of NOx emissions, drilling rigs produced large amounts of 
CO emissions, and diesel-powered trucks produced the largest total hydrocarbon emissions of all 
phases evaluated. McCawley (2015) evaluated releases from drill sites in West Virginia using 
tapered element oscillating microbalance (TEOM) 24-hour dust samples and found PM2.5 and 
PM10 concentrations to not exceed 24-hr NAAQS. Average concentrations of ammonia, NOX, 
ozone, and SO2 “did not indicate a concern for ambient or occupational exposures,” though the 
author did not offer direct comparison to standards for these pollutants (McCawley, 2015).  

4.2.2.3 Exposure assessment studies conducted in the U.S. 

The majority of exposure assessments found in the peer-reviewed literature and in government-
sponsored reports were conducted outside of California. We identified 12 exposure assessment 
studies: three in California (CARB, 2021b; Deschenes et al., 2021; Garcia-Gonzales et al., 
2019b); one in Colorado (Esswein et al., 2014); five in Pennsylvania (Banan & Gernand, 2018, 
2021; Brown et al., 2015; Long et al., 2019, 2021); and three across multiple states (Garcia-
Gonzales et al., 2019a; Haley et al., 2016; Macey et al., 2014).3  
 
Garcia-Gonzales et al. (2019b) evaluated the distance decay gradient of air pollutant exposures 
from upstream OGD, and the potential impacts to health for residents in Los Angeles. The authors 
selected a facility in the West Adams community of South Los Angeles. Referred to as the 
Jefferson drill site, this facility is one of the top producers of oil and gas in California, operating 20 
active oil and gas wells at the time of sampling and producing a total 8,890 million cubic feet (Mcf) 
of gas and 8,553 barrels (bbls) of oil in February 2016 alone. Homes within the West Adams 
community are located as close as 60 ft (18 m) to an active wellhead, exposing residents to health-
damaging air pollutants released during operation.  

The authors placed passive samplers at 11 home sites, three at the fence line of the Jefferson 
drill site (approximately 804 ft [245 m] from an active wellhead), and one approximately 2,460 ft 
(750 m) from the Jefferson drill site to act as a control. Pollutants were sampled for a two-week 
period and included measurements of n-pentane, n-hexane, benzene, and 2-butoxyethanol, all of 
which are known to be associated with upstream OGD (Garcia-Gonzales et al., 2019b). N-
pentane, n-hexane, and benzene were found to be above the limit of detection for all samples 
(including the control), with the two-week time weighted average concentration being 0.51, 0.43, 
and 1.07 ppb, respectively (Garcia-Gonzales et al., 2019b). Benzene and n-hexane 
concentrations exceeded those found in the SCAQMD’s MATES IV report on air quality in central 
Los Angeles (SCAQMD, 2015b).  

Results from the distance decay analysis show a clear trend of decline in pollutant concentrations 
as you move away from the Jefferson drill site (Garcia-Gonzales et al., 2019b). To the east of the 
drill site (downwind), benzene concentrations decayed to background levels at 427 ft (130 m) 
from the closest wellhead, n-hexane concentrations decayed to background at 640 ft (195 m), 
and n-pentane concentrations decayed to background at 542 ft (165 m). To the west of the site 

 
3 Radioactive materials can also spread through airborne transport. However, this section does not 
include exposure assessments focused on radioactivity from OGD. For more information related to OGD 
and radioactive materials, see Chapter 2. 
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(upwind), n-pentane concentrations were highest near the facility; benzene and n-hexane 
concentrations, however, exhibited the opposite trend, increasing as distance from the facility 
increased. This pattern likely indicates the presence of other sources of pollution upwind from the 
Jefferson drill site, such as combustion emissions from the four-lane arterial roadway just west of 
the site. Results from the distance decay analysis suggest that residences downwind (east) from 
the Jefferson drill site are exposed to a higher pollution burden, with benzene concentrations 
increasing by 9%, n-hexane by 22%, and n-pentane by 24% from activity.  

The Study of Neighborhood Air near Petroleum Sources (SNAPS) is a program under CARB that 
evaluates short-term, intensive air quality monitoring results in relation to proximity to oil and gas 
production facilities and other pollution sources in California (CARB, 2021b). For each site and 
community of interest, CARB staff will deploy stationary trailers equipped with sensors to measure 
ambient concentrations of NMVOCs, PM, metals, and CAPs for approximately one year (CARB, 
2021b). Communities selected for the first round of monitoring include (1) Lost Hills, Lost Hills Oil 
Field, Kern County; (2) McKittrick and Derby Acres, McKittrick Oil Field and Midway-Sunset Oil 
Field, Kern County; (3) Baldwin Hills, Inglewood Oil Field, Los Angeles County; and (4) South Los 
Angeles, Las Cienegas Oil Field, Los Angeles County (CARB, 2018a).  

The first and only site to undergo monitoring efforts at the time this report was prepared was the 
Lost Hills community neighboring the Lost Hills Oil Field in Kern County (CARB, 2018a). 
Monitoring efforts occurred over the course of a year starting in June 2019 and ending on April 
29, 2020. CARB published preliminary data and analysis in a mid-monitoring update from the Lost 
Hills sampling campaign (CARB, 2019b). Of the 135 organic chemicals sampled each week, 10 
were detected near the Lost Hills oil field, including TACs commonly associated with upstream oil 
and gas facilities such as benzene and H2S (CARB, 2019b). Twenty-four metals were also 
detected during the sampling campaign, with concentrations of silicon, aluminum, calcium, and 
iron found to be higher on windy days, suggesting the source is from fugitive emissions of crustal 
dust at the site. On-site measurements of ozone and PM2.5 used to estimate the air quality index 
(AQI) at the site found the AQI to be at “good” levels 53.8% of the time, at “moderate” levels 46% 
of the time, and at unhealthy levels for sensitive groups 0.2% of the time (CARB, 2019b). 
Preliminary findings demonstrate that all concentrations of detected pollutants were below the 
acute reference exposure threshold for those pollutants with state designated RELs.  

A 2021 study evaluated the potential air quality impacts from oil and gas production under two 
different policy levers aimed at reducing oil and gas-related pollutant emissions in California 
(Deschenes et al., 2021). The first policy lever includes the implementation of either (1) a 
statewide oil production quota (potentially implemented through auctioned extraction permits), or 
(2) an equivalent tax on extraction for all new and existing wells, first from fields with more costly 
extraction then from less costly extraction fields. Results from this assessment found that tighter 
statewide crude oil production quotas not only lowers local air pollution exposure across 
California, but it also has an equity co-benefit by minimizing the gap in pollution exposure for 
disadvantaged communities (Deschenes et al., 2021). Furthermore, if the production quota is 
implemented through auctioned extraction permits, the additional state funding could be directed 
towards decarbonization efforts. 

The second policy lever implements setback distances that prohibit extraction from new and 
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existing oil wells within a certain distance of occupied areas at risk of exposure, including 
residences, schools, childcare and healthcare facilities, among others. Setback policies are more 
effective at mitigating harmful pollutant exposures than they are at achieving full decarbonization. 
However, setback policies would have a substantial impact on direct exposures to pollutant 
emissions from oil production for those living near oil well sites. Deschenes et al. (2021) found 
that a setback distance to wells of 2,500 ft (762 m) from residences, schools, playgrounds, 
childcare centers, elderly care and healthcare facilities would achieve a 49% reduction in 
greenhouse gas (GHG) emissions from 2019–2045. Finally, if the two policies were both 
implemented, the same improvements would be observed in aggregate with slightly fewer job 
losses. 

Studies conducted in other states also found elevated levels of NMVOCs and TACs near oil and 
gas operations. An occupational exposure assessment conducted in Colorado by Esswein et al. 
(2014) found inhalation risks to oil and gas workers from benzene exposure to be associated with 
the amount of time spent working in close proximity to specific oil and gas operations (Esswein et 
al., 2014). Banan & Gernand (2018) measured PM2.5 concentrations at varying locations around 
a typical well site (six wells per pad) in the Marcellus Shale in Pennsylvania in 2015 and concluded 
that the state’s current setback distance policy of 152 m (500 ft) (58 PA. Cons. Stat. § 3215) is 
insufficient at protecting the public health of nearby residents. Results demonstrate that PM2.5 
concentrations 152 m (500 ft) away from a generic well site frequently exceeded the U.S. EPA’s 
NAAQS health-protective (primary) standard annual average level of 12 μg/m3 for PM2.5 (Banan 
& Gernand, 2018). The authors recommend that Pennsylvania establish a minimum setback 
distance of 736 m (2,415 ft) to ensure compliance with health-protective (and other safety) 
thresholds for those individuals living within this radius of an active well site (Banan & Gernand, 
2018).  

Banan & Gernand (2021) also evaluated PM2.5 concentrations in 2017 at varying locations around 
Pennsylvania well sites in relation to nearby populations. Consistent with findings from Banan & 
Gernand (2018), this study found that doubling the current setback distance to a distance of 305 
m (1,000 ft) — from the current 152 m (500 ft) policy — would reduce the total number of PM2.5 
exceedances by 95% (Banan & Gernand, 2021). Brown et al. (2015) assessed air quality as a 
function of distance and found concentrations of various TACs in Pennsylvania, including 
benzene, to be higher in close proximity to active upstream OGD. Long et al. (2019) evaluated 
concentrations of 11 air pollutants4 associated with upstream OGD in Pennsylvania and found a 
small fraction of measurements to exceed the acute and chronic “health-based air comparison 
values” in the Marcellus shale region (“peak” emissions), consistent with findings from Banan & 
Gernand (2018, 2021).  

A minority of Pennsylvania studies found operations at the well pad to not significantly impact 
local air concentrations of PM2.5 and NMVOCs (Long et al., 2021). Results summarized in Long 
et al. (2021) found all measurements of PM2.5 and NMVOC monitoring at three locations 
approximately 1,000 ft to 2,800 ft (304 m to 853 m) away from a well pad to be “below health-

 
4 PM2.5, NO2, SO2, BTEX, acetaldehyde, formaldehyde, n-hexane, and H2S. 
 



 

4-35 

based air comparison values, and thus do not provide evidence of either 24-hour or long-term air 
quality impacts of potential health concern at the school.”  
 
Consistent with findings in California, Colorado, and Pennsylvania, benzene is observed across 
the majority of studies investigating TACs associated with upstream OGD in the United States, 
regardless of the geographic focus of each study (Garcia-Gonzales et al., 2019a.). For example, 
Macey et al. (2014) assessed air emissions associated with upstream oil and gas activities in 
various locations within the United States and found significant concentrations of benzene and 
formaldehyde across Wyoming, Pennsylvania, and Arkansas (Macey et al., 2014). Upstream 
OGD operations in Wyoming and Pennsylvania were both found to have benzene concentrations 
in exceedance of acceptable risk levels (Macey et al., 2014). Macey et al. (2014) also found 
formaldehyde concentrations near compressor stations in Wyoming, Pennsylvania, and Arkansas 
that exceeded health-protective thresholds. Elevated levels of H2S were found near sites in 
Colorado and Wyoming as well (Macey et al., 2014). Haley et al. (2016) evaluated setback policies 
in three oil and gas producing states (Colorado, Pennsylvania, and Texas) and found them all to 
be insufficient at protecting human health, allowing human exposure above the established limits 
for benzene and H2S to occur.  
 
4.2.2.4 Health risk assessments conducted in the U.S. 

We identified six health risk assessment studies focused on upstream OGD exposure in the 
United States. These studies place findings in the context of human health by estimating potential 
cancer and/or non-cancer health risks from exposure to observed pollutant concentrations. The 
majority of studies were conducted in Colorado (Holder et al., 2019; McKenzie et al., 2012, 2018; 
McMullin et al., 2018), with only one study conducted in California (Shonkoff & Hill, 2020) and one 
study conducted in Texas (Bunch et al., 2014).  
 
Shonkoff & Hill (2020) evaluated air monitoring data collected by independent consultants with 
guidance from CARB (CARB, 2018b). Air sampling occurred in five oil fields in the San Joaquin 
Valley and Kern County regions (North and South Belridge, Buena Vista Nose, Elk Hills, and Lost 
Hills) in California from December 2016 to December 2018. This study was conducted as a joint 
effort by CARB and the California Geologic Energy Management Division (CalGEM, formerly 
known as the Division of Oil, Gas and Geothermal Resources [DOGGR]). 8-hr continuous 
samples were taken at eight sites within 300 to 500 ft (91 m to 152 m) of an oil and gas well 
undergoing well stimulation activities; in addition, measurements were taken at the perimeter of 
the well during cleaning activities post-stimulation. Sampling efforts sought to collect air 
monitoring data at locations representative of the background (air quality of the general oil field) 
and ambient concentrations (regional air quality away from oil and gas activity) for the region, to 
act as a control for comparison to emissions from well stimulation activities, specifically (CARB, 
2018b).  

Shonkoff and Hill (2020) relied upon the Office of Environmental Health Hazard Assessment’s 
(OEHHA) health risk assessment guidance to evaluate cancer and noncancer health risks from 
oil and gas exposure. Lifetime excess cancer risk was estimated by multiplying the average daily 
inhalation dose by the cancer potency factor, while noncancer health risks (chronic and acute 
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exposures) were estimated using OEHHA’s RELs, the Agency for Toxic Substances and Disease 
Registry (ATSDR) Minimal Risk Levels (MRLs), the U.S. EPA’s reference concentrations, and the 
U.S. EPA’s Provisional Peer-Reviewed Toxicity Value (Shonkoff & Hill, 2020).  

Over the two-year sampling period (2016–2018), sixty-four individual compounds were detected 
in the 8-hr continuous samples. Of these detected compounds, 59% (38 compounds) were 
identified as health-relevant state- or federally-designated air pollutants5, and 34% (22 
compounds) of which are known or suspected human carcinogens (Shonkoff & Hill, 2020). 
Cumulative lifetime excess cancer risks were found to exceed the U.S. EPA de minimis threshold 
(1 case in one million) at each sampling location type (ambient, background, well stimulation and 
cleanout), with levels detected at ambient locations representing the highest lifetime cancer risks 
(Shonkoff & Hill, 2020). While the ambient monitoring locations were intended to act as a control, 
the authors note that “the proximity of off-field (ambient) locations to oil field activities and the 
similarities observed between off-field and on-field air quality suggest off-field (ambient) reference 
sites may be more reflective of oil field air quality than regional air quality” (Shonkoff & Hill, 2020). 
This statement is supported by evidence from a companion study, (Stringfellow & Camarillo, 
2020), in which the authors concluded that the proximity of ambient sampling locations to oil and 
gas fields suggests that the chosen ambient sampling locations are not actually indicative of off-
field air concentrations.  

Excess cancer risks during both hydraulic fracturing activities and cleanout events were largely 
driven by concentrations of formaldehyde and benzene, with hydraulic fracturing activities 
resulting in a cumulative excess cancer risk of 62 in one million and cleanout events resulting in 
an excess cancer risk of 46 in one million, assuming continuous 8-hour exposures over a 70-year 
lifetime, per guidance for assessing cumulative lifetime cancer risk (Shonkoff & Hill, 2020). These 
findings are significant, as risks not only exceed the de minimis significance threshold, but they 
also exceed three SCAQMD significance thresholds of 1, 10, and 25 in one million, and both 
SJVAPCD significance thresholds of 1 and 20 in one million excess cancers (see Appendix D for 
more detail). Benzene was found to contribute 85% of the total cancer risk observed at these 
“ambient” sampling locations, a compound that is co-emitted during upstream oil and gas 
activities. Benzene was also the main driver for noncancer adverse health impacts associated 
with exposure, evidenced by the elevated acute and chronic hazard quotients (HQ, HQs>1) 
greater than 1, and by the elevated acute and chronic hazard indices (HI, HIs>1) at “ambient” 
sampling locations (Shonkoff & Hill, 2020).6  

The authors note that these cancer risk estimates are conservative, as well stimulation treatment 
activities “are relatively short-lived and only represent a limited set of activities involved in OGD 
that warrant further investigations into potential air quality impacts” (Shonkoff & Hill, 2020). Even 
so, this study provides useful insight into the cumulative health risks that may be associated with 
oil and gas production in California. In addition, studies conducted outside of California clearly 
demonstrate that oil and gas production activities, when accounting for specific phases of 
production, emit continuous amounts of harmful air pollutants.  

 
5 “Health-relevant air pollutants” include state designated TACs and federally designated TACs. 
6 See Appendix D for description of HQs and HIs and how they are estimated.  
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Studies conducted in Colorado also suggest that significant health risks exist to residents as a 
function of proximity to upstream oil and gas activity. Holder et al. (2019) clearly demonstrates 
that cancer risks and noncancer health risks associated with acute, subchronic and chronic 
exposures are reduced as distance from oil and gas sites increases. Holder et al. (2019) also 
found potential for noncancer adverse health effects associated with acute exposures to 2-
ethyltoluene, 3-ethyltoluene, toluene, and benzene, and for respiratory, nervous, and hematologic 
(i.e., blood) target organ systems. These results applied to the highest-exposed hypothetical 
individuals and were found to persist out to 2,000 ft (610 m) for benzene exposure, as well as for 
neurologic and hematologic effects. 
 
McKenzie et al. (2012) also found noncancer health risks associated with subchronic exposures 
as well as cancer risks, to be greater for residents living within ½ mi (2,640 feet, 805 m) from oil 
and gas wells, as compared to those living beyond ½ mi (2,640 feet, 805 m). These findings are 
specific to respiratory, neurological and hematological target organ systems. Increased risk was 
driven primarily by exposure to trimethylbenzenes, xylenes, and aliphatic hydrocarbons; slightly 
elevated excess lifetime cancer risk estimates were also driven by benzene exposure (McKenzie 
et al., 2012).  

McKenzie et al. (2018) found that lifetime excess cancer risks exceeded the U.S. EPA de minimis 
threshold (1 case in one million) at all locations, including background, and began to increase 
over background at 501 to 610 m (1,673 ft to 2,000 ft). While cancer risk associated with exposure 
to benzene exceeded the U.S. EPA de minimis threshold across all distances examined, 
McKenzie et al. (2018) observed that lifetime excess cancer risk clearly increases with proximity 
to upstream OGD. Considering air monitoring data collected within 350 to 3,700 ft (107 m to 1128 
m) of oil and gas sites in Colorado, lifetime excess cancer risks were estimated at 4.3 cases per 
100,000 individuals, also exceeding the U.S. EPA de minimis threshold by more than an order of 
magnitude (McMullin et al., 2018). The lifetime excess cancer risk estimate reported by McMullin 
et al. (2018) also fell within the range reported by McKenzie et al. (2018) within similar distances 
from oil and gas sites (5.7 cases per 100,000 compared to one case per 10,000). 

It is important to note that Holder et al. (2019) only considered cancer risks associated with 
exposure to benzene and did not consider exposures to other possible or probable carcinogens, 
as did McKenzie et al. (2018) and McMullin et al. (2018). Holder et al. (2019) recognize that 
because they only considered benzene, total cancer risks were likely underestimated, although 
the degree of underestimation is unknown. Despite this limitation, they found that excess lifetime 
cancer risk below the U.S. EPA de minimis threshold was only achieved at a distance beyond 
1,800 ft (549 m) from the well pad when considering various combinations of benzene exposure 
and risk estimate scenarios. 

Numerous oil and gas-associated TACs have been detected at distances beyond 500 ft (152 m) 
from the well pad, out to distances of approximately 1,600 m (1 mi) (McKenzie et al., 2018). 
Consistent with findings in California, Colorado, and Pennsylvania, benzene is observed across 
the majority of studies investigating TACs associated with upstream OGD in the United States, 
regardless of the geographic focus of each study (Garcia-Gonzales et al., 2019a; Haley et al., 
2016; Macey et al., 2014).  
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In addition to the acute and chronic health outcomes documented, many oil and gas pollutants 
also have endocrine-disrupting properties. Endocrine disruptors can cause harmful effects at low 
doses and the timing of exposure influences the risk of outcome (Bolden et al., 2018). 
Furthermore, risk assessment studies often do not account for the full suite of air contaminants 
near oil and gas sites and are likely underestimating cancer and non-cancer health risks, 
particularly for compounds that affect similar adverse pathways, and are likely to adversely impact 
vulnerable population groups. 

One study in Texas, Bunch et al. (2014), did not find a positive correlation between proximity to 
oil and gas activity and air pollutant concentrations. This may be due to the fact that the study 
relied upon regional concentrations of pollutants in Texas rather than samples conducted at the 
community level; community level sampling often captures differences in local emissions 
concentrations and are therefore more relevant to human health exposure than regional sampling 
efforts (Shonkoff & Gautier, 2015).  
 
4.2.3. Summary of findings  
 
The body of literature focused on oil and gas-associated air pollution exposures provides sufficient 
evidence that upstream OGD may present risks to human health.  
 
4.2.3.1 California studies 

Source assessment studies conducted in California found upstream oil and gas activities to be a 
substantial source of air pollutant emissions. Studies were conducted in Los Angeles and/or the 
South Coast region (Collier-Oxandale et al., 2020; Johnston et al., 2021; LACDPH, 2018; 
Mellqvist et al., 2017; Okorn et al., 2021; SCAQMD, 2015a, 2015b); the San Joaquin Valley 
(Mellqvist et al., 2019); and across OGD regions in California (Gonzalez et al., 2022). 

The majority of studies focused on NMVOC and TAC emissions from and near upstream oil and 
gas activities. Findings from Johnston et al. (2021) show concentrations of methane, NMVOCs, 
BTEX, styrene, n-hexane, n-pentane, ethane, and propane to decrease once production at the 
site idled, with n-hexane decreasing by 68%, benzene decreasing by 32%, and toluene 
decreasing by 28%. The authors found oil and gas drilling during the active phase to contribute 
23.7% of the total NMVOCs measured (Johnston et al., 2021). Two studies found high rates of 
total alkanes (e.g., pentane, hexane) associated with upstream OGD (Mellqvist et al., 2017, 
2019). Mellqvist et al. (2017) found releases from oil and gas wells to be responsible for more 
than 50% of total alkane emissions surveyed. 

Collier-Oxandale et al. (2020) and Okorn et al. (2021) both found elevated levels of non-methane 
hydrocarbons near oil and gas wells (e.g., within 1,640 ft [500 m] of activity as stated by Okorn et 
al., 2021). Results suggest that sources of combusted and volatilized hydrocarbons were likely 
impacting air quality throughout the surrounding community as well as near the oil and gas site 
(Collier-Oxandale et al., 2020), and that large, short-term increases in non-methane hydrocarbon 
emissions tend to occur more frequently in close proximity to activity (Okorn et al., 2021). 
LACDPH (2018) found hydrocarbon levels at a large production facility to be 10,000 times higher 
than ambient levels.  
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The SCAQMD’s MATES IV study found oil and gas production to contribute a significant portion 
of formaldehyde, DPM, fine DPM, NOx and CO emissions of major upstream oil and gas sources 
(SCAQMD, 2015b). Controlling for geographic, seasonal, meteorological, and time-trending 
factors, Gonzalez et al. (2022) observed elevated concentrations of PM2.5, CO, NO2, ozone, and 
NMVOCs downwind of wells on days with oil and gas activities, as far as 4 km away (13,123 ft). 
The most commonly detected constituents of concern near oil and gas sites were benzene, a 
known human carcinogen, and methane.  

We identified three exposure assessments (CARB, 2021b; Deschenes et al., 2021; Garcia-
Gonzales et al., 2019b) and one health risk assessment (Shonkoff & Hill, 2020) conducted in 
California. In a preliminary analysis, using preliminary data from the first few months of monitoring, 
CARB (2021b) detected 10 chemicals near active oil fields, including benzene and H2S; 
measurements of ozone and PM2.5 found the AQI on-site to be at “good” levels 53.8% of the time, 
at “moderate” levels 46%, and at unhealthy levels for sensitive groups 0.2% of the time (CARB, 
2021b). While chronic exposure risks are still being investigated and are expected in a later report, 
all detected chemicals thus far were below acute state designated RELs (CARB, 2019b). Garcia-
Gonzales et al. (2019b) measured pollutant concentrations near upstream OGD and found n-
pentane, n-hexane, and benzene to be above the limit of detection for all samples, with benzene 
and n-hexane concentrations exceeding those found in the SCAQMD’s MATES IV report on air 
quality in central Los Angeles, suggesting a local emissions source. 

Shonkoff & Hill (2020) identified 38 health-relevant state or federally designated air pollutants and 
22 known or suspected human carcinogens near upstream oil and gas sites. Calculated excess 
cancer risks during both hydraulic fracturing activities and cleanout events were largely driven by 
concentrations of formaldehyde and benzene (contributed to 85% of total risk), with hydraulic 
fracturing activities and cleanout events resulting in cancer risks that exceed the U.S. EPA de 
minimis threshold (one case in one million), SCAQMD significance thresholds of 1-, 10-, and 25-
in one million, and SJVAPCD significance thresholds of 1- and 20-in one million excess cancers.  

4.2.3.2 Studies outside California 

Regardless of location, the vast majority of peer-reviewed air monitoring and modeling studies, 
exposure assessments, and health risk assessments outside California found significant 
concentrations of various TACs, including benzene, to be higher in close proximity to active 
upstream OGD. Only three studies in Texas and Pennsylvania did not find significant exposures 
associated with oil and gas as a function of proximity (Bunch et al., 2014; Long et al., 2021; 
Maskrey et al., 2016).  

The majority of Texas studies found pollutant concentrations to decline as a function of distance 
(Rich & Orimoloye, 2016; Zhou et al., 2021; Zielinska et al., 2014). Significant concentrations of 
benzene and formaldehyde at oil and gas sites were found across Wyoming, Pennsylvania, and 
Arkansas, with formaldehyde concentrations in all three states to be above health-protective 
thresholds, and benzene concentrations in Wyoming and Pennsylvania to be above acceptable 
risk levels (Macey et al., 2014). Haley et al. (2016) found setback policies in Colorado (500 ft [152 
m] or 1,000 ft [305 m] for high-occupancy building), Pennsylvania (500 ft [152 m]), and Texas 
(200 ft [61 m]) to be insufficient, allowing human exposure above the established limits for 
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benzene and H2S to occur.  

In Colorado, the potential for noncancer adverse health effects from acute exposures have been 
estimated out to 2,000 ft (610 m) (Holder et al., 2019). Cancer risks and noncancer health risks 
associated with subchronic exposures were greater for those living within 2,640 ft (805 m) of OGD 
as compared to those living beyond 2,640 ft (805 m) from oil and gas wells (McKenzie et al., 
2012). Additionally, cancer risk evaluations considering air monitoring data collected beyond 500 
feet indicate elevated cancer risks above the U.S. EPA de minimis threshold for acceptable risk 
(1 in one million) out to 2,000 feet (610 m) from upstream OGD (McKenzie et al., 2018). Oil- and 
gas-associated compounds with evidence of endocrine activity have been detected beyond 500 
feet (152 m), raising additional concerns about even low level exposures to these compounds at 
further distances, particularly during critical periods of fetal and early childhood development 
(Bolden et al., 2018).  

Pennsylvania studies are consistent with studies in California, Colorado, and Texas (Banan & 
Gernand, 2018, 2021; Brown et al., 2015; Long et al., 2019). Banan & Gernand (2018) 
recommended that Pennsylvania establish a minimum setback distance of 736 m (2,415 ft). 
Banan & Gernand (2021) evaluated PM2.5 concentrations at varying well sites and found that 
doubling the current setback distance to 305 m (1,000 ft) (from the current 152 m [500 ft] policy) 
would reduce the total number of PM2.5 exceedances by 95%.  

4.3. Approaches to emissions control and best practices 
implemented in California  

4.3.1. Overview of federal controls & California emission requirements for oil & 
gas  

 
The following section provides an overview of regulations and best practices intended to control 
air pollutant emissions from upstream OGD. This section is not intended to be an exhaustive list 
of every relevant regulation or rule, but rather acts as a summary of the current regulatory 
landscape in the state and elsewhere. In doing so, we hope to gain insight into potential gaps in 
emission control regulation at the federal, state, and local levels to inform our findings, 
conclusions, and recommendations.  
 
4.3.1.1 Federal rules & regulations relevant to reducing emissions from upstream OGD  

The Clean Air Act (CAA) [42 United States Code § 7401 et seq. (1970)], passed in 1970 and last 
amended in 1990, is a federal law that gives the U.S. EPA broad authority to regulate air 
emissions from stationary and mobile sources, and to implement air pollution prevention and 
control programs nationwide (US EPA, 2020a). The CAA requires the U.S. EPA’s Office of Air 
Quality Planning and Standards (OAQPS) to set NAAQS and monitor and mitigate when areas 
are found to be in non-attainment (i.e., measured air pollutant concentration is greater than 
established safety threshold) (US EPA OAR, 2016a). Established NAAQS specify the allowable 
concentrations for six of the most common air pollutants in ambient air, otherwise known as CAPs, 
which include CO, lead, ground-level ozone, PM, NO2, and SO2 (US EPA, 2016d). In an effort to 
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comply with NAAQS, each state is required to prepare an air quality control plan (referred to as a 
State Implementation Plan (SIP)) that incorporates regulatory controls for reducing air pollutant 
emissions in non-attainment areas (US EPA, 2020a). The U.S. EPA is responsible for reviewing 
each SIP to ensure that implementation will effectively reduce emissions to below NAAQS levels 
(US EPA, 2020a).  
 
Sources of TAC emissions are controlled through a separate set of standards, as outlined in CAA 
Section 112 National Emission Standards for TACs (NESTAC) (US EPA, 2020b). These 
emissions standards are intended to prevent adverse health risks (non-cancer and cancer) from 
specific source types (US EPA, 2020b). The CAA also gives the U.S. EPA and other specified air 
agencies the authority to issue permits and set minimum performance standards for select source 
types to prevent significant deterioration of air quality (CalGEM, 2015; US EPA OAR, 2016b). 
Referred to as New Source Performance Standards (NSPS), emissions from new stationary 
sources can be reduced (under CAA Section 111(b)), as well as emissions from existing 
stationary sources, retroactively (under CAA Section 111(d)) (CalGEM, 2015; US EPA OAR, 
2016b). Figure 4.10 lists the federal regulations applicable to OGD in California (including well 
stimulation).  

 
Figure 4.10. Current list of federal regulations applicable to OGD in California, including well stimulation 
techniques as well as conventional methods. 

 
In 2016, the U.S. EPA updated the NSPS program to include specific permitting rules for upstream 
oil and gas sources constructed, reconstructed, or modified after September 15, 2015 (US EPA 
OAR, 2016b). As outlined in the CAA “2016 NSPS subpart OOOOa” and the President’s Climate 
Action Plan: Strategy to Reduce Methane Emissions, the U.S. EPA issued three final rules within 
the NSPS program to reduce GHG (mainly methane) and NMVOC emissions from additional new, 
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modified, and reconstructed sources in the oil and gas industry (US EPA OAR, 2016b). Table 
4.6. provides a summary of the oil and gas source types subject to additional emission reductions 
under this federal rule. For sites with gas wells, new requirements for leak detection and repair 
were added, as well as requirements to limit emissions from pneumatic pumps (US EPA OAR, 
2016c). For sites with oil wells, emission limits for hydraulically fractured oil well completions and 
pneumatic pumps were established, as well as new leak detection and repair (LDAR) 
requirements (US EPA OAR, 2016c).  
 
 
Table 4.6. Oil and gas industry sources covered under 2012 NSPS for VOCs and the 2016 NSPS for 
Methane and VOCs. Source: US EPA (2016b).  

Sources covered by the 2012 New Source Performance Standards (NSPS) for VOCs and 
the 2016 NSPS for Methane and VOCs, by site 

Location and Equipment/Process 
Covered 

Required to Reduce 
Emissions Under 

EPA Rules 

Rules that Apply 
2012 NSPS for 

VOCs* 
2016 NSPS for 

methane 
2016 NSPS for 

VOCs 
Natural Gas Well Sites 
Completions of hydraulically fractured wells  • •  
Compressors     
Equipment leaks   • • 
Pneumatic controllers  • •  
Pneumatic pumps   • • 
Storage tanks  •   
Oil Well Sites 
Completions of hydraulically fractured wells   • • 
Compressors     
Equipment leaks   • • 
Pneumatic controllers  • •  
Pneumatic pumps   • • 
Storage tanks  •   
Production Gathering and Boosting Stations 
Compressors  • •  
Equipment leaks   • • 
Pneumatic controllers  • •  
Pneumatic pumps     
Storage tanks  •   
Natural Gas Processing Plants* 
Compressors  • •  
Equipment leaks  • •  
Pneumatic controllers  • •  
Pneumatic pumps   • • 
Storage tanks  •   
Natural Gas Compressor Stations (Transmission & Storage) 
Compressors   • • 
Equipment leaks   • • 
Pneumatic controllers   • • 
Pneumatic pumps     
Storage tanks  •   
*Note: Types of sources already subject to the 2012 NSPS requirements for VOC reductions that also are covered by the 2016 
methane requirements will not have to install additional controls, because the controls to reduce VOCs reduce both pollutants 

 
In 2021 and 2022, the U.S. EPA proposed additional measures to further reduce GHG and 
NMVOC emissions from upstream OGD equipment (US EPA, 2023a). In 2023, the U.S. EPA 
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issued a final ruling in which the following amendments to the NSPS and emissions guidelines 
were included, as outlined in Table 4.7 (US EPA, 2023b).  
 
Table 4.7. High-level overview of major provisions relevant to upstream oil and gas made to the 2012 and 
2016 NSPS. Source: US EPA (2023b).  
Description of Amendments from 2023 Ruling  
“EPA is updating, strengthening, and expanding the current requirements under CAA section 111(b) 
for methane and VOC emissions from sources that commenced construction, modification, or 
reconstruction after December 6, 2022. These final standards of performance will be in a new subpart, 
40 Code of Federal Regulations (C.F.R.) part 60, subpart OOOOb (NSPS OOOOb), and include 
standards for emission sources previously not regulated under the 2012 NSPS OOOO and 2016 
NSPS OOOOa.”  
“New emissions guidelines (EG) will be added to a new subpart — 40 C.F.R. part 60, subpart OOOOc 
(EG OOOOc). The EG finalizes presumptive standards for GHG emissions (in the form of methane 
limitations) from designated facilities that commenced construction, reconstruction, or modification on 
or before December 6, 2022, and implementation requirements designed to inform states in the 
development, submittal, and implementation of state plans that are required to establish standards of 
performance for emissions of GHGs from their designated facilities in the Crude Oil and Natural Gas 
source category. The EPA is also finalizing regulatory language in NSPS OOOO, NSPS OOOOa, and 
NSPS KKK to provide clarity on when sources transition from being subject to these NSPS and 
become subject to a state or Federal plan implementing EG OOOOc.”  
“The EPA is taking several related actions stemming from the joint resolution of Congress, adopted on 
June 30, 2021, under the CRA [Congressional Review Act], disapproving the EPA’s final rule titled, 
“Oil and Natural Gas Sector: Emission Standards for New, Reconstructed, and Modified Sources 
Review,” 85 Federal Regulation (F.R.) 57018 (September 14, 2020) (“2020 Policy Rule”). The EPA is 
finalizing amendments to the 2016 NSPS OOOOa to address (1) certain inconsistencies between the 
VOC and methane standards resulting from the disapproval of the 2020 Policy Rule and (2) certain 
determinations made in the final rule titled, “Oil and Natural Gas Sector: Emission Standards for New, 
Reconstructed, and Modified Sources Reconsideration,” 85 F.R. 57398 (September 15, 2020) (“2020 
Technical Rule”), specifically with respect to fugitive emissions monitoring at low production well sites 
and gathering and boosting stations. With respect to the latter, as described below, the EPA is 
finalizing the rescission of provisions of the 2020 Technical Rule that were not supported by the record 
for that rule or by our subsequent information and analysis. 

 
Additionally, the EPA updates the NSPS OOOO and NSPS OOOOa provisions in the C.F.R. to reflect 
the CRA resolution’s disapproval of the final 2020 Policy Rule, specifically, the reinstatement of the 
NSPS OOOO and NSPS OOOOa requirements that the 2020 Policy Rule repealed but that came 
back into effect immediately upon enactment of the CRA resolution. It should be noted that these 
requirements have come back into effect already, even prior to these updates to CFR text to reflect 
them. The EPA waited to make these updates to the C.F.R. text until the final rule simply because it 
was more efficient and clearer to amend the C.F.R. once at the end of this rulemaking process to 
account for all changes to the 2012 NSPS OOOO (77 F.R. 49490, August 16, 2012) and 2016 NSPS 
OOOOa at the same time.” 
“The EPA is finalizing a protocol for the use of OGI in leak detection being finalized as appendix K to 
40 C.F.R. part 60 (referred to hereafter as appendix K). While this protocol is being finalized in this 
action, the applicability of the protocol is broader. The protocol is applicable to facilities when specified 
in a referencing subpart to help determine the presence and location of leaks; it is not currently 
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applicable for use in direct emission rate measurements from sources. The protocol does not on its 
own apply to any sources. For NSPS OOOOb and EG OOOOc, the EPA is finalizing the use of the 
protocol for application at natural gas processing plants and may be applied to other sources only 
when incorporated through rulemaking to a specific subpart.” 
 
4.3.1.2 Federal emission control requirements: RACT, BACT, & LAER  

Federal emission control requirements, as authorized under Part C, Title I of the federal Clean Air 
Act, fall under three categories: best available control technology (BACT), lowest achievable 
emission rate (LAER), and reasonably available control technology (RACT) (CARB, 2017a, 
2017b).  
 
Federal LAER is defined as either: (1) the most stringent of any emission control included in a 
SIP control strategy; or (2) the most stringent emission limit “achieved in practice,” the definition 
of which varies from district to district (CARB, 2017a, 2017b). Unlike BACT, federal LAER does 
not require the inclusion of economic, energy, or environmental considerations when assessing 
the applicability of the rule to a major emitting facility (CARB, 2017a, 2017b). § 169(3) of the 
federal CAA defines BACT as an emission limit (based on the maximum degree of reduction of 
each pollutant) applicable to any major emitting facility (major sources) (CARB, 2017a, 2017b). 
In regions of federal nonattainment, new stationary sources, sources that undergo modification, 
and relocated sources which result in an emissions increase are subject to these additional 
emission control requirements (CARB, 2017a, 2017b). While there are federal requirements, 
California air districts have the authority to establish more stringent requirements for oil and gas 
at the local level. As a result, stringency levels differ by air district, as shown in Table 4.8, which 
summarizes how federal BACT and LAER definitions compare to district-level definitions of BACT 
& LAER (Table 4.8) (CARB, 2017b).  
 
The final category of emission control requirements is RACT, which applies to existing sources in 
regions that are not meeting NAAQS (non-attainment) (US EPA OAR, 2016d). In 2016, the US 
EPA published Control Techniques Guidelines for the Oil and Gas Industry, which provides 
guidance for California’s local air districts on what should be included as RACT for specific oil and 
gas emission sources (US EPA, 2016d). 
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Table 4.8.Comparison of California District Control Technology Definitions with Federal Definitions. 
Source: Table 9, CARB (2017b).  

District 
District BACT Definition  

most similar to  
Federal LAER Definition 

District BACT Definition 
most similar to  Federal 

BACT Definition 

District LAER Definition  
most similar to  

Federal LAER Definition 
Bay Area AQMD x   

Butte Co. AQMD x   

Colusa Co. APCD x   

El Dorado Co. APCD Portion x   

Feather River AQMD x   

Glenn County APCD x   

Great Basin Unified APCD x   

Kern Co. APCD x   

Lake Co. AQMD x   

Lassen Co. APCD x   

Modoc Co. APCD x   

Mojave Desert AQMD x   

Monterey Bay Unified APCD x   

Placer Co. APCD Portion x   

Placer Co. APCD Portion x   

Sacramento Metropolitan AQMD x   

San Joaquin Unified APCD x   

San Luis Obispo Co. APCD x   

Santa Barbara Co. APCD (NSR LAER) x   

Shasta Co. AQMD x   

Siskiyou Co. APCD x   

South Coast AQMD x   

Tehama Co. APCD x   

Ventura Co. APCD x   

Yolo-Solano Co. AQMD x   

Amador Co. APCD  x x 

Calaveras Co. APCD  x x 

Imperial Co. APCD  x x 

Mariposa Co. APCD  x x 

Northern Sierra AQMD  x x 

San Diego Co. APCD  x x 

Mendocino Co. AQMD  x  

North Coast AQMD  x  

Northern Sonoma Co. APCD  x  

Santa Barbara Co. APCD (PSD BACT)  x  

Federal LAER (NSR) Definition: LAER is considered the most stringent of any emission control used in a state implementation plan 
(SIP) control strategy or the most stringent emission limit achieved in practice. 
Federal BACT (PSD) Definition: Section 169(3) of the federal Clean Air Act defines BACT an emission limitation based on the 
maximum degree of reduction of each pollutant subject to regulation under this Act emitted from or which results from any major 
emitting facility...New stationary sources, sources that undergo significant modification, and relocated sources which result in an 
emissions increase are subject to these additional emissions control requirements.  
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4.3.1.3 California rules & regulations relevant to reducing emissions from upstream OGD  

In addition to federal controls, there are also California state-level requirements for emissions 
from upstream OGD. The regulation of air quality in California is different from other states, as 
the CAA gives California special authority to enact stricter air pollution standards than those 
established nationally (e.g., NAAQS). Implemented in 1988, the California CAA gives independent 
authority to the CARB to implement CAAQS, which represent more stringent, state-level 
thresholds for air quality attainment (CARB, 2017a). The responsibility of air quality management 
is shared between CARB and the 35 local air districts that make up the state's air basins (CalGEM, 
2015). CARB is responsible for implementing the California CAA, and for the development and 
implementation of statewide air pollution control plans to achieve attainment with national 
standards (e.g., NAAQS) (CARB, 2017a). CARB also has authority to establish statewide 
strategies to control TAC emissions and set emissions standards for mobile sources (e.g., motor 
vehicles and off-road equipment) (CARB, 2017a). The local air districts are responsible for 
achieving and maintaining attainment with the CAAQS, which can be achieved through the 
development of an air quality management plan or clean air plan that assesses the feasibility of 
various emission control requirements to reduce emissions from major and minor sources in the 
region (CalGEM, 2015; CARB, 2017a).  
 
Methane emissions from upstream OGD are controlled under C.C.R. Title 17, Subarticle 13: 
Greenhouse Gas Emission Standards for Crude Oil and Gas Facilities (CARB, 2017c). Adopted 
in March, 2017, this regulation includes standards for separator and tank systems, circulation 
tanks, LDAR, underground gas storage monitoring, gas compressors, pneumatic devices and 
pumps, and reporting requirements (CARB, 2017c, 2018c). Additionally, this regulation requires 
reductions in fugitive and vented emissions of methane from both new and existing oil and gas 
facilities (CARB, 2017c, 2018c). The following state regulations (currently codified) are applicable 
to air pollutant emissions from upstream OGD in California (including well stimulation) (Figure 
4.11).  
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Figure 4.11. Current list of statewide regulations applicable to emissions from OGD in California. 
(Regulations relevant to plugged, idle, or abandoned wells included in Chapter 6.)  
 
The stringency of local emission control requirements vary from district to district, and depends 
(largely) on the region’s attainment status, severity of violation(s) with NAAQS, source size (major 
vs. minor sources), and how BACT rules and regulations are defined in each air district (CARB, 
2017a, 2021c). In general, new and modified stationary sources and relocated sources that have 
an emissions increase are all subject to additional emissions control requirements (CARB, 
2021a).  
 
Operators must apply for a permit with the relevant air district prior to construction of any new, 
modified, or relocated source and New Source Review (NSR) may be triggered if emissions 
exceed established safety thresholds (CARB, 2021a). Not unlike the federal program, California’s 
NSR permit program aims to protect air quality and public health by encouraging the use of the 
latest (and often lowest-emitting) technologies, as well as requiring the offset of any new 
emissions (while still accounting for economic impacts) (CARB, 2021a). In areas where pollutant 
levels are in attainment (or unclassifiable) with federal NAAQS, Prevention of Significant 
Deterioration (PSD) standards may be required. Applicable to any new major source or any major 
modifications to an existing source, the goal of PSD is to ensure that in regions of attainment, no 
new permitted source or combination of sources can result in a region’s nonattainment for a 
particular pollutant. This is enforced through the use of PSD increments, defined as “the maximum 
allowable increase in concentration that is allowed to occur above a baseline concentration for a 
pollutant” (US EPA OAR, 2015a). If the amount of the new pollutant exceeds the applicable PSD 
increment, then significant deterioration is said to occur. Best available control technology for air 
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toxics (T-BACT) may also be triggered for relevant sources that release TAC emissions (CARB, 
2017a, 2017b, 2021a).  
 
Emission control requirements for new or modified sources (i.e., BACT/T-BACT) in California are 
categorized into three levels: (1) Federal BACT, the least stringent; (2) Federal/State LAER, the 
most stringent at the state and federal level; and (3) California BACT, the most stringent at the 
local level (Figure 4.12) (CARB, 2021a).  
 

 
Figure 4.12. Range of control levels that apply to new or modified stationary sources in California. 
Source: CARB (2021a).  

Under state law, Federal BACT is triggered for sources in areas in nonattainment of the state’s 
NSR program; under federal law, Federal BACT is required in regions of attainment where PSD 
standards may be required (CARB, 2021a). California BACT is authorized by the state, which 
allows air districts to implement emission control requirements beyond LAER limits, assuming the 
measures are technically feasible and cost effective (CARB, 2021a). Under state and federal law, 
LAER (both California and Federal) applies to sources in nonattainment of the federal NSR 
program (CARB, 2021a).  
 
Finally, districts having moderate, serious, severe, or extreme air pollution may be required to 
implement expedited best available retrofit control technology (BARCT), as defined by § 40921.5, 
Chapter 10, Part 1, Division 26 of the California Health and Safety Code (HSC), Assembly Bill 
(AB) 617, and discussed in greater detail in Section 4.2.1 (CARB, 2020a). Similar to BACT, 
BARCT is an emissions threshold, and unlike BACT, BARCT is meant for existing stationary 
sources, not new or modified sources (CARB, 2020a). A recent requirement, air districts in 
nonattainment of NAAQS thresholds for CAP emissions were charged with the task of creating 
an “expedited BARCT schedule” by January 1, 2019, with implementation planned for December 
31, 2023 (CARB, 2020a). These schedules are intended to control emissions from industrial 
sources subject to the Cap and Trade program (as of January 1, 2017), with the goal of reducing 
air pollutant emissions and protecting the health and safety of residents living close by (CARB, 
2020a).  

4.4. Gaps in existing emission control regulations with relevance to 
public health 

After review of the various federal, state, and local emission control regulations applicable to 
upstream OGD activity in California, we identified gaps in existing emission control regulations 
where specific source types could be better controlled. When available, we refer to oil and gas 
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regulations implemented elsewhere or at the local level to better inform the types of policy 
changes in which regulators may be interested. We also incorporate emissions estimates and 
equipment/component counts when available to determine (1) the impact that this change in 
policy would have on California’s air quality and regional attainment status; and (2) the 
implications for those individuals being exposed to pollutants emitted during upstream OGD that 
are relevant to health.  
 
4.4.1. TACs and NMVOCs are co-emitted with emissions of methane  
 
In many cases reviewed in this section, emission estimates were not available for TACs and 
NMVOCs emitted by the various oil and gas components. Estimates of methane and other GHGs 
(e.g., CO2, N2O) were the most widely reported values provided by California-specific reports on 
upstream OGD. While methane does not contribute significantly to the formation of ground-level 
ozone or pose a health risk at the levels detected in ambient air near upstream oil and gas 
production sites, TACs, as well as precursor emissions to ground-level ozone (i.e., NMVOCs) are 
often co-emitted.  
 
Rich et al. (2014) conducted a sampling campaign of residential sites located near unconventional 
shale gas extraction and production activity in the Dallas-Fort Worth region of Texas. Results 
confirmed the presence of methane (detected at 98% of sampling sites) and 101 other chemicals 
in the outdoor air of residences located within 200 ft (61 m), 2,000 ft (610 m), and 5,280 ft (1.6 
km) of equipment used for unconventional OGD (Table 1, Rich et al., 2014). Approximately 20 of 
the detected chemicals were identified as TACs and included benzene (detected at 76% of 
sampling sites), 1,3-butadiene, carbon disulfide, carbonyl sulfide, chloromethane, 
tetrachloroethane, toluene, and xylene (Rich et al., 2014).  
 
Concentrations of 15 detected chemicals were found to significantly correlate with methane levels, 
including pentane (C5), heptane (C7), and butane (C4) as well as TACs including 
hexachlorobutadiene, tetrachloroethene (PCE), 1,2,4-trichlorobenzene, and chloroform. The 
strongest correlation with methane was 3-methylhexane, a constituent of gas condensate (Rich 
et al., 2014). Significant correlations were also found among detected TACs, with the strongest 
relationships found between benzene and toluene, benzene, and m- & p-xylene, and toluene and 
m- & p-xylene.  
 
Table 4.10 compares the results of Rich et al. (2014) to two studies conducted in Colorado 
(McKenzie et al., 2012; Pétron et al., 2012) and one study conducted in the U.K.7 Levels of 
alkanes (e.g., ethane, propane, butane, pentane, and hexane) generally agreed across all three 
studies (McKenzie et al., 2012; Pétron et al., 2012; Rich et al., 2014). Concentrations of aromatic 
hydrocarbons (e.g., BTEX, trimethylbenzenes) from the Rich et al. (2014) study were generally 
higher than what was detected in the other studies. Similarly, methane concentrations were higher 
in Rich et al. (2014) compared to methane levels detected in Pétron et al. (2012).  
 

 
7 We disregard this last study, as it is out of the geographic scope of this report. 
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There are several additional studies that support the findings from Rich et al. (2014), McKenzie 
et al. (2012), and Pétron et al. (2012). For example, Koss et al. (2015) conducted a sampling 
campaign in the Uintah Basin, Utah, and found pollutant emission ratios to be consistent with 
contributions of emissions from both oil and gas producing wells. In addition, the methane 
emission rate, extrapolated from the emission rate for benzene, was consistent with an 
independent evaluation of methane emissions using aircraft measurements from 2012. Marrero 
et al. (2016) conducted a similar assessment in the Barnett Shale region of Texas and found the 
highest hexane and m- & p-xylene mixing ratios to be observed downwind of well pads with 
compressors, where methane leak rates were highest. Similarly, the authors found some of the 
highest toluene and benzene mixing ratios to be near oil-producing wells. The authors note that 
estimates of hexane, benzene, and toluene emissions in the Barnett Shale region were consistent 
with values witnessed in oil and gas producing regions of Colorado and Utah, suggesting that 
there may be some consistency in emissions profiles from oil and gas development across 
geographic regions (Marrero et al., 2016). 
 
In Pennsylvania, the Goetz et al. (2015) sampling campaign of oil and gas sites in the Marcellus 
Shale region found elevated ethane and methane concentrations, with no other chemical 
significantly detected at sampling sites. With regards to emissions near oil and gas wells, results 
were somewhat variable — the smallest of the well pads (with seven wells) had the second largest 
methane concentrations of all well pad sites sampled (Goetz et al., 2015). This was likely because 
this well pad produces wet gas, which is high in methane and other hydrocarbons such as ethane 
(Goetz et al., 2015). Results at the remaining well sites found elevated levels of methane and 
ethane from combustion sources at all locations, in addition to elevated levels of CO and NOx, an 
ozone precursor at one well location.  
 
A study conducted by Hecobian et al. (2019) also found variations in measured emissions of 
TACs and NMVOCs at the various stages of production in the Denver-Julesburg and Piceance 
Basins in Colorado. As shown in Figure 4.13, emissions differed depending on the basin and 
phase of production, with flowback operations accounting for the highest levels of heavy alkane 
(e.g., n-hexane, n-heptane) emissions among all the sites sampled. Drilling and production 
activities produced elevated levels of light alkane emissions (e.g., ethane, propane, n-butane), 
but at much lower levels than during hydraulic fracturing and flowback operations. When the 
duration of operations is considered, however, drilling and production activities could still present 
a significant risk, as drilling and production activities (including conventional methods) are 
continuous (e.g., ≥8 hours of operation/day) and generally fixed in one location (i.e., longer 
exposure duration), whereas stimulation treatments and flowback operations occur over shorter 
intervals (e.g., 5 hours of operation/day) and move from location to location.  
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Figure 4.13. Emission rates of key NMVOCs by unconventional oil and gas activity in the Piceance Basin 
and Denver-Julesburg Basin. Source: Figure 1, Hecobian et al. (2019).8 

There is substantial evidence that methane emissions from many upstream oil and gas sources 
are indeed co-emitted, and in some cases, significantly correlated with emissions of TACs and 
other NMVOCs. Methane and other pollutant emissions are released during many stages of 
upstream oil and gas production. Fugitive (unintentional) releases of methane, and associated 
NMVOCs can occur from component and equipment leaks, including from valves, screwed 
connections, flanges, open-ended lines, and pump seals (ExxonMobil, 2021; US EPA, 2016a). 
Direct venting of methane emissions can also occur during well stimulation treatments, specifically 
during flowback operations and manual liquids unloadings. In some cases, the intended function 
of a component results in the intentional release of methane emissions, such as is the case with 
gas-powered pneumatic devices, which directly release or “bleed” gas (ExxonMobil, 2021). 
NMVOCs and TACs are often co-emitted with methane releases from pneumatic controllers and 

 
8 Light Alkanes: ethane, propane, i-butane, n-butane, i-pentane, n-pentane; Heavy Alkanes: 2,3-dimethylpentane, 2,4-
dimethylpentane, 2,2,4-trimethylpentane, 2,3,4-trimethylpentane, n-hexane, 2-methylhexane, 3-methylhexane, n-heptane, 2-
methylheptane, 3-methylheptane, n-octane, n-nonane, n-decane; Alkenes: ethene, propene, t-2-butene, 1-butene, c-2-butene, t-2-
pentene, 1-pentene, C-2-pentene; Complex Aromatics: styrene, i-propylbenzene, n-propylbenzene, 1,2,3-trimethylbenzene, 
1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, 1,3-diethylbenzene, 1,4-diethylbenzene, 2-ethyltoluene, 3-ethyltoluene, 4-
ethyltoluene; BTEX: BTEX benzene, toluene, ethylbenzene, o-xylene, m & p-xylenes.Source: Table S5, Hecobian et al. (2019).  
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pumps (US EPA, 2016a). Methane is the largest component of vapor releases from storage 
vessels, but these vapor releases may also include releases of n-hexane, alkanes (e.g., ethane, 
butane, propane) and TACs (e.g., BTEX) (US EPA, 2016a).  
 
Additional sources of methane and associated NMVOCs from upstream OGD include releases 
from incomplete combustion (e.g., flaring), centrifugal and reciprocating compressors, and 
transmission pipeline blowdowns (ExxonMobil, 2021; US EPA, 2016a). Combustion and 
incomplete combustion (e.g., flaring) of organic pollutants also produces secondary pollutants 
including NOx, CO, SOx, and PM (US EPA, 2016a).  
 
Many of the compounds detected at California oil and gas sites (e.g., benzene, alkanes) were 
identified as co-pollutants of methane in other oil and gas producing states. The most commonly 
detected constituents near oil and gas sites were benzene and methane, with estimated rates of 
benzene to be 12 kg/hr (Mellqvist et al., 2017) and ~57 lbs/day (SCAQMD, 2015b); concentrations 
of benzene to be 1.07 ppb ((Collier-Oxandale et al., 2020; Garcia-Gonzales et al., 2019b; Okorn 
et al., 2021); and rates of methane to be 244 kg/hr (Mellqvist et al., 2019) and 636 kg/hr (Mellqvist 
et al., 2017). The 1.07 ppb benzene concentration estimated in Garcia-Gonzales et al. (2019b) is 
greater than the median benzene concentrations (0.02 ppb–0.89 ppb) summarized in Table 3 of 
the Rich et al. (2014) study (Table 4.9). Therefore, in lieu of California-specific studies, these 
findings should be considered when determining risks to public health, especially in areas with 
high-intensity upstream OGD activities (e.g., production, hydraulic fracturing, acidizing) near 
residences and other sensitive receptors. The most important implication from this assessment is 
that significant reductions in methane could translate to potentially significant reductions in TACs, 
and ozone precursors emissions (e.g., NMVOCs), beyond what is currently being achieved in 
California. 
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Table 4.9. Comparison of Rich et al. (2014) air sampling results with other studies. Source: Table 3, Rich et al. (2014).  

 This Study Garfield County, Coloradoa Birmingham, UKb Weld County, 
Coloradoc 

State of 
Californiad 

Chemical Max  
(ppbv) 

Median 
(ppbv) 

Mean 
(ppbv) 

Max 
(ppbv) 

Median  
(ppbv) 

Range of Means 
(ppbv) 

Range of 
Medians (ppbv) 

Ambient 
Average (ppbv) 

Methane (ppmv) 457 2.7 11.99    1.81—1.89  
Benzene 592 0.89 18.53 4.39 0.30 0.25-0.7 0.02-0.1 4.6 
Chloroform 2.58 0.3 0.45     0.006-0.13 
Dichloromethane/Methylene chloride 1 0.3 0.34     1.1—2.4 
Ethylbenzene 113 0.53 4.42 1.87 0.04    
Styrene 43.4 0.37 1.91 0.80 0.035   10 
Tetrachloroethene (PCE) 2.43 0.3 0.33     0.71 
Toluene / Methylbenzene 276 2.55 19.45 21.0 0.48 0.7—1.9   
Trichloroethene (TCE) 60.9 0.3 1.58     0.22 
1,3,5-Trimethylbenzene 9.95 0.59 1.43 0.25 0.024    
1,2,4-Trimethylbenzene 60.4 0.4 3.45 0.63 0.037    
m- and p-Xylene 221 1.68 15.69 2.28 0.20    
o-Xylene 39.4 0.85 3.19 0.83 0.05    
Propylbenzene 23.5 1.4 2.08 0.14 0.02    
Pentane 198 1.4 7.73 21.1 3.09 0.2—0.5 0.01—0.48  
Methyl cyclohexane 38 1.4 2.42 5.98 0.92    
Propane (ppmv) 62.9 1.4 2.97   0.8—2.8 0.1—3.0  
Butane (ppmv) 69 1.4 2.95   0.9—2.8 0.04—1.24  
Ethane (ppmv) 34.6 1.4 2.24   2.2—6.3   
Isobutane 34 1.4 3.95   0.8   
Methylpentane/Isohexane 199 1.4 6.1   0.15—1.1   
Hexane 35 1.4 2.46 7.11 1.14 0.1—0.2   

Notes: Values are reported by California Air Resources Board for California, except for benzene, which was reported for the South Coast Air Basin of California (Los Angeles 
metropolitan area). aMcKenzie et al. (2023). bHopkins et al. (2005). cPetron et al. (2012). dSeinfeld and Pandis (1998). 
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4.4.2. Regulation of gas-driven pneumatic devices in Colorado: A comparison 
with current California requirements  

 
Like California, oil and gas regions in Colorado face similar challenges in achieving attainment 
with NAAQS thresholds for ozone (CDPHE AQCC, 2021). The Denver Metropolitan North Front 
Range was just recently recategorized by the U.S. EPA in April 2022 to be in “Severe” 
nonattainment of the 2008 8-hour ozone NAAQS, after 2020–2021 ozone concentrations 
exceeded the established safety limits (CDPHE, 2022). In California, 22 air districts are in 
nonattainment for the 2015 ozone NAAQS, 13 of which are classified as “moderate” to “extreme.” 
Of these 13 air districts, six have oil and gas operations subject to emission control (CARB, 
2018d). A more detailed discussion of California’s nonattainment statuses can be found in Section 
4.2.1. 
 
Statewide, the oil and gas industry is the largest contributor of NMVOC emissions in Colorado 
(CDPHE AQCC, 2021). Natural gas-driven pneumatic controllers are collectively one of the 
largest sources of NMVOCs and the second largest source of methane emissions from oil and 
gas operations nationwide (CDPHE AQCC, 2021). These findings are significant, as ground-level 
ozone is formed when chemical reactions catalyzed by heat and sunlight occur between NOx and 
NMVOCs (US EPA OAR, 2015b). Furthermore, depending on the level of exposure, ozone is 
associated with coughing, sore throat, difficulty breathing, inflammation of the airway and 
exacerbation of asthma, emphysema, and chronic bronchitis (US EPA OAR, 2015c).  
 
Similarly, while methane does not pose a health risk at the levels detected in ambient air near 
upstream oil and gas production sites, TACs including benzene, toluene, and formaldehyde are 
often co-emitted. In the case of gas-powered pneumatic devices, the intended function of the 
component results in the release of methane emissions, which directly emit or “bleed” gas 
(ExxonMobil, 2021; US EPA, 2016a). Thus, significant reductions in methane emissions would 
also result in significant reductions of TACs and associated health risks. 
 
Colorado’s Regulation Number 7 - Statements of Basis, Specific Statutory Authority and Purpose 
(Regulation Number 7) defines pneumatic controllers as,  
 

“a device that monitors a process parameter such as liquid level, pressure, or temperature 
and uses pressurized gas (which may be released to the atmosphere during normal 
operation) to send a signal to a control valve in order to control the process parameter. 
Controllers that do not utilize pressurized gas are not pneumatic controllers” (CDPHE 
AQCC, 2021).  
 

According to Part F of Regulation Number 7, NMVOC emissions from gas driven pneumatic 
controllers within ozone nonattainment areas were estimated to be responsible for 14% (24.8 tons 
per day (tpd) and 15.1% (31.1 tpd) of total NMVOC emissions from oil and gas sources in 2006 
and 2011, respectively (CDPHE AQCC, 2021).  
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The Colorado Department of Public Health and the Environment’s Air Quality Control Commission 
(CDPHE AQCC) updated Regulation Number 7 to include requirements for the use of zero-bleed 
and zero-emission pneumatic control devices at oil and gas well sites (CDPHE AQCC, 2021). 
Adopted on February 18, 2021, and effective on April 14, 2021, the following requirements are 
applicable to both new and existing natural-gas driven devices (CDPHE AQCC, 2021): 
 

• All new and modified well production facilities and compressor stations that commence 
operations on or after May 1, 2021, are required to use non-emitting pneumatic control 
devices (i.e., those activated by compressed air or electricity as opposed to high-
pressure gas); and 

• All existing pneumatic control devices (defined as those in operation prior to May 1, 
2021) must be retrofitted with zero-emission devices, through a phase in process, as 
outlined in Table 1 of Colorado’s revised Regulation Number 7 (Table 4.10) (CDPHE 
AQCC, 2021).  

 
Table 4.10. Required timeline for implementation of non-emitting devices on existing well production 
facilities. Source: Regulation Number 7, Table 1, CDPHE AQCC (2021).  

Table 1*—Well Production Facilities 

Total Historic 
Non-Emitting 

Facility Percent 
Production 

May 1, 2022 
Additional 

Required Non-
Emitting 

Facility Percent 
Production 

May 1, 2022 
Maximum 

Required Non-
Emitting 

Facility Percent 
Production 

May 1, 2023 
Additional 

Required Non-
Emitting 

Facility Percent 
Production 

May 1, 2023 
Maximum 

Required Non-
Emitting 

Facility Percent 
Production 

Total 
Additional 

Required Non-
Emitting 

Facility Percent 
Production By 

May 1 2023 
> 75% +5% 90% +10% 96.5% +15% 

> 60—75% +5% 80% +10% 90% +15% 
> 40—60% +10% 65% +15% 75% +25% 
> 20—40% +15% 50% +20% 65% +35% 

> 0—20% +15% 35% +25% 55% +40% 
*Table 1 establishes minimum increases in the percentage of liquids produced (based on historic non-emitting 
controller use) from non-emitting facilities. Owners or operators do not need to go beyond the maximum required 
percentages set forth in Table 1, although they may choose to do so.  

In California, pneumatic control device and pump requirements are required by CARB’s 2017 
C.C.R., Title 17, Division 3, Chapter 1, Subchapter 10 Climate Change, Article 4, Subarticle 13: 
Greenhouse Gas Emission Standards for Crude Oil and Gas Facilities (Oil and Gas Methane 
Regulation) (CARB, 2018d). California’s Oil and Gas Methane Regulation requires pneumatic 
controllers installed after January 1, 2016, to have a zero-bleed rate and those installed before 
this date to comply with the low-bleed rate of less than or equal to 6 standard cubic feet per hour 
(scfh) (CARB, 2018c). This differs, and is less stringent than, Colorado’s Regulation Number 7, 
which requires all existing natural-gas driven pneumatic controllers to be retrofitted with zero-
bleed technology via a phase-in process, in addition to new and modified sources.  
 
Both regulations apply to the same or similar source types. California’s Oil and Gas Methane 
Regulation covers pneumatic controllers at (1) gas processing plants, (2) between the wellhead 
and the gas processing plant, or (3) the point of custody transfer to an oil pipeline (CARB, 2018d). 
In Colorado, revisions to Regulation Number 7 apply to pneumatic controllers that are “actuated 
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by gas, and located at, or upstream of gas processing plants,” with upstream activities 
encompassing: (1) oil and gas exploration and production operations; and (2) gas compressor 
stations (CDPHE AQCC, 2021). Therefore, the key difference between Colorado and California’s 
regulation of pneumatic devices is the stringency placed on emissions from existing low- and high-
bleed pneumatic controllers — Colorado requires zero-bleed (retroactively) whereas California 
allows low-bleed rate devices to operate if they are grandfathered in.  
 
If implemented, it is unclear how this type of policy would impact NMVOCVOC or TAC emissions 
from upstream OGD in California, in particular due to the lower prevalence of low-bleed devices. 
In 2007, CARB conducted a survey of the oil and gas industry. Referred to as Final Report 
(Revised): 2007 Oil and Gas Industry Survey Results, Final Report (Revised), October 2013 
(posted November 1, 2013), this survey gathered information on various components and 
methane emissions associated with crude oil and gas production, processing, and storage 
facilities in the state (CARB, 2013a). The survey identified 1,151 continuous bleed devices (e.g., 
high bleed) and 50 low-bleed devices (<6 scfh) in operation in California, accounting for ~86% 
and 1% of vented methane emissions emitted by automated control devices, respectively (CARB, 
2013a).  
 
Using emission rates for low-bleed devices from Table 6-2 of the U.S. EPA’s Control Technique 
Guidelines for the Oil and Gas Industry, we were able to estimate the proportion of VOCs 
associated with these annual methane emissions estimates (Table 4.11) (US EPA, 2016a). 
Requiring replacement of low-bleed devices to zero bleed devices would result in a 15 tpy 
reduction in VOCs, approximately 0.3% of total vented VOC emissions.  
 
Table 4.11. Estimate of vented emissions from pneumatic devices. Source: Tables 9-1 and 9-2, CARB 
(2013a).  

Automated Control Device Type No. of 
Devices CH4 (MT/yr) VOCs 

 (tpy) 

Continuous Bleed  1,151 4,915 1,502 
Low Bleed 50                     46                15  
Intermittent Bleed 405                   760   -  
Non-Emitting (e.g. electric, no bleed, air) 15,440  -   -  

Control Device Total 17,046 5,721 1,517 
Vented Emissions Total - 16,026          4,445  

 
It should be noted that these estimates are most likely an underestimation of the true contribution 
in emissions from gas-driven pneumatic devices for several reasons. Because the estimates 
provided are from 2007, these statistics may no longer be representative of 2020 inventories, as 
they are more than a decade old. Since 2007, these pneumatic devices may have been replaced 
upon failure with newer versions such as no-bleed units. Additional NMVOC and methane 
emissions reductions from the oil and gas sector would be possible if the state implemented a 
policy that applied zero-bleed/zero-emission standards to existing pneumatic controllers, 
retroactively, similar to revisions made to Colorado’s Regulation Number 7. However, these 
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emissions reductions represent a small fraction of overall vented emissions from control devices.  
 
4.4.3. Separators and condensate tank systems: Exemptions from vapor recovery 

requirements for small producers  
 
Methane is the largest component of vapor releases from storage vessels, but may also include 
releases of n-hexane, alkanes (e.g., ethane, butane, propane), and TACs (US EPA, 2016a). 
California’s 2017 Oil and Gas Methane Regulation includes standards to control emissions from 
storage vessels, including separator and condensate tank systems, through the use of flash 
analysis testing and vapor collection systems (95% vapor control efficiency). § 95668(a) of the 
Oil and Gas Methane Regulation states:  
 

● By January 1, 2018, owners and operators of existing separator and tank systems with 
uncontrolled emissions (i.e., no vapor collection system installed) are required to conduct 
flash analysis testing “of the crude oil, condensate, or produced water processed, stored, 
or held in the system.”  

● Starting January 1, 2018, new separator and tank systems are required to conduct flash 
analysis testing within 90 days (CARB, 2017c). 

 
Results from the flash analysis testing are then used to determine which operators/owners are 
required to implement vapor collection systems. § 95668(a) of the Oil and Gas Methane 
Regulation states:  
 

● Existing separator and tank systems with an annual emission rate of 10 metric tons (MT) 
or greater of methane per year (equivalent to ~1.8 MT/year VOCs) are required to control 
emissions via a vapor collection system by January 1, 2019 (as specified in § 95671).  

● Starting January 1, 2018, new separator and tank systems with an emissions rate of 10 
MT methane/year or greater (equivalent to ~1.8 MT/year VOCs) will be required to 
implement a vapor collection system within 180 days of flash analysis testing (CARB, 
2017c, 2018d). 

 
CARB outlines two key exemptions from the requirements. First, separators and tank systems 
that have a vapor collection system already installed and approved for use by the local air district 
by January 1, 2018, are exempt (CARB, 2017c). Air Districts that meet this exemption criteria 
include:  
 

● Sacramento Metropolitan AQMD (Rule 446: Storage of Petroleum Products) 
● San Joaquin Valley APCD (Rule 4623: Storage of Organic Liquids) 
● South Coast AQMD (Rule 463: Organic Liquid Storage; Rule 1178: Further Reductions of 

VOC Emissions from Storage Tanks at Petroleum Facilities) 
● Ventura County APCD (Rule 71.1: Crude Oil Production and Separation; Rule 71.2: 

Storage of Reactive Organic Compound Liquids) 
● Yolo-Solano AQMD (Rule 2.21: Organic Liquid Storage and Transfer) (CARB, 2018d).  
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All of these district rules require the implementation of vapor collection systems to reduce 
emissions by at least 95%, consistent with state law; however, small producer definitions may 
vary from district to district.  
 
Second, separators and condensate tank systems are exempt from vapor collection requirements 
if they “receive an average of less than 50 barrels of crude oil or condensate per day” or “receive 
an average of less than 200 barrels of produced water per day” for non-associated gas production 
systems (CARB, 2017c). Average daily production is estimated using the annual production 
volume, as reported to DOGGR (now CalGEM), divided by 365 days per year (CARB, 2017c). 
This “small tank producer” exemption was implemented by CARB, because systems that meet 
these specifications are not likely to produce a large enough volume of liquids to meet the 
methane emission standard of 10 MT methane/year and therefore do not require flash testing or 
a permanent vapor recovery system. CARB states,  
 

“Methane is emitted from the production of crude oil, condensate, and produced water 
when the fluids are produced from an underground reservoir and separated or stored on 
the surface. The emissions are primarily a result of depressurizing the liquids from 
reservoir pressure to a lower surface pressure and subjecting the liquids to changes in 
temperature. The analysis showed that separator and tank systems with a production level 
of than 50 barrels of crude oil per day and less than 200 barrels of produced water do not 
produce enough liquids to meet the proposed emissions standard and therefore do not 
warrant flash emissions testing, or a permanent vapor collection system” (CARB, 2016b).  
 

However, according to CARB’s Initial Statement of Reasons (ISOR) for oil and gas regulation, 
condensate tanks with a throughput of 50 barrels of crude oil or condensate per day have the 
potential to exceed the 10 MT of methane threshold. CARB found that “the throughput levels for 
systems at 10 MT of methane were 5.5 barrels of oil per day (BOPD)” (CARB, 2016a). 
Furthermore, when CARB conducted testing on storage vessels with a throughput of 50 BOPD, 
they found four of them to exceed the 10 MT of methane threshold, demonstrating that small 
throughput producers exempt from flash testing and emission control requirements have the 
potential to emit substantial amounts of methane and subsequent co-pollutants.  
 
In an effort to determine what impact removing the small tanks producer exemptions from 
California’s Oil and Gas Methane Regulation would have on the state’s air quality, we evaluated 
the existing literature as it pertains to emissions from small throughput producers. According to a 
2016 analysis, separator and tank systems exempt from control measures account for 
approximately 12% (1,088 MT) of total methane emissions reductions that could be achieved if a 
permanent vapor collection system were installed on all separator and tank systems under CARB 
jurisdiction (Table 4.12) (CARB, 2016b).  
 
Table 4.12. Impact of different annual methane standards on uncontrolled systems. Source: Table 7, 
CARB (2016b). 
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Control  
Status Category # of 

Systems 
# of 

Water 
Tanks 

System Emission 
Reductions (MT/yr) 

Water Tank Emission 
Reductions 

(MT/yr) 
Total 
CH4 

Total CH4 

CH4 VOC CH4  VOC 

Exempt 

0 MT      1,034       1,129               288       
52               687          124         975  10.4% 

5 MT             9              9                 58       
10                 21              4           79  0.8% 

10 MT  -              5   -   -                 34   -           34  0.4% 

Exempt Total        1,043      1,143              346     62               742          127      1,088  11.6% 

Controlled 

15 MT             3              8                 50   -                 46   -           96  1.0% 

20 MT           19            29               413   -               228   -         641  6.9% 

25 MT             2            28                 58   -               372   -         430  4.6% 

30 MT             1            56                 34   -               847   -         881  9.4% 

35 MT  -            69   -   -            1,266   -      1,266  13.5% 

40 MT             4            99               316   -            4,631   -      4,947  52.9% 

Controlled Total             29         289              871   -            7,390   -      8,261  88.4% 

 
Condensate and produced water tank systems are also known to be a significant source of 
NMVOC emissions. As stated by CARB, 10 MT of methane from a small throughput condensate 
or produced water tank is equivalent to ~1.8 MT/year (~2 tons/year) VOCs. Using this ratio, we 
found the potential NMVOC emission reductions that could be achieved if exempt sources were 
included in this regulation to be 189 MT of VOC annually (~208 tons/year) (Table 4.12). However, 
it is important to note that these reductions are a very small fraction of the State’s total VOC 
inventory. 
 
The emissions estimates do not include emissions from tanks and systems currently controlled 
or exempt under district rules, including those condensate tank systems regulated under 
SJVAPCD Rule 4623, and SCAQMD Rule 463 and Rule 1178, for example (CARB, 2016b). Each 
local district rule for storage vessels requires 95% vapor recovery from separator and tank 
systems but may have different definitions for exempt sources. Similar to state-level exemptions, 
SJVAPCD Rule 4623 Storage of Organic Liquids excludes small producers with tank throughputs 
of 50 barrels per day (BPD) or less from vapor collection system requirements (SJVAPCD, 2005). 
SCAQMD Rule 463 is more stringent, however, only exempting tanks with a monthly average 
throughput of less than 30 BPD of oil and only if construction occurred prior to June 1, 1984 
(SCAQMD, 2011). Furthermore, these estimates were taken from a five-year-old report and may 
not reflect the number of exempt and non-exempt systems currently in operation in California. 
Therefore, the methane and subsequent NMVOC and TAC emission reductions are likely greater 
than what is summarized here. 
 
The additional reduction in methane emissions and subsequent reductions in NMVOCs and TACs 
released from storage vessel vapor would be potentially significant if the small throughput 
exemption of <50 BPD of oil or condensate and <200 BPD of produced water were removed from 
California’s statewide Oil and Gas Methane Regulation or updated to be as stringent as 
SCAQMD’s rules. Furthermore, if local jurisdictions like the SJVAPCD also agree to 
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remove/reduce their small throughput exemptions, the emissions reductions achieved and co-
benefits to local residents could be much greater.  
 
4.4.4. LDAR requirements: Heavy liquid exemptions and consideration of 

vulnerable communities 
 
California’s Oil and Gas Methane Regulation (as summarized in § 95669) includes measures 
related to LDAR (CARB, 2017c). Specifically, CARB’s LDAR regulation requires owners and 
operators of oil and gas facilities (as defined in § 95666) to conduct LDAR surveys on a quarterly 
basis (beginning January 1, 2018) in an effort to adequately monitor oil and gas components 
(including components found on tanks, separators, wells, pressure vessels) for potential leaks, 
and repair said leaks in a timely manner (CARB, 2020b). Operators are required to submit annual 
LDAR reports to CARB by July 1 of each year (CARB, 2017c, 2020b).  
 
4.4.4.1 Heavy liquid exemptions from state LDAR requirements 

Components used exclusively for crude oil with an average annual API gravity of less than 20 
degrees are exempt from California’s Oil and Gas Methane Regulation LDAR requirements 
(CARB, 2017c). The API gravity scale is intended to measure the density of produced oil in 
relation to water. Crude oil that is heavy is more viscous and denser than what is considered to 
be light or medium crude oil, which typically has an API gravity of 20 degrees or more (CEC, 
2020). This exemption applies to crude oil and produced water components, as well as to tank 
components, including pressure relief valves and pressure vacuum valves (SJVAPCD, 2019). 
Figure 4.14 below provides the percentage of oil produced in California by API gravity in 2018 
(CEC, 2020). As you can see, a substantial portion of oil produced in California is defined as 
“heavy.” 
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Figure 4.14. California oil field API gravity in 2018. Source: Figure from CEC (2020) analysis. 
 
CARB states the LDAR exemption for heavy oil components is due to the fact that heavy oil (API 
gravity <20) emits lower levels of emissions when compared to all components subject to 
California’s Oil and Gas Methane Regulation (CARB, 2020b). In CARB’s ISOR for oil and gas, 
CARB states,  
 

“...analysis of published emission factors to date show that components associated with 
heavy oil emit less total hydrocarbons, and therefore less methane, than other 
components found in gas or other liquid service” (CARB, 2016b).  
 

Heavy oil exemptions remain amid recent “Amendments to the Greenhouse Gas Emission 
Standards for Crude Oil and Natural Gas Facilities,” which will go into effect on April 1, 2024 
(CARB, 2024). CARB states that this exempt category makes up less than 1% of hydrocarbon 
emissions from leaking components (CARB, 2020b; 2022; CalGEM, 2023). While heavy crude oil 
production operations and associated components may represent a small fraction of total 
hydrocarbon emissions from the statewide upstream OGD sector, these emissions may be 
meaningful to risk of NMVOC exposure in areas with concentrated exempt infrastructure, or when 
this infrastructure exists in close proximity to human populations. Of note, CalGEM released a 
Request for Information on February 29, 2024, to seek feedback on “technologies and processes 
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that can be used to effectively ensure leaks associated with oil and gas operations are being 
detected.” (CalGEM, 2024) 
 
4.4.4.2 Consideration of proximity and disproportionately impacted communities  

As previously discussed in Section 4.4.2, oil and gas regions in Colorado face similar challenges 
to California in achieving attainment with NAAQS thresholds for ozone (CDPHE AQCC, 2021). 
As the oil and gas industry is the largest contributor of NMVOCs and anthropogenic methane 
statewide, Colorado implemented rules, including LDAR requirements, to control and reduce 
contributions from the oil and gas industry (CDPHE AQCC, 2021). Colorado’s LDAR program, as 
outlined in Regulation Number 7 and updated in 2021 (IEA, 2021), is more stringent when 
compared to California’s existing LDAR requirements, indicating that there are additional 
measures that could be integrated into California’s current regulations to further reduce methane 
and associated co-pollutant emissions from the oil and gas sector.  
 
Under Section II.E of Colorado’s Regulation Number 7, well site and compressor station owners 
and operators must inspect components, at varying frequencies, for leaks using an approved 
monitoring method, and must repair identified leaks within a timely manner (CDPHE AQCC, 
2021). LDAR inspection frequencies for well production facilities and gas compressor stations are 
established based on the magnitude of NMVOC emissions. Recent updates to this rule also 
require consideration of the facility’s proximity to occupied areas (a residence, school, large 
commercial establishment, or outdoor venue) in addition to the amount of NMVOCs emitted. Table 
4.13 below provides a summary of the inspection frequency schedules for each facility type.  
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Table 4.13. Well production facility and gas compressor station component inspections. Source: Adapted 
from Table 4, Colorado Regulation Number 7, CDPHE AQCC (2021). 

Well Production Facilities 

Fugitive VOC Emissions (tpy) Inspection Frequency 

 Phase-In Schedule 
Without Storage Tanks   With Storage Tanks 

Approved 
Instrument 
Monitoring 

Audio, 
Visual, 

Olfactory 

> 0 to < 2 One time Monthly January 1, 2016 

≥ 2 to ≤ 12 Semi-annual Monthly * begins in 2020 

> 2 and < 12, located within 1,000 feet of an occupied area Quarterly Monthly * begins in 2020 

> 12 to ≤ 20 | > 12 to ≤ 50 Quarterly Monthly January 1, 2015 

> 12, located within 1,000 feet of an occupied area Monthly NA * begins in 2020 

> 20 | > 50 Monthly NA January 1, 2015 

Beginning January 1, 2023 

> 0 to < 2 Annual Monthly 

January 1, 2023 

> 0 to < 2, located within 1,000 feet of an occupied area Semi-annual Monthly 

> 0 to < 2, located in the 8-hour ozone control area and within 
a disproportionately impacted community Semi-annual Monthly 

> 2 and < 50 Quarterly Monthly 
> 2 to < 12, located within 1,000 feet of an occupied area or 

within a disproportionately impacted community Bimonthly Monthly 

> 12, located within 1,000 feet of an occupied area or within a 
disproportionately impacted community Monthly NA 

> 20 | > 50 Monthly NA 

Natural Gas Compressor Stations 

Fugitive VOC Emissions (tpy) Inspection Frequency 

Phase-In Schedule 
Without Storage Tanks   With Storage Tanks 

Approved 
Instrument 
Monitoring 

Audio, 
Visual, 

Olfactory 

> 0 to ≤ 12 Semi-annual NA 

January 1, 2015 > 12 to ≤ 50 Quarterly NA 

> 50 Monthly NA 

Beginning January 1, 2023 

> 0 to < 12 Quarterly NA  

> 0 to < 50, located within a disproportionately impacted 
community or within 1,000 feet of an occupied area Bimonthly NA January 1, 2023 

> 12 to < 50 Quarterly NA  

>50 Monthly NA  

 
The updated LDAR requirements under Colorado Regulation Number 7 require more frequent 
inspections to be conducted for compressor stations and well production facilities located within 
1,000 ft (305 m) of an occupied area or located in disproportionally impacted communities 
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(CDPHE, 2021).9 For example, beginning in 2020, well production facilities emitting greater than 
2 tpy of NMVOCs but less than or equal to 12 tpy (≥2 and ≤12 tpy) are required to conduct 
inspections semi-annually using an approved instrument monitoring method;10 however, facilities 
with emissions in this same range located within 1,000 feet of an occupied area are required to 
conduct inspections quarterly (Table 4.13). Gas compressor stations and well production facility 
component inspections on or after January 1, 2023 are required to adhere to an even faster 
inspection schedule, with more inspections required on a more frequent basis for facilities located 
within 1,000 ft (305 m) of a well production facility and for facilities located in disproportionately 
impacted communities (CDPHE, 2021).  
 
Facilities located within 1,000 ft (305 m) of an occupied area are also subject to more stringent 
repair timelines (CDPHE AQCC, 2021). Beginning March 2021, leaks identified at well production 
facilities within 1,000 ft (305 m) of an occupied area are required to either (1) repair the leak within 
five working days from initial discovery; or (2) follow-up with additional monitoring using EPA 
Method 21 within five working days from initial discovery. For facilities with leaks located outside 
this distance of 1,000 ft, operators are required to either (1) repair the leak within five but no later 
than 30 working days from initial discovery; or (2) follow-up with additional monitoring using EPA 
Method 21 within five working days from initial discovery. As determined by the Commission, 
faster repair schedules and additional monitoring is required to protect public health and the 
environment within these vulnerable and disproportionately impacted communities (CDPHE 
AQCC, 2021).  
 
California’s current local and statewide LDAR programs do not consider disproportionately 
impacted communities or communities in close proximity to well production facilities and gas 
compressor stations (CARB, 2017c). Leaks from upstream gas infrastructure represents a 
significant source of methane and ozone precursor emissions and LDAR requirements have 
demonstrated their effectiveness at mitigating off-normal NMVOC releases from the oil and gas 
industry. While California’s existing LDAR program does much to reduce emissions from this 
sector, examples of other state LDAR policies indicate that it is possible for California to do more 
to further reduce large off-normal releases of methane and NMVOCs, especially for those 
communities near upstream sites and who are disproportionately health burdened. As such, 
California LDAR policies could consider implementing more stringent inspection, monitoring, and 
repair requirements for upstream oil and gas production facilities located closed to populations or 
located within disproportionately burdened communities.  
 
 
 
 

 
9 Disproportionately impacted communities are defined by the Colorado Environmental Justice Act (HB21-
1266) as census block groups where greater than 40% of households are (1) low income, (2) housing 
cost-burdened, or (3) include people of color.  
10 An alternative to the list of approved air monitoring methods includes non-quantitative monitoring, e.g., 
infrared cameras and/or audio, visual, olfactory (AVO) methods. However, for operators implementing 
these alternative monitoring methods are required to conduct monthly inspections, however, and are 
subject to more stringent repair requirements. 
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4.4.5. Summary of findings 
 

Enforced vapor recovery and LDAR regulations provide tools to enhance detection and reductions 
of emissions of methane and NM VOCs, including TACs and ozone precursors to the atmosphere. 
In California, regulatory exemptions from vapor recovery, LDAR, and equipment change-out 
requirements have been established based on methane and NMVOC emissions from specific 
upstream oil and gas sources. These exemptions include, but are not limited to (1) a statewide 
zero-bleed/zero-emission standards exemption for existing low-bleed (<6 standard cubic feet per 
hour) natural gas-driven pneumatic devices installed prior to January 1, 2016; 2) an exemption 
from the statewide 95% vapor recovery requirement for low-throughput separators and 
condensate tank systems; and (3) an exemption from the statewide leak detection and repair 
(LDAR) requirement for upstream oil and gas infrastructure components associated with heavy 
oil (API gravity <20). 
 
The closure of the exemptions from statewide zero-bleed/zero-emission standards for existing 
low-bleed pneumatic devices and vapor recovery requirements for low-throughput separators and 
condensate tank systems would reduce NMVOC emissions by an estimated 15 tpy from 50 
existing natural gas powered pneumatic devices and 208 tpy from ~2,200 small throughput 
separator and tank systems. Additionally, the California Air Resources Board states that heavy 
oil components (API gravity <20) exempt from LDAR account for less than 1% of hydrocarbon 
emissions from leaking components. While these exemptions represent a small fraction of 
NMVOC emissions from the statewide upstream oil and gas development sector, these emissions 
may be meaningful to risk of NMVOC exposure in areas with concentrated exempt infrastructure 
or when this infrastructure exists in close proximity to human populations 

4.5. Discussion 
Findings suggest that emissions from upstream oil and gas may significantly impact regional air 
quality within specific regions of California, such as the San Joaquin Valley. In regions where 
upstream OGD is one of several sources of the regional ambient air pollution, such as the South 
Coast Air Basin, emissions from upstream OGD sites still pose a local risk to residents and other 
nearby sensitive populations (e.g., schools, playgrounds, community centers) due to local 
increases in pollutants associated with active oil and gas production. The cumulative burden of 
air pollution from oil and gas in addition to other pollution sources may exacerbate health risks.  
 
The status of California’s oil and gas producing regions under federal air quality regulations is 
relevant in thinking about the potential impacts from upstream OGD. The majority of the state’s 
oil and gas producing regions are in nonattainment for ozone NAAQS, with upstream oil and gas 
contributing to these regions’ nonattainment status. In the South Coast region, upstream OGD 
contributions are minimal when compared to all sources; in the San Joaquin Valley, emissions 
contributions are significant. Further, a 2018 federal rule on TAC emissions allows major industrial 
sources to reclassify as area sources and potentially increase their TAC emissions. Many such 
facilities lie within California’s oil and gas producing regions. One study found that in the San 
Joaquin Valley, 13 major sources of TACs could potentially increase emissions by 300 tpy total 
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and in the Los Angeles area 15 facilities could potentially increase TACs by a total of 345 tpy 
(Declet-Barreto et al., 2020). These findings suggest more could be done to control emissions in 
these regions. 
 
Methane and NMVOCs are emitted during upstream oil and gas development. Many of the NM 
VOCs emitted are TACs or ground-level ozone precursors. Because both methane and some 
NMVOCs have a common source, certain infrastructure components, such as wellheads, gas 
pipelines, and gas processing plants, have emission profiles with high methane:non-methane 
hydrocarbon ratios. However, other components, such as condensate tanks and produced water 
ponds, have emission profiles with far lower methane:non-methane hydrocarbon ratios, and 
methane is not a reliable indicator of NMVOCs that are not hydrocarbons. While diesel engines 
used for transport, pumps, and other purposes do not emit methane and have a zero 
methane:non-methane hydrocarbon ratio, they do emit criteria air pollutants (CAPs), TACs, and 
other air pollutants. 
 
Results demonstrate a clear decline in methane (Collier-Oxandale et al., 2020; Okorn et al., 
2021), benzene, and alkane emissions (Garcia-Gonzales et al., 2019b) as distance from oil and 
gas production increases. For example, in one study, benzene levels were highest 427 ft (130 m) 
from activity, and levels of n-hexane and n-pentane (alkanes) were highest 640 ft (195 m) and 
542 ft (165 m) away, respectively (Garcia-Gonzales et al., 2019b). An important implication from 
this assessment is that significant reductions in methane could translate to potentially significant 
reductions in TACs and ozone precursors emissions (e.g., NMVOCs), beyond what is currently 
being achieved in California. 
 
Studies conducted on oil and gas development outside of California identified several NMVOCs, 
including TACs such as n-hexane, benzene, ethylbenzene, toluene, and xylenes, as methane co-
pollutants. Significant correlations were also found among emissions of benzene and toluene, 
benzene and m- & p-xylene, and toluene and m- & p-xylene. Many of the NMVOCs identified as 
methane co-pollutants in other oil and gas producing states have been detected in emissions 
from, and atmospheric concentrations near, upstream oil and gas development in California (e.g. 
benzene, toluene, ethylbenzene, xylenes, alkanes). 
 
LDAR focused on monitoring for methane is useful when monitoring equipment with emissions 
that have high methane:non-methane hydrocarbon ratios. In this context, methane can be a 
reasonable indicator of the presence of TACs and other NMVOCs that are intermixed with 
methane. However, when monitoring emissions from infrastructure or processes containing gases 
with low methane:non-methane ratios (e.g., condensate tanks, produced water management and 
disposal, etc.) or little to no methane content (e.g., combustion from diesel engines, combustion 
emission from natural gas-powered equipment, etc.), methane is not a reliable indicator of TAC 
and other NMVOC emissions and there is likely no surrogate for these situations. LDAR 
approaches that focus on measurement of large suites of air pollutant species may be more 
comprehensive and appropriate for various applications when gas composition is uncertain. 
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In California, regulatory exemptions from vapor recovery, LDAR, and equipment change-out 
requirements have been established based on methane and NMVOC emissions from specific 
upstream oil and gas sources. These exemptions include, but are not limited to (1) a statewide 
zero-bleed/zero-emission standards exemption for existing low-bleed (<6 standard cubic feet per 
hour) natural-gas driven pneumatic devices installed prior to January 1, 2016; (2) an exemption 
from the statewide 95% vapor recovery requirement for low-throughput separators and 
condensate tank systems; and (3) an exemption from the statewide leak detection and repair 
(LDAR) requirement for upstream oil and gas infrastructure components associated with heavy 
oil (API gravity <20). While exemptions represent a small fraction of NMVOC emissions from the 
statewide upstream OGD sector (Section 4.4), these emissions may be meaningful to risk of 
NMVOC exposure in areas with concentrated exempt infrastructure or when this infrastructure 
exists in close proximity to human populations. 
 
Studies conducted outside California identified ethane, hexane, pentane, heptane, butane, and 
benzene as methane co-pollutants. Significant correlations were also found among emissions of 
benzene and toluene, benzene and m- & p-xylene, and toluene and m- & p-xylene. While not 
specific to California, many of the compounds identified as co-pollutants of methane in other oil 
and gas producing states have also been detected in emissions from upstream OGD in California 
(e.g., BTEX, alkanes).  
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Appendix D 
D.1 Chemical usage in upstream OGD in California with respect to airborne 
exposure 
Chemical additives used in upstream OGD can volatilize and have the potential to increase 
airborne exposure of surrounding communities to potentially hazardous chemicals depending on 
the location and distribution of upstream oil and gas operations. Characterizing chemical additives 
using physical and chemical properties such as boiling point, Henry’s law constant, and 
atmospheric oxidation half-life can be useful for comparing the potential for exposure via airborne 
pathways. 

Chemical volatility describes the likelihood that a chemical will vaporize from a solid or liquid state 
and is useful for screening chemicals regarding their mobility and potential for airborne exposure. 
Organic chemical additives were classified as either very volatile, volatile, or semi-volatile 
according to boiling point categorizations for VOCs (aka NMVOCs) adapted from the U.S. EPA 
and the World Health Organization (WHO) (see Table D.2) (US EPA OAR, 2014; WHO, 1989). 
Organic chemicals with boiling points greater than 400°C were considered non-volatile for 
categorization purposes.  

Henry’s law constant provides an indication of chemical volatility from water sources, such as 
drilling or hydraulic fracturing fluids, produced water ponds, and storage tanks. Organic chemical 
additives were classified as either very volatile, volatile, moderately volatile, slightly volatile, or 
non-volatile from water according to generalized categorizations for Henry’s law constant 
provided in Table D.2. To provide a conservative estimate, if a chemical was classified as semi-
volatile, volatile, or very volatile based on boiling point or classified as slightly volatile, moderately 
volatile, volatile, or very volatile based on Henry’s law constant, the chemical is considered volatile 
for the sake of this analysis. 

In addition to volatility, atmospheric oxidation half-life can be used as a metric for determining the 
persistence of chemicals in the atmosphere and the potential for long-range transport and 
airborne exposure. Atmospheric oxidation half-life due to hydroxyl radicals (OH) was calculated 
using OH rate constants according to the following equation: 

 Atmospheric oxidation half-life = ln(2)/(OH rate constant * concentration of OH radicals) 

using a standard OH concentration of 1.5 x 106 OH radicals cm-1 and converted to hours. Data 
regarding hydroxyl radical rate constants were generally more available than ozone and nitrate 
rate constants. When data for both OH and ozone rate constants were available, atmospheric 
oxidation half-lives due to OH were generally shorter, indicating OH radicals are likely the primary 
method of atmospheric oxidation for the investigated chemical additives. Atmospheric half-life due 
to OH radicals were categorized according to Table D.2 using a 12-hour day due to the formation 
of OH radicals during daylight hours and negligible oxidation during the night.  

When experimental boiling point data, Henry’s law constant, or OH rate constant values were not 
available, estimates from EPI SuiteTM MPBPWINTM, HENRYWINTM, and AOPWINTM modules 
were used, respectively. Classification of organic chemicals according to volatility and 
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atmospheric half-life is provided in Table D.1. 

Table D.1. Categorization of organic chemicals used in upstream OGD in California by volatility, 
based on boiling point and Henry’s law constant, and atmospheric half-life.  

Volatility Category Number of 
Chemicals 

Atmospheric Oxidation Half-Life (OH) 

Time frame* Number of Chemicals 

Very Volatile 63 

≤ 2 h 4 

2 h–1 d 33 

>1 d 24 

No data 2 

Volatile 115 

≤ 2 h 18 

2 h–1 d 53 

>1 d 33 

No data 11 

Semi-volatile,  
moderately volatile, or slightly 

volatile 
54 

≤ 2 h 15 

2 h–1 d 17 

>1 d 16 

No data 6 

Non-volatile 112 

≤ 2 h 63 

2 h–1 d 38 

>1 d 12 

No data 0 

No data 134 

≤ 2 h 1 

2 h–1 d 1 

>1 d 0 

No data 132 

*Atmospheric half-life timeframes are grouped according to categories in Table D.2.  

A total of 232 chemical additives (out of 630) are considered very volatile, volatile, semi-volatile, 
moderately volatile, or slightly volatile based on boiling point or Henry’s law constant 



 

4-84 

categorization. A total of 176 out of the 232 chemicals have slow to moderate atmospheric 
oxidation rates (>2 hours, see Tables D.2), indicating increased potential for atmospheric 
transport and subsequent airborne exposure. A total of 152 chemicals were inorganic and were 
not assessed in this analysis.  
 
OECD Pov & LRTP Screening Tool and Chemical Screening for Potential Airborne Hazard 

Chemical additives were characterized for long-range transport potential (LRTP) and overall 
persistence (Pov) using the Organization for Economic Co-operation and Development (OECD) 
Pov & LRTP Screening Tool (The Tool). The Tool and the accompanying manual can be 
downloaded from the OECD’s website (OECD, 2009). More information about The Tool can be 
found in Wegmann et al. (2009). 
 
Briefly, the Tool is a fugacity-based steady-state multimedia mass balance model that was 
developed to estimate overall environmental persistence and long-range transport potential of 
organic chemicals at a screening level to support decision-making for chemical management 
(OECD, 2009; Wegmann et al., 2009). The Tool utilizes a unit-world model and takes into account 
chemical partitioning between air, soil, and sea compartments. For our purposes, the 
characteristic travel distance (CTD) is the LRTP metric used to compare chemical additive 
mobility, and is defined as the distance from a point release to where the concentration is 1/e or 
37% of the initial value (Wegmann et al., 2009). Pov is a measure of the degradation time scale 
for a given chemical in the whole environment (Wegmann et al., 2009). In addition to calculating 
combined whole environment scores, individual CTD and Pov are also calculated for air, soil, and 
seawater emission scenarios separately. 
 
The Tool requires five physicochemical inputs: log Kaw, log Kow, and estimated half-lives in air, 
water, and soil (OECD, 2009). Log Kaw was calculated using Henry’s law constant values. When 
experimental values for Henry’s Law constant and log Kow were not available, estimates from EPI 
SuiteTM HENRYWINTM and KOWWINTM modules were used, respectively. Half-life in air was 
calculated using atmospheric oxidation half-life due to hydroxyl radicals as previously described. 
Half-life in water and soil were estimated using the EPI SuiteTM BIOWINTM module. Results from 
the BIOWIN3 model for ultimate biodegradation in aerobic aqueous environments were assigned 
half-lives based on conversions utilized in other studies and frameworks (Aronson et al., 2006; 
Scheringer et al., 2006; Scheringer, 2010; US EPA, 2012). Some studies use the EPI SuiteTM 
BIOWIN4 model for primary biodegradation to estimate the half-life in water (Rogers et al., 2015); 
we used ultimate biodegradation because it represents a more conservative approach. Half-life 
in soil is assumed to be the same as the half-life in water based on U.S. EPA guidance (US EPA, 
2020c). Estimations from EPI SuiteTM models, such as BIOWINTM, AOPWINTM, KOWWINTM, 
KOAWINTM, and HENRYWINTM are generally accepted by US regulatory authorities when 
experimental data are unavailable (Rücker & Kümmerer, 2012) and are widely used by the 
scientific community as inputs for modeling the environmental fate of chemicals when 
experimental data is unavailable (Aronson et al., 2006; Gouin & Harner, 2003; Rücker & 
Kümmerer, 2012; Scheringer, 2010; Scheringer et al., 2006; Sühring et al., 2020; Wania & 
Dugani, 2003). The Tool is inappropriate for the characterization of acids, bases, metals, 
inorganic, and ionizing compounds (Wegmann et al., 2009). 
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Using the outputs from The Tool, chemical additives were ranked according to potential hazard 
for airborne exposure based on the chemical screening methodology adapted from Yost et al. 
(2017). Briefly, chemicals were assigned three scores based on inhalation toxicity, occurrence, 
and physicochemical properties. For our purposes, the cancer inhalation toxicity score is based 
on inhalation unit risk factors, while the non-cancer inhalation toxicity score was based on chronic 
inhalation reference concentrations (RfC) and minimal risk levels (MRLs). The occurrence score 
is determined by the frequency of use of a chemical in available chemical disclosure databases. 
Mass data was not used due lack of availability and uncertainty in the underlying data; chemical 
concentrations would often add up to >100% in the FracFocus dataset. Chemicals only reported 
in the AB 1328 dataset did not have any frequency of use data available and could not be given 
an occurrence score (CVRWQCB, 2021). The physicochemical properties score was determined 
by summing three separate scores for volatility (based on boiling point), persistence (based on 
Pov for air emission), and mobility (based on CTD for air emissions). Each individual score was 
rated from 1 to 4 based on either quartiles (e.g., toxicity) or threshold values (see Table D.3) and 
summed together to determine the physicochemical properties score. The scores for toxicity, 
occurrence, and physicochemical properties were standardized within each subset of chemicals 
from a scale of 0 to 1, and all three scores were summed together to determine relative total 
hazard potential score. Because each score is relative to other compounds, only chemicals with 
data available to calculate all three scores were evaluated. 
 
As shown in Table D.4, chemicals that were frequently reported in oil and gas chemical additive 
disclosures were consistently ranked high for potential hazards compared to other additives. 
Highly toxic chemicals that were rarely reported in oil and gas operations, such as benzyl chloride 
and acrylonitrile, were still ranked high due to their environmental persistence and mobility. Other 
chemicals with relatively low toxicity but which were the most frequently reported, such as 
methanol and isopropanol, and were also ranked high due to environmental persistence and 
mobility. BTEX compounds were not grouped together due to relative differences in frequency of 
use and non-cancer toxicity. Cancer based hazard rankings generally favored chemicals with 
higher inhalation unit risk values, even if they were infrequently reported (Table D.5). The BTEX 
compounds benzene and ethylbenzene ranked surprisingly low due to their relatively low 
inhalation unit risk values compared to other chemical additives. 
 
The major limitation of this approach is the availability of physicochemical and toxicity data 
required to evaluate chemicals. In total, only 23 chemical additives had all the required data for 
evaluation. Toxicity data was the biggest limiting factor, with only 43 and 18 chemicals having 
non-cancer and cancer inhalation toxicity information, respectively, out of 630 chemical additives. 
Because the vast majority of chemical additives were missing data and could not be evaluated, it 
is difficult to draw conclusions about the relative hazards of upstream chemical usage. Additional 
data on chronic inhalation toxicity and cancer unit risks would aid in the evaluation of potential 
hazards associated with airborne exposure to chemicals used in upstream oil and gas activities. 
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Table D.2. General interpretation of various chemical properties in the context of mobility and 
hazard assessment. Sources: US EPA (2012); US EPA OAR (2014). 

Chemical 
property Value Generalized Classification 

Henry’s Law 
Constant 
(atm-
m3/mole) 

>10-1 Very volatile from water 
10-1–10-3 Volatile from water 
10-3–10-5 Moderately volatile from water 
10-5–10-7  Slightly volatile from water 
<10-7  Non-volatile 

Log Kow 

<1 Highly soluble in water (hydrophilic) 
>4  Not very soluble in water (hydrophobic) 
>8  Not readily bioavailable 
>10  Not bioavailable - difficult to measure experimentally 
2–4 Liquids tend to absorb well through the skin 
>4 Chemical tends to not absorb well through skin 
5–6 Chemical tends to bioconcentrate in the lipid portion of the membrane 

Atmospheric 
oxidation half-
life 

<2 hours  Rapid oxidation 
2 hrs–< 1 day Moderate oxidation 
1–10 days Slow oxidation 
>10 days Negligible oxidation 
>2 days  Potential for long range transport in air 

Boiling Point 

<0 to 50–100°C  Very volatile 
50–100 to 240–260°C Volatile 

240–260 to 380–400°C Semi-volatile 
 

Table D.3. Threshold values used to rank physicochemical properties for screening potential 
airborne exposure of chemicals 

Chemical Property Value Ranking value 

POV for air emissions (days) 

>100 4 
10–100 3 
1–10  2 
<1  1 

CTD for air emissions (km) 

>100 4 
10–100 3 
1-10  2 
<1  1 

Boiling point (°C) 

<0 to 50–100 4 
50–100 to 240–260 3 
240–260 to 380–400 2 
>400 1 

Non-cancer inhalation reference concentration (mg/m3) 

≤1st quartile 4 
>1st quartile to ≤2nd quartile 3 
>2nd quartile to ≤3rd quartile 2 
>3rd quartile 1 

Cancer inhalation unit risk (ug/m3)-1 

≥3rd quartile 4 
≥2nd quartile to <3rd quartile 3 
≥1st quartile to <2nd quartile 2 
<1st quartile 1 

Number of disclosures 

≥3rd quartile 4 
≥2nd quartile to <3rd quartile 3 
≥1st quartile to <2nd quartile 2 
<1st quartile 1 
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Table D.4. Chemical additives ranked according to relative potential hazard via airborne 
exposure using relative non-cancer toxicity, occurrence, and physicochemical scores. 

Chemical Name CASRN Physico-
chemical Score 

Occurrence 
Score 

Non-Cancer 
Toxicity 
Score 

Overall 
Score 

Formaldehyde 50-00-0 0.75 1 0.66 2.41 
Naphthalene 91-20-3 0.25 1 1 2.25 
Isopropanol 67-63-0 0.75 1 0.33 2.08 
Ethylbenzene 100-41-4 0.5 1 0.33 1.83 
Methanol 67-56-1 0.75 1 0 1.75 
Acrylonitrile 107-13-1 0.75 0 1 1.75 
Benzyl chloride 100-44-7 0.75 0 1 1.75 
Benzene 71-43-2 0.75 0.33 0.66 1.75 
Xylenes 1330-20-7 0.25 1 0.33 1.58 
Acrylamide 79-06-1 0.5 0 1 1.5 
Cumene 98-82-8 0.5 0.66 0.33 1.5 
Acetone 67-64-1 1 0.33 0 1.33 
1,2,4-Trimethylbenzene 95-63-6 0 0.66 0.66 1.33 
Diethylene glycol mono-n-butyl ether 112-34-5 0.25 0 1 1.25 
2-Butoxyethanol 111-76-2 0.25 0.66 0.33 1.25 
1-Methoxy-2-propanol 107-98-2 0.5 0.66 0 1.16 
Toluene 108-88-3 0.5 0.66 0 1.16 
Diethanolamine 111-42-2 0 0 1 1 
1,2,3-Trimethylbenzene 526-73-8 0 0.33 0.66 1 
1,3,5-Trimethylbenzene 108-67-8 0 0.33 0.66 1 
Isobutylmethylcarbinol 108-11-2 0.25 0.33 0 0.58 
Methyl isobutyl ketone 108-10-1 0.25 0 0 0.25 

 
Table D.5. Chemical additives ranked according to relative potential hazard via airborne 
exposure using relative cancer toxicity, occurrence, and physicochemical scores 

Chemical Name CASRN Physicochemical 
Score 

Occurrence 
Score 

Cancer Toxicity 
Score 

Overall 
Score 

Ethylene oxide 75-21-8 1 0.33 1 2.33 
Formaldehyde 50-00-0 0.66 1 0.33 2 
Acrylamide 79-06-1 0.33 0.33 1 1.66 
Acrylonitrile 107-13-1 0.66 0 0.66 1.33 
Benzyl chloride 100-44-7 0.66 0 0.66 1.33 
Naphthalene 91-20-3 0 1 0.33 1.33 
Benzene 71-43-2 0.66 0.66 0 1.33 
Ethylbenzene 100-41-4 0.33 0.66 0 1 

 
D.2 Interpreting cancer and non-cancer health risks 
 
Interpreting non-cancer health risk  

Hazard quotients and hazard indices are used to estimate noncancer health risks associated with 
acute and chronic exposures. A hazard quotient (HQ) is the ratio between the estimated or 
observed exposure concentration and a health guidance value for a given chemical. It is often 
assumed in risk assessment that exposures at or below the health guidance value (i.e., HQs of 1 
or less) are of less concern for adverse non-cancer health effects. Additionally, exposures at or 
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below the health guidance value (i.e., HQs of 1 or less) are not likely to be associated with adverse 
health effects. It must be noted, however, that in reality, non-cancer endpoints (e.g., infertility, 
pregnancy complications, birth defects, neurodevelopmental delays, metabolic disorders, and 
cardiovascular disease) may also have non-threshold dose response relationships due to 
population variability in response (NRC, 2009). However, as exposures increase above the health 
guidance value (i.e., HQs are greater than 1), the potential for adverse effects increases. To 
consider exposure from multiple air pollutants, acute and chronic hazard indices (HI) are 
calculated by summing HQs for individual compounds that are anticipated to affect the same 
target organ system based on acute or chronic exposure duration. Target organ systems can 
include the respiratory system, hematologic system, alimentary system, endocrine system, growth 
and development, reproductive system, nervous system, cardiovascular system, skin, eyes, and 
general toxicity (OEHHA, 2015a). 

Interpreting cancer risk estimates 

In California and per requirements of Assembly Bill 2588 (the Air Toxics "Hot Spots" Information 
and Assessment Act), the Office of Environmental Health Hazard Assessment (OEHHA) and 
CARB are responsible for providing local air districts guidance on the preparation of health risk 
assessments for stationary sources with the potential to emit TACs (TACs) (OEHHA, 2015b). AB 
2588, enacted in 1987, requires stationary sources to report the types and quantities of TACs 
emitted routinely from a given facility in an effort to reduce significant risks to “acceptable” levels 
(OEHHA, 2015a).  
 
SJVAPCD utilizes the following action thresholds with respect to stationary source permitting:  
 

● For each permitted unit that exceeds the 1 in one million excess cancer risk threshold, 
installation of toxic best available control technology (T-BACT) is required. 

● If the cumulative cancer risk for the facility exceeds 20 in a million excess cancers, the 
permit for the project will be denied (SJVAPCD, 2015). 

 
Similarly, the SCAQMD establishes requirements that must be met before a permit can be issued. 
Risk assessment guidance for equipment subject to Rules 1401, 1401.1, and 212 states: 
 
“The cumulative increase from all TACs emitted from a single piece of equipment in MICR shall 
not exceed: 

● 1 in one million (1.0 x 10-6 or 1E-06) if toxic best available control technology(T-BACT) is 
not used; or, 

●  10 in one million (10 x 10-6 or 10E-06) if T-BACT is used (SCAQMD, 2015c). 
 
Additionally, SCAQMD Rule 1402 defines the “Action Risk Level” as greater than or equal to 25 
in one million excess cancer risks and the “Significant Risk Level” as greater than or equal to 100 
in one million excess cancer risks (SCAQMD, 2020). In both cases, Risk Reduction Plans are 
required to be submitted to the District within a certain time frame, and must be implemented 
within 2–2 ½ years. Excess cancer risk levels for the two top oil and gas producing air districts in 
California are described in more detail in Table D.6. 
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Table D.6. Excess cancer risk levels and interpretation for two top oil and gas producing air 
districts in California. 
 

Air District Significant Cancer 
Risk Threshold Interpretation Source 

SCAQMD 
Rules 1401, 

1401.1 & 
212 

>1 in one million T-BACT is required.  SCAQMD 
(2015c) 

>10 in one million Tier 3 or 4 more detailed analysis required before 
permit can be issued. 

SCAQMD 
Rule 1402 

≥25 in one million 120 days to submit a Risk Reduction Plan; three 
months for the District to approve the Plan; No later 
than 2.5 years to implement the Plan. 

SCAQMD (2020) 

≥100 in one million 90 days to submit an Early Action Reduction Plan; 180 
days to submit a Health Risk Assessment and/or Risk 
Reduction Plan; No later than two years to implement 
the Plan. 

SJVAPCD 
APR 1905 

>1 in one million T-BACT is required. SJVAPCD 
(2015) 

>20 in one million 
significance threshold 

Not approvable. Additional controls or alternative 
design needs to be applied. 
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5.0 Abstract 
In this chapter, the disposition, chemistry, and potential contamination and/or exposure 
pathways of produced water from oil and gas industry operations in the state of California are 
examined. Both the production volumes and disposal methods of produced water during the 
period of 1977–2017 were examined. In general, produced water generation in California has 
been increasing since the mid-1990s, and the majority is disposed of via subsurface injection. 
However, the multiple reporting systems of produced water disposal introduce uncertainty in 
quantifying exact volumes of disposed water. 

This chapter also characterizes the chemistry of produced waters in California, providing a 
relatively comprehensive assessment of constituents found in produced waters. However, there 
is considerable heterogeneity in the analysis requirements across both regulatory programs and 
geographic areas. Thus, despite being well known to contain potentially harmful compounds 
(e.g., benzene, toluene, arsenic), the exact composition of produced water, and organic 
compounds in particular, is not explicitly regulated. For example, in the southern San Joaquin 
Valley, produced water was commonly disposed of in unlined earthen ponds from the early 20th 
century until 2014. Comprehensive chemical analyses of these waters were relatively rare prior 
to 2015, and few studies have examined airborne emissions of organic compounds from these 
ponds. An analysis of chemical data contained in the State Water Resources Control Board 
Geotracker system indicates that waters contained in disposal ponds exceed Tulare Basin 
effluent limits in at least 75% of samples, and often contain contaminants (e.g., benzene, 
radium) at concentrations that exceed California Maximum Contaminant Levels. Despite sparse 
groundwater monitoring near these facilities, recent work has demonstrated that the disposal of 
produced water via this method has impacted groundwaters over 4 km (2.5 mi) from disposal 
facilities, and most commonly more than 1 km (3,281 ft). Approximately 545,000 (~1 in 75) 
Californians live within 1 km (3,281 ft) of an active, inactive, or historical produced water pond. 

An extensive review of onshore oil and produced water spills in California was also conducted, 
indicating that there were 1,029 incidents involving a spill of produced water. However, despite 
the potential threat to environmental and human receptors, significant knowledge gaps 
surrounding these incidents appear to exist. Specifically, only approximately 6% of incidents 
involving a spill of crude oil or produced water contained geographic coordinates, greatly 
hindering assessing the potential impacts of these events to public health. Moreover, updated 
spill volumes are not rapidly retrievable from the database maintained by the California Office of 
Emergency Services, and during the years 2018–2020 volumes of produced water spilled were 
underreported ranging from 35–2,750%. It is unclear if groundwater monitoring is performed 
following spill events. 

5.1. Overview 

Wastewater from oil and gas development (OGD) is commonly referred to as produced water. 
Produced water is generated during several oil and gas exploration and production activities, 
including drilling through saline groundwater that overlies target oil and gas reservoirs; stimulation 
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of oil or gas reservoirs by hydraulic fracturing; workover (i.e., well maintenance) operations; and 
day-to-day production and operations (GWPC, 2019). In the state of California, about 20% of all 
produced waters come from stimulated (hydraulic fracturing, matrix acidizing) reservoirs 
(Stringfellow et al., 2015).  

Produced water is considered waste from oil and gas exploration and production and is thus 
excluded from hazardous waste classification under Subtitle C of the Resource Conservation and 
Recovery Act (RCRA) (US EPA, 2002). Operators employ numerous methods to dispose of this 
waste, and in Section 5.2 the volumes of produced water disposed of via various methods are 
discussed. 

The chemical characteristics of produced water depend on the geographic location of the field, 
the geological formation in which groundwater resides, and the hydrocarbon being extracted 
(GWPC, 2019). For example, produced waters vary greatly in salinity (GWPC, 2019). In addition, 
produced water commonly contains many toxic organic and inorganic compounds. Some of these 
are naturally occurring dissolved or emulsified hydrocarbons, while others are related to 
chemicals added for well control or reservoir stimulation purposes. While produced waters from 
shale reservoirs (e.g., the Marcellus Shale) are relatively enriched in radionuclides, radionuclide 
levels in Californian produced waters are significantly lower (McMahon et al., 2019). 

A number of factors can influence the chemistry of produced water including but not limited to: 
hydrocarbon field setting and petroleum geology; geologic history; flushing of meteoric water; 
confining geologic layers; history of oil and gas activities and water injection; current and historical 
downhole chemical use; and field temperature and pressure (Clark & Veil, 2009; Kahrilas et al., 
2015; McMahon et al., 2018). Chemical constituents that are or may be in produced water include 
residual petroleum hydrocarbons, chemical additives, geogenic compounds, and degradation 
byproducts of chemical transformations. Operators have few, if any, restrictions on the chemicals 
used for conventional and unconventional OGD in California. Section 5.3 contains a detailed 
discussion of the chemistry of produced water, and Section 5.5.3 describes the chemical 
composition of produced waters contained in disposal ponds in the California. 

Multiple strategies are used to dispose of produced water. This chapter provides a discussion of 
California’s produced water generation, disposal, and chemistry, along with possible 
environmental contamination pathways due to produced water disposal methods (Figure 5.1).  
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Figure 5.1. Conceptual model of the potential contamination and exposure pathways from the generation 
and use of produced water in California. Inset boxes indicate the sections where detailed conceptual 
models and discussion of specific activities are located. 

5.2. Produced Water Volumes and Disposition 

The long-term trends of produced water generation and disposal in California are tied to the 
amount and type of oil and gas activities. In 2017, California ranked second only to Texas in 
produced water generation, was tied with New Mexico for fourth place in oil production (behind 
Texas, North Dakota, and Alaska), and was 15th in natural gas production (Veil, 2020). Remaining 
oil reserves in California are mostly heavy crude, which largely requires energy-intensive 
enhanced oil recovery (water flooding and steam injection) for removal and generates large 
quantities of produced water (Alvarado & Manrique, 2010).1  

To determine long-term trends of produced water disposal in California, data files from the 
California Geologic Energy Management Division’s (CalGEM) Well Production and Injection 
Summary Reports were downloaded for the years 1977 (year of earliest electronic availability) to 
2017. The reports indicate the generation of produced water in California has been increasing 
since 1994, while oil and gas production has been decreasing since 1985, thus resulting in an 
increasing ratio of produced water to oil volumes (Figure 5.2). 

In California, subsurface injection is the most common method of produced water management 
(Figure 5.3), accounting for a low of 40.3% and a high of 84.5% of produced water in 1981 and 
2017, respectively. In both CalGEM’s Well Production and Injection Summary Reports and 
reporting pursuant to Senate Bill (SB) 1281 (Pavley, 2014), injection for enhanced oil recovery is 
not distinguished from injection into wells for disposal. However, Veil (2020) estimates that most 
(~73%) injected water in California is used for enhanced oil recovery. CalGEM does not provide 
a definition of “Not Applicable” in Well Production and Injection Summary Reports. 

 

1 Enhanced oil recovery wells are used to prolong the productive life of wells within a specific oil 
field. Secondary recovery is an enhanced oil recovery process commonly referred to as water 
flooding. 
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Figure 5.2. Plot of oil production in millions of barrels (MMbbl), gas production in billions of cubic feet (BCF), 
produced water generation (MMbbl), and water to oil ratio from 1977 to 2017 as reported to CalGEM. 
Source: Figure S2 from DiGiulio et al. (2021). 

 
Figure 5.3. Stacked area plot of produced water disposition from 1977 to 2017 as reported to CalGEM. 
Data from CalGEM Well Production and Injection Summary Reports. Source: Figure S3 from DiGiulio et al. 
(2021). 
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The multiple reporting systems of produced water disposal in California appear to create 
uncertainty regarding the volumes of produced water disposed via specific methods. As such, it 
is possible that actual volumes of produced water disposed via a particular method exceed 
reported volumes for said method. For example, both the “Other” disposition category in the 
CalGEM Well Production and Injection Summary Reports and reporting pursuant to SB 1281 
contain an “Other” category which includes commercial disposal. However, because commercial 
water disposal companies also dispose of produced water into unlined ponds, the “Other” 
category in both reporting systems could also include disposal to unlined produced water ponds. 
Hence, actual disposal volumes into unlined produced water ponds could be greater than 
represented under both reporting systems and further assessment is needed to confirm this one 
way or another. It should also be noted that for those ponds that are under orders from the Central 
Valley Regional Water Quality Control Board (CVRWQCB), operators are required to submit 
volume information to the CVRWQCB.   

5.3. Chemical Characterization of Produced Water 

Requirements for analysis of produced water in California largely depend on the regulatory 
program and geographic area where storage or disposal of produced water occurs. Some 
requirements for chemical characterization are statewide, whereas others are regional. Logically, 
the stringency and scope of requirements for chemical characterization of produced water should 
be dependent on potential exposure pathways to human or ecological receptors. 

Following the enactment of SB 4, an analysis of produced water during the first three well volumes 
of flow and after 30 days of operation at stimulated production wells is required (Table 5.1) (14 
C.C.R. § 1788, 2015). While many commonly reported water chemical constituents are included, 
stable water isotopes, ammonia/ammonium, radium-228, and uranium are notably absent from 
this analytical list. A similar requirement was instituted for produced water disposed in Class II 
disposal wells when CalGEM’s Underground Injection Control (UIC) regulations were updated in 
April 2019 (Table 5.1) (14 C.C.R. § 1724.7.2, 2019), although stable water isotopes and 
radionuclides are also absent from this list. These regulations do allow for expansions of the 
required suite of analyzed chemical constituents in locations where migration is suspected outside 
an injection zone. For instance, in August 2020, the list of required constituents was expanded by 
the CVRWQCB for Class II disposal wells near the Lost Hills, Belridge South, and Belridge North 
fields, due to concern of suspected migration outside injection zones (CVRWQCB, 2020). 

Like the required analyses of produced water from stimulated wells and produced water disposed 
of by injection wells, chemical analyses of produced water disposed of in unlined ponds have 
been required since 2015, with further updates to analytical requirements in 2017 (Table 5.1) 
(CVRWQCB, 2015, 2017a, 2017b, 2017c). This analysis also includes ponds used to blend 
produced water with surface water and groundwater for irrigation.  
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Table 5.1. Chemical constituents required to be analyzed in produced waters as required by CalGEM Well 
Stimulation Regulations (14 C.C.R. § 1788, 2015), CalGEM UIC Regulations (14 C.C.R. § 1724.7.2, 2019), 
CVRWQCB Lost Hills, South Belridge, and North Belridge Section 13267 Order (CVRWQCB, 2020), and 
CVRWQCB Waste Discharge Requirements General Order for Oil Field Discharges to Land Order R5-
2017-0034 (CVRWQCB, 2017a). 

Constituent 
CalGEM Well 
Stimulation 
Regulations 

CalGEM UIC 
Regulations 

CVRWQCB Lost 
Hills, South 
Belridge, and 
North Belridge 
Section 13267 
Order 

CVRWQCB Waste 
Discharge 
Requirements General 
Order for Oil Field 
Discharges to Land 
Order R5-2017-0034 

General Water Quality 
Alkalinity X X X X 
Electrical Conductivity  X X2 X 
Total Dissolved Solids X X X X 
pH X X X2 X 
Temperature  X X2 X 

Major Ions 
Chloride X X X X 
Sulfate X X X X 
Bicarbonate  X X2 X 
Carbonate  X X2 X 
Hydroxide  X X2 X 
Calcium X X X X 
Magnesium X X X X 
Potassium X X X X 
Sodium X X X X 

Inorganics 
Boron X X X X 
Bromide X X X2  
Iodine  X X2  
Iron X X X X 
Lithium X  X X 
Manganese X X X X 
Nitrate X  X X 
Nitrite X    
Strontium X X X X 
Title 22 metals1 X  X X 

Radionuclides/Isotopes 
Deuterium   X X 
Oxygen-18   X X 
Gross alpha X  X X 
Gross beta X    
Radium-226 X  X X 
Radium-228   X X 
Radon-222 X    
Uranium   X X 

Organics 
Total petroleum hydrocarbons as 
Crude oil 

 X X X 

Benzene X  X X 
Toluene X  X X 
Ethylbenzene X  X X 
Xylenes X  X X 
Polynuclear Aromatic Hydrocarbons   X X 

Gases 
Hydrogen Sulfide X    
Methane X  X  

1Title 22 metals include: antimony, arsenic, barium, beryllium, cadmium, chromium (total & VI), cobalt, 
copper, fluoride, lead, mercury, molybdenum, nickel, selenium, silver, thallium, vanadium, and zinc (22 
C.C.R. § 66261.24, 1994). 
2It was unclear from the § 13267 order whether these constituents would be measured. However, given 
this order is an expansion of monitoring requirements, it was assumed that constituents mandated to be 
measured by UIC regulations would also be measured.  
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Efforts to improve the chemical characterization of produced water ponds appears limited to the 
CVRWQCB. That is, other regional water quality control boards do not require comprehensive 
analysis of produced water stored in lined ponds or disposed in unlined produced water ponds. 
There also does not appear to be any analytical requirements for testing produced water 
associated with spills. In the event of a large spill, important insights could be provided by 
comprehensive chemical analysis on the remaining produced water in a vessel. 

At present, it does not appear that non-targeted and/or bioanalytical testing has been used to 
supplement chemical characterization of produced water. These approaches could be beneficial 
when produced water is used for agriculture or discharge to surface water. A significant fraction 
of unidentified compounds in produced water are likely degradation products of petroleum 
hydrocarbons. However, some unidentified compounds may be additives or transformation 
products of additives. Bioanalytical testing could enable assessment of toxicity, mutagenicity, 
teratogenicity, and other toxicological endpoints of concern. These tests are poised to be 
deployed for municipal wastewater recycling by the California State Water Resources Control 
Board (SWRCB), thus their use could be adapted for produced water (SWRCB, 2018). 

In its report on well stimulation in California, the California Council on Science and Technology 
(CCST) recommended evaluation of “impacts of production for all OGD, rather than just the 
portion of production enabled by well stimulation” (Long et al., 2016). The CCST report found oil 
and gas production operators voluntarily reported the use of more than 300 chemical additives in 
California. However, knowledge of the hazards and risks associated with these chemicals was 
incomplete for almost two-thirds of the reported chemicals, and the toxicity and biodegradability 
of more than half the chemicals was uninvestigated, unmeasured, and unknown (Stringfellow et 
al., 2015). 

Where feasible, green chemistry principles could be used to maintain an equivalent function while 
using less toxic chemicals and smaller amounts of toxic chemicals (Long et al., 2016). Long et al. 
(2016) suggested that California regulators could also disallow certain chemicals, or limit 
chemicals to those on an approved list, where approval depends on the chemical having an 
acceptable environmental profile. The latter approach reverses the usual practice, whereby an 
industry is permitted to use a chemical until a regulatory body proves that the chemical is harmful. 
Oil and gas production in the environmentally sensitive North Sea uses this pre-approval 
approach and might provide a model for limiting chemical risk in California (Stringfellow et al., 
2015). Any of these approaches requires that operators report the unique Chemical Abstracts 
Service (CAS) number for all chemicals. The CCST recommended: 

“Relevant state agencies, including DOGGR [now CalGEM], should as soon as practical 
engage in discussion of technical issues involved in restricting chemical use with a group 
representing environmental and health scientists and industry practitioners, either through 
existing roundtable discussions or independently” (Long et al., 2016). 
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5.3.1. Compiled Produced Water Quality Dataset  

To better understand the nature of produced water, information from available databases and 
reports on the chemical composition of produced water in California were compiled. Major sources 
of produced water quality in California include the U.S. Geological Survey (USGS) National 
Produced Waters Geochemical Database, the CalGEM Well Stimulation Disclosure Database, 
and various smaller scale USGS data releases. Detailed descriptions of produced water quality 
data sources are provided in Table 5.2. 

California-specific data were extracted from the USGS National Produced Waters Geochemical 
Database, which includes 40 individual sources of produced water quality data from across the 
country, and contains measurements for major and trace elements, dissolved gases, and isotopes 
(both stable and radioactive). Data regarding analytical methods and detection limits are not 
available for the USGS National Produced Waters Geochemical Database. Water quality 
parameters were converted from parts per million (ppm) to milligrams per liter (mg/L) using 
specific gravity to allow for easier integration with other data sources. 

Produced water quality data were extracted from the recovered fluids analytical table in the 
CalGEM Well Stimulation Disclosure Database. The CalGEM database maintains data regarding 
the chemical analysis of recovered fluids (after three well volumes and 30 days of operation 
following stimulation) and is publicly available for download (CalGEM, 2021a). Although 
recovered fluids from well stimulation may ultimately differ from well stimulation produced water, 
they are handled in the same manner in California, aligning with the methodology of previous 
studies (e.g., Shonkoff et al., 2021), and thus were included in the analysis of produced water 
quality. Data for volatile organic compounds (VOCs) and other organic compounds are limited to 
the CalGEM database, which includes produced water from matrix acidizing, acid fracturing, and 
hydraulic fracturing activities. On a statewide basis, chemical additives used in upstream OGD 
and degradation byproducts are generally not monitored in produced water, with notable 
exceptions for guar gum and silica in the CalGEM database. However, CVRWQCB General 
Orders and waste discharge requirements (WDRs) for produced water reuse projects require that 
the operator list the chemicals and additives used, and then test for those ones that have 
approved analytical methods. Data for organic compounds in produced water from conventional 
OGD is generally unavailable. 

Other data sources that were incorporated include individual USGS data releases containing both 
historical and current produced water quality data from various oil fields throughout California. 
Due to their inclusion of historical produced water quality data, these data releases varied in data 
quality, background information regarding analytical methods, detection limits, geographic 
coverage, and the types of water quality parameters measured. Three USGS data releases 
(Everett et al., 2019; Gillespie et al., 2019; Metzger et al., 2018) contained only total dissolved 
solids (TDS) data and were excluded from our compiled dataset. Other sources of produced water 
quality, such as monitoring data from produced water ponds, were excluded from the compiled 
dataset to focus on produced water quality prior to any treatment, blending, evapoconcentration, 
or volatilization that could impact produced water quality in ponds. Chemical characterization of 
produced water ponds is discussed in Section 5.5.3. 
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Due to the individual nature of each database, our compiled produced water quality dataset has 
a number of limitations, including: 

● USGS datasets could not be independently verified and did not always specify protocols, 
methods, or detection limits, limiting interpretation and integration.  

● For all datasets, results that were reported as zero, a non-detection qualifier (e.g., “ND”), 
below a detection/reporting limit (e.g., <0.05), or negative were not considered in compiled 
summary statistics. Results reported as a range (e.g., >100 mg/L) were removed to allow 
for consolidation. If no measurement value was provided for a given analysis or if the value 
was “NA,” it was assumed that the analysis was not performed. Charge balance values 
were included in some databases; however, data points were not removed because large 
charge imbalances were often due to missing major ion analytes. 

● Information on the source of produced water (e.g., water body, well identifiers, latitude, 
and longitude) beyond the oil field was not always available. Geospatial information is 
necessary to identify human health risks associated with produced water handling and 
reuse. 

5.3.2. Compiled Produced Water Quality Dataset Summary 

A total of 4,242 unique produced water samples were analyzed for subsets of 287 different water 
quality parameters and chemical compounds. Water quality parameters included standard water 
quality indicators, naturally occurring radioactive materials (NORM) and other radioactivity 
indicators, major and minor ions, trace elements, dissolved gasses, organic compounds, select 
compounds relating to hydraulic fracturing additives, and isotopes. Summary statistics were 
calculated for select parameters (Table 5.3), and additional water quality parameters (Table E.1, 
Appendix E.1) contained within the compiled produced water quality dataset. 

Standard water quality parameters (e.g., alkalinity, pH) and ions (e.g., calcium, magnesium, 
sodium, chloride, alkalinity, and TDS) were the most often reported constituents. TDS 
concentrations in the vast majority (95%) of samples in the dataset are 3,250 mg/L or more (Table 
5.3), well above the upper limit of 2,000 mg/L TDS used as a general rule of thumb for acceptable 
irrigation water (Ayers & Westcot, 1985), although some crops can handle higher TDS irrigation 
water. Consequently, most produced waters included in this database would require treatment or 
dilution before reuse for agricultural purposes (which would also dilute potential constituents of 
concern). 

The CalGEM Well Stimulation Disclosure Database is the only synthesized database that 
contains monitoring data for organic compounds often co-produced with oil and gas. Benzene, 
toluene, ethylbenzene, and xylenes (BTEX) compounds were detected in most samples in the 
CalGEM database, with median concentrations of 0.71, 1.9, 0.25, and 1.2 mg/L, respectively. 
These levels are orders of magnitude higher than those reported in produced water ponds that 
supply produced water for irrigation and for discharge to land (Mahoney et al., 2021). BTEX 
compounds are expected to volatilize from produced water and pose additional hazards to human 
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health if emissions are uncontrolled. For example, benzene is a known human carcinogen, with 
a California Maximum Contaminant Level of 1 µg/L. Additional discussion on emissions from 
produced water ponds is provided in Section 5.5. Other notable organic compounds detected to 
a lesser extent include 2,2-dibromo-3-nitrilopropionamide (DBNPA, CASRN: 10222-01-2), and 
naphthalene. In instances where a large fraction of analyses for compounds resulted in non-
detection, there may be an upper bias estimation in quartile and median concentrations. 
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Table 5.2. Overview of California produced water quality datasets. 

Organization Source Data  
period Region Number of 

parameters 
Number of 
samples Description 

USGS 

USGS National 
Produced Waters 
Chemical 
Database (Blondes 
et al., 2018) 

Feb 1937– 
Nov 1996 

Los Angeles, 
Sacramento, San 
Joaquin, Santa 
Barbara-Ventura, 
Santa Maria basins 

45 856 
Produced water quality data including major and minor ions, trace 
elements, isotopes, dissolved gases, and naturally occurring 
radioactive materials. 

CalGEM 

Well Stimulation 
Disclosure 
Database 
(CalGEM, 2021a) 

Jul 2015– 
Jun 2021 California 167 2,346 

Composition of recovered fluids within 30 days following the end 
of well stimulation treatment. Data includes major and major ions, 
trace elements, isotopes, radioactive isotopes, and various VOCs. 

USGS Davis et al. (2016) Nov 2014 
North Belridge, 
South Belridge, Lost 
Hills oil fields 

38 4 

Produced water from four petroleum wells analyzed for dissolved 
hydrocarbon gases and their isotopic composition, salinity, major 
ions, nutrients, dissolved organic carbon, and stable isotopes of 
water and strontium dissolved in water. 

USGS Gannon et al. 
(2018) 

Jul 2016– 
Oct 2017 

Fruitvale, Lost Hills, 
North Belridge, and 
South Belridge oil 
fields 

75 23 

Produced water data including dissolved noble and hydrocarbon 
gases and their isotopic composition, salinity, major ions, 
nutrients, dissolved organic constituents and carbon, and stable 
isotopes of water and solutes dissolved in water. 

USGS Gans et al. (2018) Jan 1933– 
Dec 2013 Fruitvale oil field 40 203 

Historical produced water quality data including major ions, some 
minor ions, TDS, pH, specific gravity, resistivity, electrical 
conductivity, and charge balance. 

USGS Gans et al. (2019) Nov 1930– 
May 1999 

Lost Hills, North 
Belridge, and South 
Belridge oil fields 

31 260 
Historical produced water quality data including major ions, some 
minor ions, TDS, pH, specific gravity, resistivity, electrical 
conductivity, and charge balance. 

USGS Metzger et al. 
(2020) 

Dec 1933– 
Nov 2016 

Los Angeles and 
Orange County 59 200 

Historical produced water quality data including major ions, some 
minor ions, TDS, pH, specific gravity, resistivity, electrical 
conductivity, and charge balance. 

USGS Metzger & Herrera 
(2020) 

Nov 1958–
Jan 2014 

Orcutt and Oxnard 
oil fields 58 58 

Historical produced water quality data including major ions, some 
minor ions, TDS, pH, specific gravity, resistivity, electrical 
conductivity, and charge balance. 

USGS Metzger (2021) Jan 1948– 
Mar 2016 San Ardo 73 271 

Historical produced water quality data including major ions, some 
minor ions, TDS, pH, specific gravity, resistivity, electrical 
conductivity, and charge balance. 

USGS Gans et al. (2021) Jan 1957–
Jan 1990 

North Coles Levee 
oil field 45 40 

Historical produced water quality data including major ions, some 
minor ions, TDS, pH, specific gravity, resistivity, electrical 
conductivity, and charge balance. 
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The CalGEM database was also the main source of data for radioactive indicators and NORM. 
Median values for gross alpha, gross beta, and radium-226 + radium-228 in produced water are 
66, 144, and 38 picocuries per liter (pCi/L), respectively, well above screening levels of 15, 50, 
and 5 pCi/L, respectively (Table 5.3). 

Overall, currently available produced water quality data sources are not adequate to evaluate 
produced water composition on a statewide level with respect to potential impacts to human 
health. The CalGEM “Well Stimulation Disclosure Database” is the most comprehensive but is 
limited in scope to stimulated wells. Stimulated wells represent a small fraction of the total number 
of producing oil and gas wells in California. Formation of a comprehensive produced water dataset 
would better inform assessment of exposure pathways associated with disposition of produced 
water. 

5.3.3. Chemical Additives and Transformation Products in Produced Water 
Chemical additives used in oil and gas production operations have the potential to undergo 
subsurface chemical transformations and return to the surface via flowback and produced water. 
Although degradation pathways and products have been established for some chemical additives 
under standard state conditions (i.e., standard temperature and pressure), downhole conditions 
including high temperatures and pressures can result in altered biodegradation potentials and 
unexpected chemical reactions and degradation productions (Kahrilas et al., 2015). The formation 
of degradation byproducts from downhole chemical transformations are poorly understood, yet 
can have significant implications for produced water quality, treatment, and disposal, and for 
human health due to environmental releases (Abdullah et al., 2017). 

Current studies of degradation byproducts from transformations of chemicals used in OGD are 
limited to hydraulic fracturing, of which most are focused on regions outside of California (Hoelzer 
et al., 2016; Xiong et al., 2018, 2020). The characterization of flowback and produced water in 
these studies have detected compounds that cannot be attributed to geologic sources or chemical 
additive sources (Hoelzer et al., 2016; Maguire-Boyle & Barron, 2014; Sumner & Plata, 2018). 
Although these studies are not specific to California, some of the hydraulic fracturing chemical 
additives investigated in these studies are also used in California. Additionally, there is significant 
overlap in chemical usage between different upstream OGD operations as discussed in Chapter 
2, Appendix B. 
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Table 5.3. Select constituents from the compiled produced water quality database for OGD in California. 
     Percentile 

Constituents (units) Detections (%) Min Med Max 5th 25th 75th 95th 

General Water Quality 

Alkalinity as CaCO3 (mg/L) 1,490 (100) 0.34 2,800 5,800 250 2,000 3,300 4,100 

Hardness (mg/L) 307 (99.4) 0.2 150 8,820 2.1 5.8 506 2,970 

Specific Conductance (mS/cm) 356 (100) 29 35,000 190,476 3,790 16,150 42,000 60,210 

Total Dissolved Solids (mg/L) 4,070 (100) 28 26,000 890,000 3,250 18,000 31,000 47,000 

Total Organic Carbon (mg/L) 22 (95.7) 18 225 2,054 25.7 110 798 1,167 

pH (pH units) 3,967 (100) 1.0 7.6 11.8 6.7 7.3 7.8 8.3 

Major Ions 

Bicarbonate (mg/L) 1,702 (99.2) 2.0 1,154 12,809 163 582 2,270 4,550 

Carbonate (mg/L) 329 (27.5) 1 51.6 2,250 3.76 20.4 138 447 

Bromide (mg/L) 2,606 (97.6) 0.19 100 16,000 28 73 130 166 

Chloride (mg/L) 4,211 (99.9) 1.0 14,000 360,000 408 8,670 17,000 24,980 

Sulfate (mg/L) 3,023 (73.8) 0.1 38 15,250 3.77 24 87.2 475 

Calcium (mg/L) 4,333 (99.9) 0.1 190 190,000 22 128 350 2,110 

Magnesium (mg/L) 4,306 (99.5) 0.08 120 10,000 6.8 67 166 457 

Potassium (mg/L) 3,082 (99.8) 1.2 190 52,000 33 140 300 1,400 

Sodium (mg/L) 4,102 (100) 4.48 8,700 120,000 870 6,200 10,400 13,000 

Inorganics 

Boron (mg/L) 3,289 (99.3) 0.02 92 158,000 4.2 62 105 150 

Antimony (µg/L) 253 (9.8) 10 160 17,000 30 70 260 478 

Arsenic (µg/L) 194 (7.6) 10 190 4,600 40 90 298 996 

Barium (mg/L) 3,316 (96.6) 0.01 7.7 26,300 1.0 5.1 11 55 

Beryllium (µg/L) 76 (2.9) 10 10 4,130 10 10 20 170 

Cadmium (µg/L) 52 (2.0) 10 30 420 10 10 40 143 

Chromium (µg/L) 643 (25.1) 10 40 9,400 10 30 70 200 

Chromium VI (µg/L) 68 (3.1) 10 10 610 10 10 20 93 

Cobalt (µg/L) 102 (3.9) 10 30 8,510 10 10 50 344 

Copper (µg/L) 884 (33.6) 10 40 184,000 10 30 80 619 

Iron (mg/L) 2,693 (91.8) 0.01 12 48,100 0.4 3.5 37 130 

Lead (µg/L) 240 (9.3) 10 80 30,000 10 20 170 1,200 

Lithium (mg/L) 2,759 (98.9) 0.004 5.8 17,500 0.99 4.15 8.3 18.1 

Manganese (µg/L) 2,579 (95.0) 10 480 85,7000 110 250 920 2,800 

Mercury (µg/L) 7 (0.3) 10 30 980 10 10 160 755 

Molybdenum (µg/L) 343 (13.2) 10 40 48,500 10 20 70 270 

Nickel (µg/L) 550 (21.5) 10 50 22,000 10 22.5 100 396 
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     Percentile 

Constituents (units) Detections (%) Min Med Max 5th 25th 75th 95th 

Selenium (µg/L) 429 (16.7) 10 280 15,000 54 130 530 1,900 

Silver (µg/L) 33 (1.3) 10 50 260 10 30 60 162 

Strontium (mg/L) 2,886 (99.8) 0.01 11.2 190,000 2.80 7.2 16 126 

Thallium (µg/L) 27 (1.0) 10 90 6,400 13 25 365 3,010 

Vanadium (µg/L) 91 (3.6) 10 70 24,000 10 45 135 1,350 

Zinc (µg/L) 1,017 (38.8) 10 110 243,000 30 70 250 1,920 

Silica (mg/L) 744 (98.5) 0.18 60 2,200 14 36 90.2 177 

Radionuclides/Isotopes 

Gross alpha (pCi/L) 1,916 (81.8) 0.05 66.1 2,589 7.33 32.9 109 238 

Gross beta (pCi/L) 2,283 (97.6) 0.14 144 41,000 29.2 88.2 227 1,379 

Radium 226 (pCi/L) 2,326 (98.6) 0.03 24.7 917 5.21 15.7 33.2 65.5 

Radium 228 (pCi/L) 258 (94.8) 0.08 13 515 1.48 5.59 28.6 60.8 

Radon 222 (pCi/L) 1,148 (71.5) 0.52 106.3 250,690 10.2 49 213 1,557 

Uranium (µg/L) 8 (22.2) 0.28 1.84 7.03 0.44 1.25 4.37 6.84 

Nutrients 

Ammonia (mg/L) 158 (99.3) 1.28 27.5 2,300 7.08 17 41.0 75.5 

Ammonium (mg/L) 272 (92.8) 3 139 2,560 12.2 73.8 201 377 

Nitrate (mg/L) 214 (8.90) 0.1 12 800 0.6 1.59 24.8 170 

Nitrite (mg/L) 646 (28.0) 0.04 0.09 10 0.04 0.05 0.27 0.97 

Organics 

Total carbohydrates (mg/L) 2,041 (97.4) 1.2 97 11,000 21 53 190 560 

Benzene (µg/L) 2,293 (98.0) 10 710 25,000 80 300 1,400 3,600 

Toluene (µg/L) 2,307 (98.5) 10 1,900 61,000 170 885 3,000 4,970 

Ethylbenzene (µg/L) 2,277 (97.2) 10 250 5,300 40 140 360 670 

m-Xylenes (µg/L) 68 (100) 210 770 6,000 300 488 1,200 2,030 

o-Xylene (µg/L) 2,129 (98.3) 10 420 5,700 70 230 640 1,200 

Total Xylenes (µg/L) 2,307 (98.5) 10 1,200 19,000 140 570 2,000 3,800 

Naphthalene (µg/L) 9 (75) 10 30 3,900 14 30 250 2,980 

2,2-Dibromo-3-
nitrilopropionamide (mg/L) 52 (32.7) 5 15 20 5 10 20 20 

Abbreviations: mg/L - milligrams per liter; mS/cm - milliSiemens per centimeter; pCi/L - picocuries per liter; 
ug/L - micrograms per liter 
 

  



 

 5-15 

5.3.3.1 Organohalide Compounds 

Halogenated organic compounds are an area of growing concern. They have been detected in 
multiple studies of hydraulic fracturing flowback and produced waters where they were not 
reported in chemical disclosures (Evans et al., 2019; Hoelzer et al., 2016; Sumner & Plata, 2018). 
Halogenated benzenes, pyrans, alkanes, methanes, and acetones have been detected in 
hydraulic fracturing wastewaters from the Fayetteville Shale (Hoelzer et al., 2016) and 
chlorocarbons and organobromides have been detected in produced water from the Barnett, 
Marcellus, and Eagle Ford formations (Maguire-Boyle & Barron, 2014). Evans et al. (2019) 
detected 20 organohalide compounds in Marcellus Shale produced water (e.g., haloalkanes, 
haloamides, haloamines, halobenzenes, and haloesters), and determined microbial organohalide 
transformation may play a direct role in the formation of these organohalides. 

A study conducted by Sumner and Plata (2018) found that epichlorohydrin, cinnamaldehyde 
(CASRN: 104-55-2), and 2,2-dibromo-3-nitrilopropionamide (DBNPA) showed evidence of 
halogenation when subjected to simulated downhole hydraulic fracturing conditions. They 
concluded that halogenation reactions are facilitated by the following conditions: 

1) Presence of oxidants (i.e., breakers) that can react with halides to form reactive 
intermediates, which then react with organic species. 

2) High concentrations of chloride, bromide, or iodide in formation waters increase the 
likelihood of halogenated product formation. Other factors, including pH and temperature, 
can also affect halogenated species formation rates and distribution. 

3) Reaction kinetics are highly dependent on well temperature, increasing by an order of 
magnitude with a 40°C (~104°F) increase. 

DBNPA is widely used in hydraulic fracturing operations in California. Cinnamaldehyde has been 
reported in a limited number of hydraulic fracturing and maintenance acidizing operations, and in 
operations in the southern San Joaquin Valley that provide produced water for irrigation. 
Epichlorohydrin has not been reported in any upstream oil and gas operations in California. 

Halogenated transformation products may also form through the downhole reaction of guar gum-
based fracturing fluids using borate or zirconium crosslinkers with oxidative breakers (Sumner & 
Plata, 2019). Under simulated conditions, Sumner and Plata (2019) found oxidative breakers — 
such as persulfates, chlorites, and hypochlorites — can react with other additives (e.g., 
cinnamaldehyde, citric acid) to form various halogenated transformation products. Hydraulic 
fracturing operations in California predominantly use guar-based fracturing fluids and all the major 
reactants in this study (i.e., borate and zirconium crosslinkers, citric acid, persulfates, chlorites, 
hypochlorites, and cinnamaldehyde) have been reported in well stimulation operations in 
California. 

5.3.3.2 Polyacrylamide 

The chemical and mechanical degradation of polyacrylamide in high-volume hydraulic fracturing 
was investigated by Xiong et al. (2018, 2020). They found significant degradation in 
polyacrylamide due to both mechanical shearing and free radical chain scission mechanisms, 
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resulting in a wide distribution in polyacrylamide molecular weights. The abundance of degraded 
polyacrylamide may complicate produced water treatment and increase the likelihood of 
environmental releases of acrylamide, a toxicant and probable human carcinogen (IARC, 1994). 
Polyacrylamide is a common friction reducer used in hydraulic fracturing fluids in shale plays 
across the United States (Stringfellow et al., 2014). Although polyacrylamide has not been 
reported in hydraulic fracturing operations in California, primarily due to the predominant use of 
gel-based fracturing fluids in the state, polyacrylamide has been used as a viscosity modifier in a 
limited number of horizontal and vertical well drilling operations reported to the South Coast Air 
Quality Management District (SCAQMD) and the CVRWQCB (Stringfellow et al., 2015, 2017). It 
is unclear if the described degradation mechanisms also apply to polyacrylamide use in 
conventional well drilling operations. 
 
Table 5.4. Summary of studies investigating chemical transformations of specific chemical additives related 
to hydraulic fracturing. 

Study 
Precursor 
chemicals Halides 

Halogenated 
categories Detected products Conditions 

Kahrilas et 
al. (2016) 

Glutaraldehyde 
Bromide 
Chloride 
Iodide 

- 

Glutaraldehyde dimers 
trimers; 
possibly unchanged 
depending on conditions 

Influenced by pH, temperature, and salinity. 
May readily degrade under hot, alkaline 
conditions. Likely to return to surface with 
transformation products in cooler, acidic, 
saline conditions. 

Sumner and 
Plata (2018) 

Epichlorohydrin 
Cinnamaldehyde 
DBNPA 

Bromide 
Chloride 
Iodine 

Methanes 
Acetonitriles 
Alcohols 
Others 

Chloroacetonitrile 
dichloroacetonitrile 
bromoacetonitrile 
dibromoacetonitrile 
tribromomethane 
chloroiodomethane 
boromodichloromethane 
dibromochloromethane 
iodoacetonitrile 
α-iodocinnamaldehyde 
α-chlorocinnamaldehyde 
α-bromocinnamaldehyde 
2,3-dichloro-1-propanol 
1,3-dichloro-2-propanol 
3-chloro-1,2-propanediol 

Presence of oxidants (i.e., breakers) that 
can react with halides to form reactive 
intermediates, which then react with organic 
species. pH and temperature affect 
halogenated species formation rates and 
distribution. 

Sumner and 
Plata (2019) 

Guar gum 
Borate and zirconium 
crosslinkers 
Oxidant breakers 
Citric acid 

Bromide 
Chloride 
Iodine 

Methanes 

Bromochloromethane 
Chloroiodomethane 
Bromodichloromethane 
Dibromochloromethane 
Chlorodiiodomethane 
Bromodiiodomethane 
Tribromomethane 
Trichloromethane 
Triiodomethane 

Halogenation requires high concentrations 
of oxidants. Citric acid more prone to 
trihalomethane formation than guar gum. 
Zirconium crosslinkers more prone to 
trihalomethane formation than borate-based 
crosslinkers. 

Xiong et al.  
(2018, 2020) 

Polyacrylamide - - 

Degraded short chain 
polyacrylamides 
Possibility of acrylamide 
monomer formation 

Degradation caused by both physical 
shearing and chemical decomposition. 
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5.3.3.3 Glutaraldehyde 

A study of glutaraldehyde under simulated hydraulic fracturing conditions found that degradation 
of glutaraldehyde is influenced by pH, temperature, and salinity (Kahrilas et al., 2016). Under 
downhole conditions, glutaraldehyde is suspected of undergoing autopolymerization, reactions 
with thiols and sulfides, or reactions with NH3 or amines. These transformation products could 
precipitate out of solution at high temperatures or under alkaline conditions but would likely return 
to the surface with unreacted glutaraldehyde products in cooler, more acidic, and saline 
conditions. Glutaraldehyde is a commonly used biocide in upstream OGD in California and has 
been reported in all of the chemical disclosure datasets (Shonkoff et al., 2021; Stringfellow et al., 
2017). Glutaraldehyde is a skin, eye, and nose irritant that has a U.S. Environmental Protection 
Agency (US EPA) risk based screening level for chronic ingestion exposure of 2 mg/L based on 
the Agency for Toxic Substances and Disease Registry (ATSDR) minimum risk level of 0.1 
mg/kg/day (ATSDR, 2017), and an California Office of Environmental Health Hazard Assessment 
(OEHHA) chronic inhalation reference exposure level of 0.02 ppb (OEHHA, 2020). The toxicity of 
the investigated glutaraldehyde transformation products are largely unknown (Kahrilas et al., 
2016) and it is important to note that the absence of toxicological information does not mean the 
absence of health risk. 

5.3.3.4 Per- and Polyfluoroalkyl Substances (PFAS) 

Recent reports have linked the use of per- and polyfluoroalkyl substances (PFAS) — sometimes 
referred to as “forever chemicals” — with hydraulic fracturing fluids in the U.S. (Horwitt & Gottlieb, 
2021, 2022). Based on the list of PFAS maintained in the U.S. EPA CompTox Chemicals 
Dashboard (US EPA, 2022a; 2022b), the only PFAS chemical reported in hydraulic fracturing 
chemical disclosures in California is polytetrafluoroethylene (PTFE) (Stringfellow et al., 2015; 
Shonkoff et al., 2021). PTFE — commonly known as Teflon — is not included in chemical 
analyses of produced water and subsequently has not been documented in any produced water 
samples from California. 

The risk posed by the inclusion of PTFE in hydraulic fracturing fluids is unknown. It has been 
argued that PTFE should be considered a polymer of low concern and distinctly different from 
other PFAS for hazard assessment due to its thermal, chemical, and biological stability and 
toxicological studies (Henry et al., 2018); however, others suggest that the complete life cycle of 
fluoropolymers (including PTFE) should be taken into account (Lohmann et al., 2020). While 
PTFE is known to produce fluorinated degradation products when heated to temperatures greater 
than 250 °C (482 °F) (Lohmann et al., 2020), no studies of PTFE degradation under hydraulic 
fracturing conditions appear to have been conducted, and thus transformation products generated 
by PTFE in downhole conditions are relatively unknown. However, given that guar-based 
fracturing fluids — the dominant type used in California — are generally unstable above 149 °C 
(300 °F) but may be used under conditions as high as 204 °C (400 °F) with appropriate stabilizers 
(Almubarak et al., 2021), it is possible that proper conditions for the generation of fluorinated 
degradation products are not reached. 
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5.3.3.5 Modeling 

There remains a need to better characterize the potential transformation products and conditions 
that contribute to their formation (Kahrilas et al., 2016). There are no studies that look specifically 
at transformation products from hydraulic fracturing (or conventional OGD) in California to our 
knowledge; however, the chemical transformations documented elsewhere are possible if similar 
downhole conditions and fluid chemistry are present in California. 

Limited studies of widely used hydraulic fracturing chemical additives have shown there is a 
potential for multiple types of halogenated organic compounds to form and return to the surface 
with flowback and produced water. Other studies have detected similar compounds in produced 
water that do not match disclosed chemical additives or geogenic compounds. These 
halogenated organic compounds are generally environmentally persistent with varying degrees 
of human toxicity and are regulated in drinking water as disinfection byproducts. 

Standard water quality monitoring methods and approaches overlook a variety of potential 
constituents found in produced water, including chemical additives and their transformation 
products. Non-targeted analytical methods to monitor produced water quality, such as high-
resolution mass spectrometry with liquid chromatography, are an emerging approach that could 
detect the presence of unknown or problematic transformation products, such as halogenated 
organic compounds (Shonkoff et al., 2021). 

In an effort to facilitate future studies of subsurface chemical transformations and develop 
predictive modeling tools, Sumner and Plata (2020) developed a geospatial database that 
combines FracFocus chemical disclosure information, subsurface conditions, and produced water 
compositions to identify regions where chemical transformation conditions are likely to occur. 
Predictive tools such as these can inform future produced water monitoring programs, and help 
operators make informed decisions on the usage of chemical additives in order to mitigate 
potential problematic chemical transformations (Sumner & Plata, 2020). 

5.4. Contamination Pathways and Regulations for Underground 
Injection Control Wells 

The U.S. EPA recognizes six pathways through which injected fluids could potentially migrate into 
underground sources of drinking water (USDW), causing groundwater contamination and impact 
to domestic or municipal water wells:  

1) migration of fluids through a faulty injection well casing;  
2) migration of fluids through the annulus located between the casing and wellbore;  
3) migration of fluids from an injection zone through the confining strata;  
4) vertical migration of fluids through improperly abandoned and improperly completed wells 

that penetrate the injection zone;  
5) lateral migration of fluids from within an injection zone into a protected portion of that 

stratum;  
6) direct injection of fluids into or above an USDW (Osbourne, 2002). 
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If injection wells are located near a surface water body, contaminants may enter surface water 
and downstream drinking water intakes through migration at the borehole or through preferential 
flow paths in subsurface media (Figure 5.4). If idle production wells are located near surface 
water, over pressurization could cause a production well to flow at the surface, with subsequent 
entry into surface water. 

According to the U.S. EPA’s Underground Injection Control (UIC) well inventory, as of 2019, there 
were 1,698 produced water disposal wells (Class IID) and 34,990 enhanced recovery (Class IIR) 
wells in California (US EPA, 2018). California is second only to Texas in the number of UIC Class 
II wells in the state.  

The California Class II UIC program is managed by CalGEM under California Public Resources 
Code § 3106, which provides the State Oil and Gas Supervisor broad authority to protect public 
health and safety. The existing regulations include specific data requirements that an applicant 
must satisfy before CalGEM can approve an injection project. Project data requirements include 
engineering studies (including area of review determination and casing diagrams); geologic 
studies (including structural contour and isopach maps and reservoir characteristics); and 
injection plans (including identification of the proposed maximum anticipated surface injection 
pressure and proposed monitoring system or methods to ensure no damage is occurring).  

 
Figure 5.4. Conceptual contamination and exposure pathways of underground injection control wells.  



 

 5-20 

In 2011, the U.S. EPA hired an independent consultant group to conduct an audit of California’s 
UIC Program (Walker, 2011). The consultant group found inconsistencies in the definition of 
protected water. CalGEM reported protecting “freshwater” containing less than or equal to 3,000 
mg/L TDS, while federal regulations (the Safe Drinking Water Act) require protection of an USDW 
at less than or equal to 10,000 mg/L TDS. The audit also found the Division lacking in the 
implementation of a number of requirements, including consistent area of review analyses, 
accurate determination of fracture gradients for injection projects, and enforcement of appropriate 
maximum allowable surface injection pressures (Walker, 2011). Also in 2011, an oil industry 
employee died when the ground beneath them gave way and they fell into a pool of heated fluid. 
The pool, known as a “surface expression,” was in part the result of nearby cyclic steam injection 
operations. The existence of a surface expression is indicative of injection being performed at 
rates and pressures above safe levels and that injection is not confined to the approved injection 
zone (CalGEM, 2019). In 2019, UIC regulations were revised to prohibit surface expressions and 
enact monitoring and prevention requirements (14 C.C.R. § 1724.11).  

In 2014, CalGEM ordered the immediate closure of 11 disposal wells in Kern County that 
potentially presented health or environmental risks. The SWRCB identified 108 water supply wells 
located within a one-mile radius of these wells. However, sampling of the wells did not indicate 
impact (Bishop, 2014). 

Following the discovery of permitting injection of produced water into nonexempt aquifers, the 
California Legislature enacted Senate Bill 83 (SB 83) in 2015 (California Senate Bill No. 83, 2015) 
in part to mandate review of proposed aquifer exemptions by the State and regional water quality 
control boards. The SWRCB and nine regional water quality control boards (RWQCB) now play 
a role in both project review and approval in ensuring that injection will not adversely degrade 
USDWs, which could lead to an exposure pathway for current and future groundwater users. 
CalGEM and the SWRCB now coordinate approval of aquifer exemptions (CalGEM, 2019). 

Pursuant to SB 83 (2015), the California Natural Resources Agency and the California 
Environmental Protection Agency appointed a panel comprised of a diverse group of individuals 
with expertise and scientific backgrounds in geology, toxicology, oil and gas industry, public 
health, and the environment, as well as representatives from the agricultural and environmental 
justice communities. The purpose of the panel is to evaluate the regulatory performance and 
administration of the UIC Program and make recommendations on how to improve its 
effectiveness by evaluating resource needs, statutory or regulatory changes, and program 
organization (CalGEM, 2021b). The first public meeting was held on May 29, 2018 (Cal-Span, 
2018). Results from the panel are forthcoming at the time of writing this report. A performance 
audit conducted by California Department of Finance and completed in 2020 evaluated CalGEM’s 
UIC project approval process and highlighted the need to (1) improve UIC program controls, (2) 
strengthen project review documentation and transparency, (3) ensure project modifications or 
expansions are not approved through infill well reviews, (4) discontinue use of placeholder 
projects and issuance of associated well permits, (5) improve well permit detail and review 
documentation, and (6) strengthen Axial Dimensional Stimulation Area (ADSA) review 
documentation (California Department of Finance, 2020).  
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It is not clear exactly how many Californians relying on water wells for domestic use could be 
potentially impacted by underground disposal wells. As a result of a proximity analysis conducted 
as part of Chapter 7 of this report, about 261,000 Californians were found to live within 1 km 
(3,281 ft) of a water disposal well (Figure 5.5). However, distances of these wells to domestic 
water wells were not considered due to the limited spatial resolution of these data. A detailed 
discussion of this issue is included in Section 5.5.7. Locations of all wells with a type of “Water 
Disposal” in the CalGEM “All Wells” dataset are provided in Figure E.1, Appendix E.2. 

5.5. Contamination Pathways and Regulations for Produced Water 
Ponds 

5.5.1. Background 

The SWRCB defines a produced water pond as an earthen structure that is used to store, dispose, 
treat, and/or separate liquids; and of which produced water comprises a significant amount of 
liquid (SWRCB, 2019). Produced water ponds can be lined, typically with a type of sprayed 
concrete called gunite, or more commonly, unlined. The SWRCB classifies produced water ponds 
as one of three statuses: (1) active — ponds that currently receive produced water; (2) inactive — 
ponds that have a physical connection to a produced water source but currently do not receive 
produced water; or (3) historical/closed — ponds that have no physical connection to a produced 
water source and have been out of service for an extended period of time (SWRCB, 2019). 

 
Figure 5.5. Total populations living within buffer distances of water disposal wells. 

Historically, the primary method of surface-based (non-injection) produced water disposal in 
California has been discharge to unlined produced water ponds (Figure 5.6), which has been 
ongoing in California since the early 1900s. For instance, Bean & Logan (1983) state that 570,000 



 

 5-22 

acre-feet of produced water, containing 15 million tons of salt, was disposed of in sumps or 
shallow injection wells from 1900 to 1980 in southwestern Kern County alone. 

Recently, DiGiulio & Shonkoff (2021) conducted an examination of produced water disposal 
trends in the SB1281 dataset. They found the volume of produced water disposed in unlined 
ponds peaked in 2007 at 609 million barrels (MMbbls) (23.0% of produced water disposition), and 
the proportion of produced water disposed in unlined produced water ponds peaked in 2003 
(24.5% produced water disposition). Disposal of produced water to unlined produced water ponds 
decreased significantly after 2014, with a low of 45.1 MMbbls in 2017 (corresponding to 1.4% of 
total produced water disposition). Discharge to lined produced water ponds (evaporation ponds) 
tapered off after 1998 after reaching a peak in 1992 (8.2% of produced water) and a low in 2001 
(0.01% of produced water). 

Prior to discharge to unlined ponds, treatment of produced water typically consists of gravity 
separation of oil and water using wash or storage tanks. Emulsion breakers, surfactants, clarifiers, 
and other additives may be used in wash tanks to facilitate oil/water separation (WZI Inc., 2020). 
At small facilities consisting of one to three unlined ponds, produced water is subsequently 
discharged to unlined ponds where remaining oil is skimmed during evaporation and percolation. 
At larger facilities, produced water enters a series of unlined ponds for skimming of oil prior to 
discharge to larger unlined ponds for evaporation and percolation (Jordan et al., 2015). 

 
Figure 5.6. Percent produced water disposal to the surface (evaporation-percolation ponds, lined produced 
water ponds, sewage, and surface water) from 1977 to 2017 as reported to CalGEM. Inset provided in 
logarithmic scale to better illustrate disposition of lined sumps after 1998. Source: Figure S2 from DiGiulio 
et al. (2021). 

One area of growing concern in California is the impact to groundwater used for public water 
supply from ongoing and past disposal of wastewater from OGD (i.e., produced water) into unlined 
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produced water ponds (Grinberg, 2014, 2016; Heberger & Donnelly, 2015; Jordan et al., 2015; 
Stringfellow et al., 2015). The primary intent of percolation pits is to percolate produced water into 
subsurface media. This practice provides a direct pathway to transport produced water 
constituents into groundwater (Jordan et al., 2015; Stringfellow et al., 2015). Contaminated 
groundwater could then impact municipal, domestic, and irrigation wells (Figure 5.7). In addition, 
contaminated groundwater could also intercept rivers, streams, and surface water resources. 
Finally, contaminated water used by plants (including food crops), fish, and wildlife can introduce 
contaminants into the food chain. Other pathways of human exposure include skin contact via 
accidental exposure (e.g., falling into a pond) and inhalation of volatile compounds present in 
produced water from ponds. 

Approximately 89% of produced water ponds and 99% of unlined produced water ponds in 
California are in the Tulare Basin, in the San Joaquin Valley (SJV) (DiGiulio & Shonkoff, 2019, 
2021). Facilities containing unlined produced water ponds vary from single ponds to large 
complexes consisting of numerous ponds. Between 1977 and 2017, 16,129 MMbbls of produced 
water were disposed in unlined produced water ponds (Figure 5.8) representing a potential wide-
scale legacy groundwater contamination issue in the Tulare Basin, where most unlined ponds are 
located (DiGiulio et al., 2021; DiGiulio & Shonkoff, 2019). 

The SJV is arid-to-semiarid hot, with total annual precipitation from 12 to 45 cm (5 to 18 in) falling 
mostly in winter months (Faunt et al., 2010). While evaporation exceeds precipitation throughout 
most of the year, in practice, the year-round flow of water to unlined ponds results in most water 
percolating to subsurface media (Jordan et al., 2015). For instance, an analysis of 
evaporation/percolation in three unlined ponds in the Edison Field in the southeastern portion of 
the Tulare Basin indicated that 92% of disposed water percolated to subsurface media in 2006 
(WZI Inc., 2020). Consequently, this disposal practice may introduce a potential contamination 
pathway for nearby USDWs. 

 
Figure 5.7. Conceptual contamination and exposure pathways associated with produced water disposal 
ponds. 
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Figure 5.8. Cumulative volumes of produced water discharged into unlined produced water ponds, lined 
produced water ponds, surface water, and sewer systems from 1977 to 2017. Source: Figure S5 from 
DiGiulio et al. (2021). 

5.5.2. Regulatory Actions Relevant to Produced Water Ponds in California 

The California Legislature and the CVRWQCB, the regulatory jurisdiction where most unlined 
produced water ponds are located, have undertaken numerous regulatory actions to better control 
and understand the risks posed to groundwater resources and public health from the disposal of 
produced water into unlined produced water ponds.  

In September 2013, the California Legislature passed Senate Bill 4 (SB 4), setting the framework 
for regulation of well stimulation technologies in California, including hydraulic fracturing 
(California Senate Bill No. 4, 2013). SB 4 required full disclosure of the composition of well 
stimulation fluids which could be present to some degree in produced water from stimulated wells. 
SB 4 also required the SWRCB to implement Regional Groundwater Monitoring Programs 
(RMPs) prioritizing monitoring of groundwater that has the potential to be a source of drinking 
water including from impact by well stimulation, UIC wells, and produced water ponds. The USGS, 
through funding from the SWRCB, is the technical lead on implementing RMPs (SWRCB, 2021a). 

In May 2014, the CVRWQCB began an effort to better regulate the disposal of produced water 
into unlined produced water ponds (CVRWQCB, 2014). The CVRWQCB located 326 facilities 
with 1,100 produced water ponds that receive or had received produced water in the Tulare Basin 
(CVRWQCB, 2017). At 241 of these 326 (~74%) facilities, produced water was being discharged 
to produced water ponds without Waste Discharge Requirements (WDRs) required for operation. 



 

 5-25 

At the remaining 85 facilities (~26%), wastewater was being discharged to produced water ponds 
under WDRs that were 20 years old or older. The CVRWQCB subsequently issued Notices of 
Violation to numerous facility operators not having WDRs (CVRWQCB, 2017, 2017a, 2017b). 

In September 2014, the California Legislature passed Senate Bill 1281 (SB 1281) requiring 
improved reporting on the volume, characteristics, treatment, and disposition of produced fluids 
from any well to the California Department of Oil, Gas, and Geothermal Resources (DOGGR, now 
CalGEM) starting with the first quarter of 2015 (California Senate Bill No. 1281, 2014). CalGEM 
had previously used six category codes (including discharge to lined and unlined sumps) to track 
the disposition of produced water in California. Subsequently, this number increased to 12 
category codes, including discharge to land surface and “domestic use” which includes irrigation 
(CalGEM, 2018). 

SB 1281 does not mandate the tracking of waste products associated with the handling and 
management of produced water (e.g., filter socks, sludge from settling tanks, scale from pipes). 
It is unclear how these waste products are tracked in California, which agencies having jurisdiction 
for waste management, and the degree of fragmentation of waste management. For instance, 
while CalGEM may have jurisdiction for sludge management in oil-water separators, a regional 
water board may have jurisdiction for sludge management in produced water ponds. SB 1281 
also does not mandate tracking the destination of produced water. Hence, produced water from 
a particular well or field cannot be traced to a produced water pond facility discharge point. 
Pursuant to SB 1281, CalGEM is required to provide the SWRCB with an “inventory of all unlined 
oil and gas field sumps” (California Senate Bill No. 1281, 2014). 

Characterization of produced water under SB 1281 is limited to a determination of whether 
concentrations of TDS are greater or less than 10,000 mg/L (binary yes or no response). Prior to 
2014, the CVRWQCB required determination of electrical conductivity, boron, and chloride 
concentrations in produced water discharged to produced water ponds. These constituents were 
monitored in order to evaluate compliance with the Tulare Basin Water Quality Control Plan 
effluent limitations (1,000 microSiemens per centimeter (µS/cm), 200 mg/L, and 1 mg/L, 
respectively) (CVRWQCB, 2018). Limits do not exist for other constituents present in produced 
water, such as heavy metals, radionuclides, and volatile organic compounds such as benzene, 
toluene, ethylbenzene, and xylenes (BTEX). 

In May 2015, the CVRWQCB issued a directive pursuant to the California Water Code Section 
13267 to 77 facility operators expanding chemical analysis of produced water discharged into 
ponds to major ions (e.g., sodium, potassium, calcium, magnesium, sulfate, chloride, bicarbonate, 
carbonate, hydroxide); target metals (e.g. chromium, nickel); trace metals (e.g., lithium, 
strontium); arsenic; petroleum hydrocarbons; polyaromatic hydrocarbons (PAHs); target VOCs 
(e.g., benzene, toluene, ethylbenzene, xylenes); and radionuclides (radium-226, radium-228, 
gross alpha) (CVRWQCB, 2015). 

In June 2015, the California Legislature passed SB 83, which in part required that the SWRCB 
issue a status report (“Produced Water Pond Status Report”) on the regulation of oil field produced 
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water ponds within each region by January 30, 2016, and every six months thereafter (California 
Senate Bill No. 83, 2015). 

In April 2017, the CVRWQCB developed three general orders to facilitate the permitting of unlined 
produced water ponds. In areas where groundwater with beneficial use exists, General Order 
Number One applies to discharge facilities where wastewater effluent can meet the discharge 
requirements of the Tulare Lake Basin Plan (CVRWQCB, 2017), whereas General Order Number 
Two applies to discharge facilities where wastewater effluent cannot meet Tulare Lake Basin Plan 
discharge requirements (CVRWQCB, 2017a). Both general orders require quarterly chemical 
monitoring of produced water discharged into produced water ponds, and the installation of at 
least three monitoring wells in the vicinity of produced water ponds (CVRWQCB, 2017, 2017a). 
General Order Number Three applies to facilities where wastewater effluent exceeds the Tulare 
Lake Basin Plan effluent requirements, and where first encountered groundwater is associated 
with commercial oil and gas production or where natural background groundwater quality does 
not have beneficial use (CVRWQCB, 2017b). 

In October 2017, the California Legislature passed Assembly Bill (AB) 1328 authorizing RWQCBs 
to require and make public information about chemicals added to produced water if discharged to 
surface or land (California Assembly Bill No. 1328, 2017). AB 1328 addressed the concern that 
there are numerous additives such as surfactants, solvents, and biocides used during oil and gas 
extraction that are not subject to target analyses at commercial laboratories routinely used to test 
produced water. Quarterly or semiannual reports on discharge of produced water to produced 
water ponds must now contain this information. 

In July 2018, CalGEM commissioned a study to better understand reporting pursuant to SB 1281. 
DiGiulio and Shonkoff (2021) found that treatment of produced water prior to discharge in the 
Tulare Basin was limited to de-oiling (94.86%); de-oiling with other treatment (0.25%); no method 
specified (2.06%); and no treatment (2.83%). DiGiulio and Shonkoff (2021) also found that 
reporting pursuant to SB 1281 indicated that ~96% of produced water disposed in unlined 
produced water ponds in the Tulare Basin between 2015 and 2017 exceeded 10,000 mg/L TDS. 

Finally, to better understand emissions of VOCs from produced water ponds, in May 2020, the 
California Air Resources Board (CARB) released a report on VOC emissions from produced water 
ponds in California (Schmidt & Card, 2020). 

5.5.3. Chemical Characterization of Produced Water Disposed in Produced Water Ponds 
USGS reports have summarized produced water composition from several oil and gas fields in 
California (Table 5.1). However, there is no counterpart which describes the disposition of waters 
contained in produced water ponds. Few peer-reviewed studies have characterized the chemical 
constituents of produced water contained within individual ponds in California (e.g., McMahon et 
al., 2018, 2019). This is a crucial knowledge gap, as both produced water treatment methods, 
along with shifts in geochemical setting (i.e., changes in redox status, evapoconcentration) during 
storage within percolation ponds, make it relatively likely that the chemistry of produced waters 
do not reflect the chemistry of pondwaters. To address this knowledge gap, publicly available data 
contained within the SWRCB Geotracker system (SWRCB, 2021b) were extracted and 
summarized. 
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The Geotracker website contains chemical data of samples collected from produced water ponds 
at a variety of timescales (e.g., quarterly, annually). For some facilities, and in relatively recent 
years, chemical data is provided electronically and can be downloaded directly in a digitized 
format (e.g., a comma separated value file). However, the vast majority of the data is contained 
within undigitized PDF format documents, necessitating manual retrieval from analytical reports. 
Data sets from the Tulare Basin were extracted from analytical reports dated prior to December 
31, 2019.  

In general, large produced water pond facilities had more sample data than small facilities. Hence, 
summary statistics presented here (Table 5.5) are biased toward large facilities. However, most 
produced water disposed in unlined produced water ponds is associated with large facilities. Thus, 
the summaries presented here are generally representative of the chemistry of produced water 
ponds on a statewide basis. 

To assess the accuracy of the measured major cations and anions, a charge balance error was 
calculated for each sample. However, data points were not removed because large (>7%) charge 
imbalances were often due to a missing major ion analyte. All results that were reported as zero, 
a non-detection qualifier (e.g., “ND”), below a detection/reporting limit (e.g., “<0.05”), or negative 
were not considered in summary statistics. Detection limits for organic compounds were highly 
variable, complicating calculation of median and quartile values. In instances where a substantial 
fraction of analyses resulted in non-detection, there may be an upper bias estimation in quartile 
and median concentrations for organic compounds. 

There is considerable spatial variability in the composition of produced water disposed in 
produced water ponds throughout the Tulare Basin. High concentrations of salts and BTEX 
components in produced water disposed in unlined produced water ponds generally occurs in the 
western and southwestern portion of the Tulare Basin (DiGiulio et al., 2021). 

Chloride and boron are the most commonly measured (n>1,400) constituents across the 
database. The frequent measurement of chloride and boron is unsurprising, as measurement of 
these constituents is required by the Tulare Basin Water Quality Control Plan (CVRWQCB, 2018). 
Specific conductance or electrical conductivity was measured less frequently despite also being 
required under the basin plan. Major ions (calcium, magnesium, potassium, sodium, bicarbonate, 
and sulfate) and pH are the next most measured constituents (n>900). Most detections of analytes 
beyond electrical conductivity, TDS, chloride, and boron are from measurements made after the 
CVRWQCB expanded the list of required analytes in 2015 (CVRWQCB, 2015). 

Several constituents of concern in the database exceed regulatory limits. Both median and 
maximum levels of electrical conductivity, chloride, and boron in produced water disposed in 
unlined ponds exceed allowable effluent limitations in the Tulare Basin Plan (Figure 5.9). 
Concentrations of other major ions (e.g., sodium), are also high. Elevated levels of salts in 
produced water can salinize groundwater resources having potential domestic, municipal, and 
agricultural use. High levels of total organic carbon reflect the presence of dissolved hydrocarbons 
remaining in produced water after water-oil separation. Arsenic is the primary inorganic 
constituent of concern, with median and maximum concentrations of 26 and 380 μg/L, 
respectively. The majority (74%) of detected arsenic concentrations exceed the California 
Maximum Contaminant Level (CA MCL) of 10 μg/L (Table 5.5).  
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Table 5.5. Characterization of water quality data from sampled produced water ponds in the Tulare Basin 
contained in the SWRCB Geotracker website (SWRCB, 2021b). Constituents include general water quality 
parameters, major and minor ions, trace elements, radionuclides, isotopes, nutrients, and organics. 
California maximum contaminant levels (MCLs) for regulated drinking water contaminants provided for 
reference (SWRCB, 2023). 
     Percentile  

Constituents (units) Detections (%) Min Med Max 5th 25th 75th 95th CA MCLs 

General Water Quality 

Alkalinity as CaCO3 (mg/L) 938 (99.8) 45 1,000 6,700 160 690 1760 3,120  

Hardness as CaCO3 (mg/L) calculation 4.87 345 21,000 46 180 650 2,070  

Specific Conductance 
(µS/cm) 1,101 (100) 220 15,000 216,00

0 545 6,100 30,000 52,200  

Total Dissolved Solids 
(mg/L) 1,187 (100) 150 9,530 95,000 390 4,580 17,000 31,200  

Total Organic Carbon (mg/L) 290 (100) 0.9 58 750 4.7 32.2 98 297  

Total Suspended Solids 
(mg/L) 243 (87.7) 1.2 26 3,500 3.01 12 58 199  

pH (pH units) 1,123 (100) 5.04 7.63 11.7 6.38 7.22 8 8.45  

Major Ions 

Bicarbonate (mg/L) 1,331 (99.8) 54.9 1,460 8,430 190 854 2,480 4,700  

Carbonate (mg/L) 165 (17.1) 0.9 77 1,870 5.12 30.1 175 502  

Bromide (mg/L) 135 (94.4) 0.11 11 370 0.234 4.9 37.5 110  

Chloride (mg/L) 1,597 (99.8) 11 2,050 59,600 55 266 7,200 15,800  

Sulfate (mg/L) 1,190 (88.6) 0.46 110 6,410 5.14 34.6 450 1,560  

Calcium (mg/L) 1,345 (99.9) 0.8 64 2,700 8.62 33.2 130 437  

Magnesium (mg/L) 1,330 (99.3) 0.032 39 4,980 1.65 17.6 84 229  

Potassium (mg/L) 969 (100) 0.38 72.6 1,010 2.2 35 103 230  

Sodium (mg/L) 1,352 (100) 15 2,500 31,100 140 1,230 4,900 10,000  

Inorganics 

Boron (mg/L) 1,429 (99.8) 0.048 40 360 0.65 7.72 65 111  

Antimony (µg/L) 58 (7.8) 0.21 3 2,200 0.853 1.3 97 223 6 

Arsenic (µg/L) 360 (49.7) 0.47 26 380 3.48 9.85 53.5 153 10 

Barium (mg/L) 734 (96.1) 0.001 1.44 130 0.067 0.512 4 13 1 

Beryllium (µg/L) 14 (1.9) 0.5 10.9 120 0.591 1.05 13 68 4 

Cadmium (µg/L) 7 (1) 0.23 1 10 0.239 0.415 2 7.72 5 

Chromium (µg/L) 112 (15.1) 0.014 4.85 580 0.623 2.6 12.2 60.4 501 

Chromium VI (µg/L) 39 (12.1) 0.07 6.7 480 0.413 2.75 19.5 103  

Cobalt (µg/L) 102 (13.7) 0.06 0.975 150 0.5 0.653 1.58 12.9  

Copper (µg/L) 234 (31.5) 0.37 4.05 1,600 1.3 2.5 13 337 1,3002 

Iron (mg/L) 500 (74.6) 0.011 1.44 77.4 0.071 0.328 3.7 14.3  

Lead (µg/L) 53 (7.1) 0.15 15 1,700 0.564 2.4 41 384 152 
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     Percentile  

Constituents (units) Detections (%) Min Med Max 5th 25th 75th 95th CA MCLs 

Lithium (mg/L) 377 (92.6) 0.015 0.93 33 0.12 0.63 2.5 6.9  

Manganese (µg/L) 397 (90.8) 2.6 120 1,900 19.2 77 230 671  

Mercury (µg/L) 213 (28.9) 0.018 0.12 65 0.032 0.06 0.34 7.02 2 

Molybdenum (µg/L) 266 (35.9) 0.28 12 600 1.3 4.32 28.8 118  

Nickel (µg/L) 324 (43.7) 0.3 7.4 1,700 1.66 3.5 17.2 64.8 100 

Selenium (µg/L) 337 (46.3) 0.28 32 950 4.32 19 87 290 50 

Silver (µg/L) 34 (4.6) 0.3 13.5 300 0.694 7.82 20.8 124  

Strontium (mg/L) 580 (96) 0.041 3.38 120 0.15 1.5 7.91 17  

Thallium (µg/L) 4 (0.6) 0.2 279 580 34.7 173 391 542 2 

Vanadium (µg/L) 81 (10.9) 1 9.9 640 1.6 6 36 200  

Zinc (µg/L) 343 (45.9) 1.8 39 3,900 5.72 15 75 199  

Silica (mg/L) 140 (96.6) 10 70.5 270 18 40.5 140 210  

Radionuclides/Isotopes 

Deuterium (per mil) 417 (100) -98.7 -54.1 26 -68.5 -59.6 -47.1 -29.5  

Oxygen-18 (per mil) 416 (100) -44.3 -4.89 11.4 -8.39 -6.06 -3.37 -0.83  

Gross alpha (pCi /L) 280 (95.2) 0.015 12.6 310 0.418 5.2 28.4 101 15 

Gross beta (pCi /L) 142 (100) 0.033 61.6 440 1.8 31.1 110 242 43 

Radium-226 (pCi /L) 362 (95.8) 0.065 2.6 55.3 0.238 1.1 7.79 24.1 54 

Radium-228 (pCi /L) 312 (91.5) 0.001 3.92 67.6 0.109 1.1 8.13 22.7 54 

Uranium (µg/L) 87 (30.1) 0.102 1.3 39 0.143 0.57 2.99 18.8 205 

Nutrients 

Ammonia (mg/L) 233 (98.3) 0.13 49.9 194 1.33 24.7 93.9 152  

Ammonium (mg/L) 43 (100) 0.21 64.3 170 0.593 35.4 100 159  

Nitrate (mg/L) 126 (14.3) 0.03 2.58 85.8 0.077 0.29 13.4 55.2 106 

Total Kjeldahl Nitrogen 
(mg/L) 

47 (100) 0.25 72 220 0.656 1.65 110 168  

Organics 

Oil & Grease (mg/L) 292 (94.2) 1.3 19 1,800 3.96 8.65 46.2 160  

Benzene (µg/L) 540 (57) 0.09 22 5,700 0.78 5.8 182 1,500 1 

Toluene (µg/L) 570 (62) 0.1 38 5,990 0.375 7.65 240 1,950 150 

Ethylbenzene (µg/L) 496 (52.4) 0.12 14.5 4,000 0.688 4.9 53 240 300 

p- & m-Xylenes (µg/L) 483 (67.4) 0.27 20 14,000 0.606 6.55 120 710  

o-Xylene (µg/L) 483 (67.2) 0.1 15 6,700 0.412 4.3 69 389  

Total Xylenes (µg/L) 638 (68.5) 0.14 24.3 20,700 0.83 6.6 131 960 1,750 

Naphthalene (µg/L) 289 (51) 0.061 6.1 340 0.26 1.4 19 145  
1. Total chromium   2. Regulatory action level 
3. millirem per year (mrem/yr)  4. Radium 226 + 228 
5. pCi/L    6. As nitrogen (N) 
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Figure 5.9. Boxplot of pH, conductivity, and other selected constituents and their relation to California 
regulatory limits for produced water disposal ponds, and drinking water (22 C.C.R. § 64431, 2021; 22 
C.C.R. § 64442, 2021; 22 C.C.R. § 64444, 2021; CVRWQCB, 2018). Total xylenes are the maximum 
detected concentration of p-&m-xylenes, o-xylene, or total xylenes. Source: Figure 3 from DiGiulio et al. 
(2021). 

Ammonium levels in produced water discharged to unlined produced water ponds are also quite 
high, with median and maximum levels of 64.3 and 170 mg/L, respectively. Both ammonia (which 
includes free ammonia and ammonium) and ammonium were often reported. Because the pH of 
water in most produced water ponds was near neutral, most ammonia was present as ammonium. 
A primary concern with high ammonium levels in produced water discharged in unlined ponds is 
nitrification. Unlike produced water coming directly from an oil and gas well, produced water in 
unlined ponds is oxic and can facilitate nitrification in subsurface media. The CA MCL for nitrate 
is 45 mg/L as nitrate or 10 mg/L as nitrogen. The CA MCL for nitrite is 1 mg/L. Because the toxicity 
of nitrate and nitrite are additive, the CA MCL for the sum of nitrate and nitrite as nitrogen is 10 
mg/L, and only one of the detected sums of these constituents exceeds that level. 

In comparison with produced water from shale formations (e.g., Marcellus, Utica), gross alpha, 
gross beta, radium-226, and radium-228 activities are relatively low in California’s produced water 
ponds. However, despite being relatively low, the detected activities of these radionuclides are 
still concerning from a regulatory standpoint. Specifically, 58% of detected radium-226 + radium-
228 activities meet or exceed the associated CA MCL (5 pCi/L) and 44% of detected gross alpha 
meets or exceeds the CA MCL (15 pCi/L). Radium mobilization from sediments near unlined 
produced water ponds has been observed in groundwaters associated with the Fruitvale, Lost 
Hills, and South Belridge oil fields (McMahon et al., 2019). 

The median concentration of benzene in produced water discharged to produced water ponds 
(24 μg/L) is an order of magnitude higher than the CA MCL of 1 μg/L, while the median 
concentration of detected toluene, ethylbenzene, and total xylene concentrations are less than 
the associated CA MCLs (150, 300, and 1,750 μg/L, respectively) (Figure 5.9). However, the 
maximum detected levels of these constituents are well above the associated CA MCLs. 
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5.5.3.1 Emissions of Organic Compounds Produced Water Ponds 

Relatively few studies have measured emissions of organic compounds from produced water 
disposal ponds, and thus there is a large knowledge gap surrounding this aspect of produced 
water disposal. Of the few studies that have measured emissions of these compounds (e.g., 
Lyman et al., 2018; Mansfield et al., 2018; Schmidt & Card, 2020; Thoma, 2009; Tran et al., 
2018), only one has sampled produced water ponds in the California (Schmidt & Card, 2020). 
None of these studies measured transport distances of these compounds, and thus distances of 
impact are unknown. 

Schmidt & Card (2020) analyzed a total of 95 samples from 25 disposal facilities. Of the 
sampled facilities only 19 utilized produced water disposal ponds, and thus a total of 89 samples 
were collected from produced water ponds. The aqueous sampling (Table 5.6) and vapor 
concentrations in flux chambers (Table 5.7) above produced water ponds provide additional 
information on concentrations of VOCs, especially BTEX components, and are another source 
of data for these constituents. In general, the lower bounds of the aqueous samples collected by 
Schmidt and Card (2020) (Table 5.6) agree with those in the Geotracker database (Table 5.5). 
However, the maximum detected values of BTEX compounds in the Geotracker data (Table 
5.5) are generally 1–1.5 times those measured by Schmidt and Card (2020) (Table 5.6). 
Complete data for the aqueous and vapor samples collected by Schmidt and Card (2020) are 
provided in Appendix E.3. 

Table 5.6. Summary of selected constituents of produced water pond aqueous samples. Source: Schmidt 
and Card (2020). 

Constituents (units) 
No. of 
Detections 

   Percentile 
Min Med Max 5th 25th 75th 95th 

Oil & Grease (mg/L) 94 1.4 13.5 660,000 2.95 7.13 28 537 

Benzene (µg/L) 86 0.1 6 1,650 0.18 0.5 70.3 838 

Ethylbenzene (µg/L) 84 0.11 6.45 1,600 0.22 0.95 34.3 688 

Toluene (µg/L) 86 0.1 3.35 1,900 0.14 0.6 25.3 550 

Total Xylenes (µg/L) 86 0.39 9.9 2,200 0.51 2.2 60.3 979 

p- & m-Xylenes (µg/L) 85 0.29 5.7 1,400 0.4 1.3 40 629 

o-Xylene (µg/L) 90 0.09 3.6 790 0.12 0.9 20.8 349 
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Table 5.7. Summary of selected constituents of produced water pond gases and vapors. Source: Schmidt 
and Card (2020). 

Constituents (units) 
No. of 
Detections 

   Percentile 
Min Med Max 5th 25th 75th 95th 

Total Non-Methane 
Hydrocarbons (C6 µg/m3) 90 65.6 5,770 47,300,000 178 1,530 37,800 288,000 

Total Non-Methane 
Hydrocarbons (C1 µg/m3) 90 73 6,420 52,700,000 198 1,700 42,100 321,000 

Benzene (µg/m3) 88 1.47 56.7 125,000 2.94 10.1 342 11,800 

Ethylbenzene (µg/m3) 57 1.5 39.2 303,000 4.27 11.1 318 2,510 

Toluene (µg/m3) 75 0.92 55.7 574,000 2.93 9.94 571 19,800 

m,p-Xylenes (µg/m3) 62 1.1 84.2 579,000 2.98 16.4 602 9,120 

o-Xylene (µg/m3) 55 1.21 86.4 286,000 3.84 15.3 398 4,960 

Total Xylene (µg/m3) 71 0 86.3 865,000 0 10.3 739 13,200 

Total BTEX (µg/m3) 95 0 104 1,870,000 1.85 17.1 1,150 42,500 

Carbon Dioxide (%) 40 0.01 0.05 0.41 0.02 0.02 0.13 0.32 

Methane (ppmv) 88 0.47 11 1,350 1.18 2.67 117 487 

Abbreviations: ppmv – parts per million by volume; µg/m3 – micrograms per cubic meter  

5.5.4. Number, Status, and Locations of Produced Water Ponds in the Tulare Basin 

No individual publicly available State database accurately accounts for all produced water ponds 
in the Tulare Basin. DiGiulio et al. (2021) found major discrepancies between data sources in 
locating produced water ponds in the Tulare Basin. The authors catalogued a total of 1,784 
produced water ponds in the Tulare Basin, of which 29 were used for mixing produced water with 
surface water and groundwater for agricultural irrigation. There were 1,317 ponds listed on the 
SWRCB Produced Water Ponds List, of which 511 were unique to this list; 311 ponds were listed 
in WellSTAR, of which 60 were unique to WellSTAR; and 1,213 ponds located on Geotracker, of 
which 407 were unique to Geotracker. 

The discrepancy between identification of ponds on the SWRCB produced water pond list and 
Geotracker is due in part to a lack of identification of many closed produced water ponds on the 
SWRCB list. Other reasons for discrepancies between WellSTAR, Geotracker, and the SWRCB 
produced water pond list are unclear (DiGiulio et al., 2021). Precise information on location 
(latitude and longitude) was available for most (92.9%) ponds that were located. In Geotracker, 
there were 110 ponds that had only Public Land Survey System (PLSS) descriptions and 21 
ponds that only had an oil and gas field identifier. 

DiGiulio et al. (2021) also found that an unknown number of closed facilities remain unidentified. 
For example, while viewing produced water ponds on the Google Earth application of 
Geotracker, they noted the presence of three large inactive unlined produced water facilities 
west of the Belridge North field and one large inactive unlined produced water facility in the 
Midway-Sunset Field, cumulatively consisting of at least 95 unlined ponds not identified in any 
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database. As such, we have included 95 unlined ponds as unidentified, although locations 
should be field verified as used for produced water disposal. 

 
Figure 5.10. Summary and status of produced water ponds in the Tulare Basin. Source: Figure 2 modified 
from DiGiulio et al. (2021). 

In summary, there appears to be at least 1,850 active, inactive, and closed ponds that were 
used exclusively to store or dispose produced water in the Tulare Basin (Figure 5.10). The 
status of ponds in WellSTAR were listed as active, idle, and removed. The latter two categories 
were assumed to refer to inactive and closed ponds. At least 85% (1,565) of ponds in the Tulare 
Basin are unlined, of which 31% (484) are still active. This is an underestimate of the number of 
unlined ponds, as the 60 unique WellSTAR entries contain no description of whether ponds are 
lined or unlined. 

5.5.5. Exceedance of Effluent Limits in the Tulare Basin and Assessment of Potential 
Impact to Groundwater  

The California Department of Water Resources (CDWR) created groundwater subbasins in 
California by dividing groundwater basins into smaller units using geologic and hydrologic barriers 
or, more commonly, institutional boundaries for the purpose of collecting and analyzing data and 
managing water resources (CDWR, 2021). Subbasins in the Tulare Basin are used here to 
describe locations where unlined produced water ponds overlie groundwater with municipal or 
agricultural beneficial use, and where impact to groundwater has been documented. A list of oil 
and gas fields associated with each subbasin is provided in Appendix E.4. 

The disposal of produced water having high levels of electrical conductivity, chloride, and boron 
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into unlined produced water ponds exceeding the Tulare Basin effluent limits has occurred and 
continues to occur in many areas of the Tulare Basin overlying groundwater resources. 
Groundwater monitoring at unlined produced water pond facilities is relatively sparse, but where 
monitoring has occurred, impact to groundwater has been observed and has proven too 
expensive to actively remediate. Hence, the practice of disposing produced water into unlined 
ponds can cause permanent damage to groundwater resources. Also, impact to groundwater has 
occurred at distances greater than 4 km (2.5 mi) from unlined ponds. Given demonstrated cases 
of impact to groundwater, unlined produced water ponds should not be located hydraulically 
upgradient of domestic, municipal, and agricultural water supply wells. 

5.5.5.1 Counts of Unlined Ponds and Exceedances of Tulare Basin Effluent Limits in Basin 
Sub Areas 

DiGiulio et al. (2021) found most unlined produced water ponds in California were located in the 
Kern County Subbasin (Figure 5.11). As such, this area, and counts of unlined ponds in particular, 
are the focus of discussion here. Complete counts of all types of produced water disposal ponds 
within each geographic area of the SJV are provided in Table E.4. 

 
Figure 5.11. Interpolated levels (contour lines) of total dissolved solids (TDS) in groundwater from water 
well samples and the location of active, inactive, and closed unlined produced water pond facilities in 
subbasins within the Tulare Basin in the southern portion of the San Joaquin Valley. Source: Figure 1 from 
DiGiulio et al. (2021).  
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In the northeastern area of the Kern County Subbasin (148 unlined ponds, of which 27 are active) 
(Table E.4), levels of TDS in groundwater are generally <1,000 mg/L (Figure 5.11). While median 
levels of electrical conductivity, chloride, and boron of produced water discharged to ponds at 
facilities in this area were generally within the Tulare Basin effluent limitations, maximum levels 
of electrical conductivity, chloride, and boron indicate periodic exceedance of these standards 
(DiGiulio et al., 2021). Additionally BTEX compounds other than benzene were detected in 
produced water discharged to ponds (DiGiulio et al., 2021). 

In the central-eastern area of the Kern Subbasin (156 unlined ponds, of which six are active) 
(Table E.4), TDS levels in water wells are generally <1,000 mg/L (Figure 5.11). Median levels of 
electrical conductivity, chloride, and boron of produced water discharged to ponds in this area 
were generally above the Tulare Basin effluent limitations, with maximum levels of electrical 
conductivity, chloride, and boron indicating significant exceedances of these standards (DiGiulio 
et al., 2021). Benzene was detected in produced water discharged to ponds at a maximum 
concentration of 2,410 µg/L (DiGiulio et al., 2021). 

Relatively few produced water ponds are in the south-central (24 unlined ponds), central (29 
unlined ponds), and west-central (14 unlined ponds) portions of the Kern Subbasin, and no 
unlined ponds are active in this area (Table E.4). In all of these areas, groundwater having TDS 
levels <3,000 mg/L is present (Figure 5.11). DiGiulio et al. (2021) did not find any pond effluent 
data in this area. Given the lack of active unlined disposal ponds in these areas, the primary 
concern is potential groundwater contamination from legacy ponds. 

The western portion of the Kern Subbasin has the largest number of produced water ponds (626 
unlined ponds, of which 176 are active) in the Tulare Basin (Figure 5.11, Table E.4). Most 
produced water ponds in this area lie directly east of oil and gas fields where there is a transition 
from brackish groundwater (TDS 3,000–10,000 mg/L) to fresher (TDS <3,000 mg/L) groundwater 
from west to east (Figure 5.11), toward the synclinal axis of the San Joaquin Valley (DiGiulio et 
al., 2021). Produced water disposed in unlined ponds in this area far exceeds the Tulare Basin 
effluent limits. BTEX compounds were consistently detected in produced water disposed in ponds 
in this area with a maximum concentration of benzene at 5,700 µg/L (DiGiulio et al., 2021). 

Most active unlined ponds (292 ponds, of which 219 are active) are within the southwestern 
portion of the Kern Subbasin (Figure 5.11, Table E.4). Like the western portion of the Kern 
Subbasin, produced water disposed in unlined ponds in this area far exceeds the Tulare Basin 
effluent limits, and BTEX compounds were consistently detected in produced water disposed in 
ponds in this area, with a maximum concentration of benzene at 3,600 µg/L (DiGiulio et al., 2021). 

5.5.5.2 Documented Impacts to Groundwater in the Tulare Basin 

DiGiulio et al. (2021) primarily documented impacts to groundwater in the western portion of the 
Kern Subbasin (Figure 5.12), where the authors mainly found groundwater monitoring was 
occurring. However, impacts to groundwater near the Race Track Hill facility in the Edison Field 
(the only field in the eastern SJV where DiGiulio et al. (2021) found groundwater monitoring was 
occurring) near Bakersfield were also observed (Figure 5.12). Thus, impacts to groundwater via 
unlined disposal ponds appear to be possible anywhere that this practice has happened, or is 
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currently happening, and any geographic heterogeneity is likely more a function of the location of 
monitoring infrastructure rather than other drivers (e.g., hydrogeologic setting, geochemical). 

DiGiulio et al. (2021) found levels of electrical conductivity, TDS, chloride, and boron in impacted 
wells to range anywhere from two times to as much as ~46 times those in unimpacted wells 
(Figure 5.13). The only disagreement to this trend were boron levels in monitoring wells 
downgradient of the S.E. Taft Old and New facilities, which were two times higher in the 
unimpacted wells. However, after discounting outliers (i.e., values falling outside of the third 
quartile plus or -1.5 times the interquartile range), levels of these constituents in impacted wells 
range from two times to 19 times higher, and on average are ~6.5 times higher than those in the 
unimpacted wells. Using the elevated levels of electrical conductivity, TDS, chloride, and boron, 
DiGiulio et al. (2021) documented the distances at which produced water disposal facilities 
impacted groundwater. The distances of impacts range from anywhere to as little as less than 0.5 
km (0.3 mi) to as much as greater than 4 km (2.5 mi) (Table 5.8). With the exception of the Race 
Track Hill facility (Table 5.8), groundwater was impacted at distances more than 1 km (3,281 ft) 
from produced water disposal pond facilities. 

 
Figure 5.12. Locations of produced water pond facilities where groundwater monitoring indicates impact. 
Source: Figure 4 modified from DiGiulio et al. (2021). 
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Figure 5.13. Concentrations of electrical conductivity (EC), total dissolved solids (TDS), chloride (Cl), and 
boron (B) (inset) in groundwater monitoring wells at facilities with an impact to groundwater. 
Downgradient and unimpacted monitoring wells are located more distant from a facility in the direction of 
groundwater flow. Source: Figure 5 from DiGiulio et al. (2021). 

Table 5.8. Maximum concentrations of benzene, toluene, ethylbenzene, total xylenes, and the distance 
downgradient of facilities at which groundwater monitoring wells indicate an impact to groundwater. 

Facility Name Associated 
Field 

Max 
Benzene 
(µg/L) 

Max 
Toluene 
(µg/L) 

Max 
Ethylbenzene 
(µg/L) 

Max 
Xylenes 
(µg/L) 

Distance of 
impact 

Race Track Hill Edison <0.50 67 <0.50 <0.50 <0.5 km (0.3 mi) 

Section 29 Lost Hills 47 5.7 0.26 3.1 >1.7 km (1.1 mi) 
North Surface 
Impoundments Belridge North 360 <2.0 <2.0 15 >1.5 km (0.9 mi) 

Hill Belridge South 84 140 28 140 >1.4 km (0.9 mi) 
Reagan, Hwy 33, Lost 
Hills, South Ponds Belridge South 3.7 43 13 NA >4 km (2.5 mi) 

McKittrick 1-1 and 
McKittrick 1 & 1-3 Cymric 1.6 7.0 <0.25 <0.25 >2 km (1.2 mi) 

Maricopa West Midway Sunset <2.0 <2.0 <2.0 <2.0 >1.2 km (0.75 mi) 
S.E. Taft Old and 
New Midway Sunset <2.0 <2.0 <2.0 <2.0 >1.2 km (0.75 mi) 
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In addition to elevated levels of electrical conductivity (EC), TDS, chloride, and boron, DiGiulio et 
al. (2021) also observed BTEX compounds and other hydrocarbons in monitoring wells near 
disposal facilities (Table 5.8). For example, BTEX compounds and other hydrocarbons (e.g., 
naphthalene, methyl naphthalenes, trimethylbenzenes) were detected in monitoring well samples 
near the closed Section 29 Facility (Figure 5.12, Table 5.8). At the nearby Lost Hills facility 
(Figure 5.12) Karolytė et al. (2021) demonstrated the presence of surface disposed produced 
water in groundwater using noble gas isotope ratios, although benzene concentrations (0.87 µg/L) 
were less than both the CA MCL and the U.S. EPA MCL (1 and 5 µg/L, respectively). Both 
Karolytė et al. (2021) and DiGiulio et al. (2021) detected benzene (15.1 µg/L ) in a monitoring well 
east of the McKittrick 1-1 and McKittrick 1 & 1-3 Facilities (Figure 5.12). Karolytė et al. (2021) 
utilized noble gas isotope mixing ratios to demonstrate the nearby McKittrick disposal ponds were 
the likely surface source of produced water. The highest benzene concentrations (360 µg/L) 
observed in monitoring wells by DiGiulio et al. (2021) (Table 5.8) were located near the North 
Surface Impoundments Facility (Figure 5.12). While most organic compounds were below 
detection near the Race Track Hill facility, DiGiulio et al. (2021) observed a maximum detectable 
concentration of toluene at 67 µg/L, which they attributed to the disposal of produced water into 
unlined ponds and spray irrigation (Table 5.8). 

5.5.5.3 Potential Impacts to Groundwater in the Tulare Basin 

In January 2015, an independent scientific study on well stimulation in California commissioned 
by the California Natural Resources Agency concluded that the disposal of produced water in 
unlined produced water ponds posed a risk to groundwater resources. The report recommended 
that produced water discharged to these ponds should contain non-hazardous concentrations of 
chemicals or their use should be phased out in the future (Jordan et al., 2015; Stringfellow et al., 
2015). The report stated further that groundwater investigations should be conducted to determine 
if historical disposal activities have impacted groundwater resources in the vicinity of these 
produced water ponds (Jordan et al., 2015). 

The recent comprehensive assessment of unlined produced water ponds in the SJV by DiGiulio 
et al. (2021) bolsters this recommendation. Their investigation also supports a recommendation 
that the definition of protected groundwater during disposal of produced water into produced water 
ponds should be consistent with the definition of protected groundwater used in California’s UIC 
program and for hydraulic fracturing. This inconsistency appears to be a major driver for this 
disposal practice, especially in the western and southwestern portion of the Kern Subbasin or 
Tulare Basin. 

Further research would help determine whether individual groundwater plumes from large, closely 
spaced, historical, and active facilities in the western portion of the Kern Subbasin are in the 
process of forming “mega” plumes moving eastward toward the synclinal axis of the SJV and 
toward numerous irrigation and public water supply wells. 
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5.5.6. Populations Living Near Produced Water Infrastructure 

As previously discussed, produced water potentially poses numerous health hazards (e.g., 
exposure to carcinogens) to human beings, and these hazards may occur via multiple exposure 
pathways (groundwater, air, etc.). A proximity analysis was conducted to quantify the number of 
people potentially at risk from produced water ponds (detailed in Chapter 7). To better constrain 
populations that may be impacted by legacy water disposal activities, the total number of 
individuals near a pond of any status (active, idle, or closed) and water disposal wells were also 
calculated (Figure 5.14; Table E.5, Appendix E.5). In general, roughly 545,000 Californians live 
within 1 km (3,281 ft) of an active, inactive, or historical produced water pond. About 168,000 
Californians live within 1 km (3,281 ft) of an active pond, slightly less than the ~261,000 
Californians that live within 1 km (3,281 ft) of a water disposal well (Figure 5.5). While these 
counts provide an approximation of populations that could be impacted by surficial processes 
(i.e., suspension of legacy contaminated sediments or air emissions from active infrastructure), 
this estimate does not fully capture populations that may be impacted by subsurface processes. 

Fully constraining the risk of exposure to populations via subsurface pathways relies on two 
factors: (1) having knowledge of the spatial distribution of drinking water wells; and (2) 
understanding the subsurface geochemistry and hydrogeology. Locations of wells in California 
are relatively poorly constrained using publicly available data. Due to privacy concerns, 
coordinates of drinking water wells are logged as the centroid of the PLSS sections, and as such 
the spatial accuracy of these coordinates range from ± 142 m (467 ft) to ± ~1,140 m (3,729 ft) 
(Johnson & Belitz, 2015). As this range spans nearly all of the considered buffer distances, counts 
using these distances would be highly speculative and likely miss a substantial amount of 
residents relying on groundwater. Furthermore, while there is a large volume of literature 
supporting the inclusion of the buffer distances used to consider air emissions (see Chapter 7), 
their selection is likely more arbitrary for considering subsurface impacts. 

 
Figure 5.14. Total populations living within buffer distances of both active, and any status produced water 
disposal ponds. 

As previously discussed, subsurface transport of contaminants has been observed anywhere 
from 0.5 km (1,640 ft) to greater than 4 km (2.5 mi) from pond facilities, thus the buffer distances 
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that are appropriate for airborne contaminants would likely not completely identify groundwater 
receptors. Additionally, subsurface contaminant transport is mediated by both geochemical and 
hydrological conditions, both of which can be highly heterogeneous over relatively small spatial 
areas. Furthermore, current land use practices, which are also quite diverse, can enhance or 
retard subsurface contaminant transport. Consequently, transport distances are likely equally 
disparate. Thus, drinking water wells were not considered in this analysis, and future research 
efforts could be devoted to this topic to fully constrain the risk produced water ponds pose to 
communities relying on groundwater resources. 

5.5.7. Available Information on Setbacks from Produced Water Management Facilities at 
Other States. 

In Colorado, after January 15, 2021, operators must design, construct, and operate pits that are 
within 2,000 ft (610 m) of an existing building unit or designated outside activity area to emit less 
than 2 tons per year (tpy) VOCs (COGCC Rule 903.d(6)A.i, 2021). In highly populated counties 
(Adams, Arapahoe, Boulder, Broomfield, Denver, Douglas, Jefferson, Larimer, and Weld), pits 
must emit less than 2 tpy VOCs regardless of distance to existing buildings (COGCC Rule 
903.d(6)A.ii, 2021). Otherwise, pits must emit less than 5 tpy VOCs. Operators cannot construct 
new Centralized Waste Management Facilities (large pit facilities) within 2,000 ft (610 m) of the 
nearest Building Unit or High Occupancy Building Unit, unless all Building Unit owners and 
tenants within 2,000 ft (610 m) consent to a closer location (COGCC Rule 907.b(5)G, 2021). 

In Utah, a disposal facility must be located a minimum of 1 mi (1.6 km) from residences or 
occupied buildings not associated with the facility unless a waiver has been signed by the owners 
of the residences and buildings within one mile (Utah Admin. Code R649-9-3.3.2, 2013) or within 
500 ft (152 m) of a wetland, water-course or lakebed (Utah Admin. Code R649-9-3.4.1, 2013). 

5.6. Exposure Pathways from the Discharge of Produced Water to 
Surface Water 

Humans may contact radionuclides, metals, organic compounds, or degradation products of 
organic compounds associated with the discharge of produced water through multiple exposure 
pathways. These include: dermal contact during swimming; ingestion via drinking water intake; 
incidental ingestion during swimming; inhalation and dermal contact during bathing and 
showering; consumption of fish, crops, or livestock that have bioaccumulated produced water 
contaminants; inhalation of volatile compounds from surface water; and inhalation of dust from 
ephemeral stream beds (Figure 5.15). 
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Figure 5.15. Conceptual pathways of surface discharges of produced water. 

Produced water can be directly discharged to surface water or indirectly discharged to surface 
water through publicly owned treatment works (POTW). Any discharge of pollutants to surface 
waters must obtain authorization to discharge (i.e., a National Pollutant Discharge Elimination 
System permit) (US EPA, 2020). Under 40 Code of Federal Regulations (C.F.R.) 435 Subpart C, 
the direct onshore discharge of produced water to surface water must meet an Effluent Limitation 
Guideline (ELG) of “zero discharge” of pollutants (US EPA, 2020), essentially resulting in a 
prohibition of direct discharges of produced water to surface water. However, 40 C.F.R. § 435 
Subpart C allows indirect discharges of produced water to surface water through POTWs, and 
does not specify pretreatment standards (US EPA, 2020). In 2016, the US EPA prohibited the 
indirect discharge of produced water from unconventional wells to POTWs (81 Fed. Reg., 2016). 
Disposal of produced water into sanitary sewer systems had occurred in fields where production 
wells have been stimulated (e.g., Wilmington Oil Field in Los Angeles County and a small amount 
from the Lost Hills Oil Field and Midway-Sunset Oil Field in Kern County) (Stringfellow et al., 
2015). 

Produced water can be directly or indirectly discharged to surface water under 40 C.F.R. § 435 in 
Subparts E, F, and H (US EPA, 2020). Under 40 C.F.R. § 435 Subpart E, produced water can be 
discharged directly to surface water if production wells are located west of the 98th meridian and 
produced water “is of good enough quality to be used for wildlife or livestock watering or other 
agricultural uses and that the produced water is actually put to such use during periods of 
discharge” (US EPA, 2020). The ELG for discharge under 40 C.F.R. § 435 Subpart E is limited to 
an oil and grease concentration ≤35 mg/L (US EPA, 2020). Under 40 C.F.R. § 435 Subpart F, 
produced water can be discharged directly to surface water if production wells produce ≤10 
barrels of crude oil per day (i.e., stripper wells) (US EPA, 2020). 

The direct discharge of produced water to surface water in California reached a peak in 1988 with 
discharge of 497.2 MMbbls (18.9% of produced water disposition) and a low in 2002 with a 
discharge of 2.2 MMbbls (0.1% of produced water disposition). In 2017, 58.9 MMbbls of produced 
water was discharged directly to surface water (1.8% of produced water disposition) (Figure 5.3). 
Cumulative direct disposal to surface water from 1977 to 2017 was 6,424 MMbbls, second only 
to disposal in unlined produced ponds for surface disposal methods (Figure 5.3). Hence, disposal 
to surface water continues to be an important disposal method for surface disposal methods (non-
injection). However, it is unclear what proportions of discharge are occurring under 40 C.F.R. § 
435 Subpart E and F. Discharge to a POTW (sewage) with subsequent discharge to surface water 
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reached a peak in 1984 at 67.2 MMbbls (2.5% produced water disposition) and a low in 2017 at 
13.8 MMbbls (0.43% of produced water). 

For discharge of produced water from conventional oil and gas wells, operators in California are 
required by the sanitation districts to obtain pretreatment permits. However, pretreatment of 
produced water is typically minimal, consisting primarily of oil and water separators, followed by 
clarification and sometimes air stripping or flotation, and does not remove most chemicals 
associated with well stimulation operations or associated with oil and gas production. Additionally, 
sewage treatment plants are not typically equipped to handle produced water, potentially 
disrupting the treatment process and discharging salt and other contaminants into the 
environment (Stringfellow et al., 2015). 

A search was conducted on U.S. EPA’s National Pollutant Discharge Elimination System 
(NPDES) General Permit Web Inventory under the term “oil and gas extraction” between January 
1, 1976, to February 1, 2021. This search revealed only one offshore permit issued in 2013. A 
search was then conducted for NPDES permits for oil and gas wastewater discharge in the 
California Integrated Water Quality System (CIWQS) (SWRCB, 2021c). Two permits were located 
for offshore discharge, one permit for stormwater discharge, and one permit for discharge of 
treatment groundwater from a condensate spill. 

While CalGEM disposal records and reporting pursuant to SB 1281 indicate that direct discharge 
of produced water to surface water is ongoing, NPDES permits in CIWQS indicate little or no 
discharge of produced water traceable to NPDES permits. It does not appear that past and 
present locations of discharge of onshore produced water to surface water can be determined 
through CIWQS. Given these limitations it is not possible to evaluate potential impact to public 
health from disposal of produced water to surface water in California. 

5.7. Exposure Pathway Analysis from Spills of Produced Water 

Surface spills and leaks can occur at any time in the production process. Releases can result 
from tank ruptures, piping failures, blowouts, other equipment failures and defects, overfills, fires, 
vandalism, accidents, or improper operations (NYSDEC, 2011). Additionally, natural disasters 
(e.g., floods or earthquakes) may damage storage and disposal sites or cause them to overflow. 
Once released, these materials can run off into surface water bodies and/or seep into 
groundwater that serve as drinking water sources. 

5.7.1. Environmental Impacts 

Spills pose a wide variety of environmental concerns (Figure 5.16). For example, spills on the 
land surface can greatly enrich topsoil sodium and chloride content, and increase mortality rates 
in vegetative communities (Adams, 2011). Furthermore, chemical constituents of produced water 
including trace metals (Chen et al., 2017; Oetjen et al., 2018), salts, BTEX compounds (Gross et 
al., 2013; Shores et al., 2017), and other organic compounds (Cozzarelli et al., 2017; Drollette et 
al., 2015), can percolate into groundwater, providing a subsequent exposure route to co-located 
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drinking water wells. In agricultural areas, the percolation of sodium is especially troublesome, as 
sodium can deplete soil nutrients (calcium, magnesium, potassium) via exchange reactions 
(Bäckström et al., 2004; Cates et al., 1996; Norrström & Bergstedt, 2001; Rossi, Bain, Elliott, et 
al., 2017; Shanley, 1994), negatively affect soil structure (Amrhein et al., 1994), reduce soil 
hydraulic conductivity, and salinize groundwater sources (Schoups et al., 2005; Suarez, 1989), 
rendering them unsuitable for irrigation (Maas, 1986). 

Spills can also introduce contaminants to surface water, with a subsequent exposure route to 
humans through a drinking water intake or bioaccumulation in fish. For example, spills have been 
found to cause endocrine-disrupting activity in aquatic communities (Cozzarelli et al., 2017; 
Kassotis et al., 2014, 2016, 2020). Spills of produced water into surface water could also result in 
an accumulation of NORM (Lauer et al., 2016; Lauer & Vengosh, 2016) or trace metals (Lauer et 
al., 2016) in alluvial sediments, which can be mobilized by flood events or anthropogenic activities 
(Pizzuto, 2014; Rossi, Bain, Hillman, et al., 2017; Steding et al., 2000; Tao et al., 2005). 

5.7.2. A Summary of Spill Incidents in California  

Any significant or threatened release of produced water and hazardous substances must be 
reported to the California Office of Emergency Services (CalOES) (19 C.C.R. § 2631, 2016). The 
reporting threshold varies by chemical but there is no reporting threshold for produced water. 
Similarly, there are locational differences in reporting thresholds, with spills of oil greater than 1 
barrel being the mandated threshold outside of the SJV, and 5 or 10 barrel thresholds (depending 
on the oil field) mandated within the SJV (San Joaquin Valley Field Rule, 1996). The CalOES 
maintains a database, known as the HazMat Spill Release Reporting Database, with information 
on the location, size, and composition of the spill; whether the spill impacted a waterway; and the 
cause of the spill (CalOES, 2021). 

 
Figure 5.16. Conceptual pathways of spills. 

5.7.2.1 Reported Spills in California from 2006–2020 

Rossi et al. (2022) recently quantified the volume and frequency of onshore spills of crude oil and 
produced water in the California between 2006 and January 1, 2021. The authors retrieved every 
spill incident in the HazMat database containing the key words "produced water" or "crude oil," 
and observed a total of 2,299 incidents involving a spill of crude oil, 1,029 incidents involving a 
spill of produced water, and 288 incidents which involved a mixture of these two substances 
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whose proportion was undifferentiated. During the period of 2006–2020, they noted the number 
of reported spill incidents involving crude oil or produced water appeared to be decreasing, with 
the frequency of incidents involving produced water declining relatively slower (Figure 5.17). 

Rossi et al. (2022) observed the majority of produced water spills (65%) occurred in Kern County 
(Table 5.9), and the breakdown of crude oil spills on a per county basis follow similar trends as 
those observed in the produced water spills (Table 5.9). Only the top six counties (which represent 
95% or more of spill incidents), ranked by incident counts are presented in Table 5.9; a complete 
listing of incidents by county is provided in the Appendix (Table E.6). 

5.7.2.2 Comparisons to Other States 

Rossi et al. (2022) also compared spill events in California to other peer-reviewed studies that 
examined spill incidents in other states. In general, they found trends in California crude oil and 
produced water spill volumes during the period of 2006–2014 were similar to those observed in 
North Dakota by Maloney et al. (2017), with spill events in both states marked by both chronic 
and catastrophic spill incidents (although the magnitude of events were more extreme in 
California) (Table 5.10). 

 
Figure 5.17. Reported number of incidents involving crude oil, produced water, or a mixture of both in the 
CalOES HazMat Spill Release Reporting Database (CalOES, 2021). Source: Figure 3 from Rossi et al. 
(2022).  
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Table 5.9. Breakdown of spills of crude oil, produced water, and a mixture of both by county. Source: Table 
1 from Rossi et al. (2022). 
 Crude oil spills   Produced water spills   Mixture spills 

County Count % Cum. %  County Count % Cum. %  County Count % Cum. % 

Kern 1,165 51% 51%  Kern 665 65% 65%  Kern 126 44% 44% 

Los 
Angeles 

383 17% 67%  Los 
Angeles 

117 11% 76%  Los 
Angeles 

77 27% 70% 

Santa 
Barbara 

271 12% 79%  Santa 
Barbara 

108 10% 86%  Santa 
Barbara 

32 11% 82% 

Ventura 204 9% 88%  Ventura 44 4% 91%  Ventura 18 6% 88% 

Orange 63 3% 91%  Orange 28 3% 93%  Monterey 11 4% 92% 

Fresno 54 2% 93%  Monterey 27 3% 96%  Fresno 10 3% 95% 

San 
Bernardino 

39 2% 95%  Fresno 22 2% 98%  Orange 8 3% 98% 

Total 2299    Total 1029    Total 288   

Table 5.10. Comparison of total and average crude oil and produced water spills per year for the period of 
2006–2014. Spill data for Colorado, New Mexico, North Dakota, and Pennsylvania were taken from 
Maloney et al. (2017). Source: Table from Rossi et al. (2022). 

State Period of 
analysis 

Crude oil Produced water 
Total 
spills 

Average yearly 
spills 

Total 
spills 

Average yearly 
spills 

California 2006–2014 1,648 183 740 82 

Colorado 2006–2013 48 6 29 4 

New Mexico 2006–2014 121 14 138 15 

North Dakota 2005–2014 2,624 263 1,538 154 

Pennsylvania 2006–2014 18 2 215 24 
 
5.7.2.3 Impacts of Spill Events on Drinking Water 

Rossi et al. (2022) found that relatively few onshore incidents impacted California state waters. 
Specifically, they observed that 12% of crude oil, 16% of produced water, and 18% of mixture 
spills, respectively, have affected waterways (Table 5.11). These proportions were relatively 
higher than those reported by the U.S. EPA in an analysis of hydraulic fracturing-related spills in 
nine states (Arkansas, Colorado, Louisiana, New Mexico, Oklahoma, Pennsylvania, Texas, Utah, 
Wyoming) from 2006 to 2012 (12% and 4%, respectively) (US EPA, 2015). Rossi et al. (2022) 
noted that this discrepancy may have resulted due to the U.S. EPA study only considering spills 
associated with unconventional OGD. 
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Table 5.11. Counts of crude oil, produced water, and mixture spills, and documented impacts to waterways 
or drinking water. Source: Table 3 from Rossi et al. (2022). 
  Spills Impacting Water 

count (%) 
Spills Impacting Drinking Water 

count (%) 
Crude oil 

Yes 273 (11.8) 0 (0) 
No 2,002 (86.6) 106 (19.5) 
Unknown 24 (1.0) 426 (78.3) 

Produced water 
Yes 159 (15.3) 0 (0) 
No 861 (83.0) 189 (78.8) 
Unknown 9 (0.9) 43 (17.9) 

Mixture 
Yes 52 (17.8) 0 (0) 
No 229 (78.4) 38 (37.6) 
Unknown 7 (2.4) 59 (58.4) 

Impacts to drinking water were included in California spill reporting beginning in 2016, and Rossi 
et al. (2022) observed no crude oil or produced water spills were reported to have impacted 
drinking water (Table 5.11). They did note a discrepancy between crude oil and produced water 
spills, with 80% of reported crude oil spills indicating unknown impacts to drinking water, whereas 
80% of produced water spills were reported to have not impacted drinking water (Table 5.11), but 
were unable to identify the cause. 

From the data contained within spill incident reports, Rossi et al. (2022) were not able to determine 
what is included in the definition of “drinking water” and how impacts are determined. They 
postulated the requirement comes from 42 United States Code § 11004 (42 USC § 11004, 2010), 
but after a search of 5,000 incident reports in the HazMat database, only 28 (0.56%) were found 
to report impacts to drinking water, two of these incidents mentioned a well, and only one incident 
contained a mention of a state agency field verifying the impact to drinking water. Thus, Rossi et 
al. (2022) concluded impacts to drinking water were likely self-reported by the party responsible 
for the spill, and postulated (from the documents available on public facing websites) that there 
may not be a protocol for a third party (i.e., an agency with regulatory authority) to verify impact 
to drinking water resources following a spill event. 

5.7.2.4 Inconsistencies in Spill Volume Reporting 

To examine the accuracy of spill volumes in the HazMat database, Rossi et al. (2022) conducted 
a detailed examination of updated incident reports of produced water spills during the period of 
2018–2020. They found the total volume of produced water spilled per year in 2018, 2019, and 
2020 are 35%, 1,286%, and 2,750% higher, respectively, than the initially reported volumes 
(Figure 5.18). A discrepancy occurred during 2019 in Kern County (CalOES Control #19-6568), 
where the final volume of spilled produced water was ~1,930 times higher (~11,600 bbls) than 
the amount (~6 bbls) in the initial spill report (Rossi et al., 2022). Rossi et al. (2022) found no 
mention of a groundwater monitoring plan in the associated Notice of Violation (V19-0017), and 
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the nearest well in the Groundwater Ambient Monitoring and Assessment (GAMA) system (Well 
ID L10007494132-CYM-24R2D, ~2.4 km [1.5 mi] north of the expression), was installed 
independently of the spill event (Kennedy Jenks, 2019). 

A previous study, Stringfellow et al. (2015), noted that this reporting inconsistency increases 
uncertainty in understanding exposure pathways and environmental impacts from accidental 
releases. Additionally, linking spill incidents to well stimulation activities is difficult, as operators 
are not required to report whether a spill was associated with well stimulation, and incident reports 
do not contain an American Petroleum Institute (API) number (Stringfellow et al., 2015). A 
subsequent study, Caryotakis et al. (2015), attempted to link spill incidents to well activities, but 
was unable to due to the lack of these pieces of information. 

 
Figure 5.18. Comparison of the total reported volumes of crude oil and produced water in the initial (grey) 
and updated (black) CalOES spill incident reports per year. Annotations provide the percent increases of 
the total. Source: Figure 5 from Rossi et al. (2022).  
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5.7.2.5 Spill Occurrence by Volume of Material Released 

Rossi et al. (2022) used the final volumes from the spill reports to generate cumulative distribution 
functions for each substance. They noted that while produced water spills are relatively less 
frequent than crude oil spills (Figure 5.17), typical volumes of produced water spill incidents 
greatly overshadow typical volumes of crude oil spill incidents (Figure 5.19). In particular, they 
observed that 50% of crude oil spills involve roughly four or less barrels of material, whereas 50% 
of produced water spills involve 20 or less barrels of material. This discrepancy becomes even 
more pronounced when considering a higher percentage of incidents, as 75% of crude oil spills 
are ~10 barrels or less, and 75% of produced water spills are ~100 barrels or less. Trends in the 
frequency of produced water spills on a per volume basis generally followed trends noted by the 
U.S. EPA in an multi-state analysis of hydraulic fracturing related spills during the period of 2006–
2015 (US EPA, 2015). 

Rossi et al. (2022) used the cumulative distribution functions for each substance to assess the 
adequacy of the volumetric thresholds recently released by CalGEM. Specifically, the Discussion 
Draft Rule that CalGEM released in October 2021 proposes instituting statewide volume 
thresholds for crude oil and produced water spills (0.5 and 10 barrels, respectively) occurring 
within 976 m (3,200 ft) of a sensitive receptor (e.g., residences, education resources, health care 
facilities) (CalGEM, 2021c). Rossi et al. (2022) considered crude oil spill volumes during the 
period 2018–2020 and noted that approximately 13% of these spills would not be reported using 
the proposed threshold. Likewise, approximately 38% of produced water spills were less than the 
proposed 10-barrel threshold. Thus, the selected thresholds appeared to introduce an 
inconsistency in spill reporting, which could be corrected by instituting a two-barrel reporting 
threshold for produced water spills (Rossi et al., 2022). Rossi et al. (2022) noted that these 
thresholds would only exist for areas containing sensitive receptors, which is not true for the 
western margins of the SJV, a relatively sparsely populated area that contains a substantial 
amount of oil and gas infrastructure (Rossi et al., 2022). 

 
Figure 5.19. Percent of incidents in 2018–2020 involving crude oil, produced water, and mixtures of the 
two substances for any given volume with solid vertical annotation lines indicating proposed reporting 
thresholds for spilled materials (CalGEM, 2021c), and dashed vertical annotation lines indicating the volume 
that 75% of spill incidents are less than. Data used to generate these cumulative distributions were taken 
from the updated spill reports. Source: Figure 6 from Rossi et al. (2022). 
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5.7.2.6 Summary of Shortcomings of the Spill Database 

In summary, Rossi et al. (2022) found it difficult to thoroughly analyze spill incidents in California 
using the current publicly facing database. Their findings were in line with a previous analysis, 
Caryotakis et al. (2015), who described the HazMat spill database as “incomplete, disorganized, 
and difficult to analyze effectively.” Extra sources (e.g., CalGEM notice of violations) must be 
located to link extra information such as the type (conventional or unconventional) of operations 
(Caryotakis et al., 2015; Stringfellow et al., 2015). Furthermore, accurate release volumes of spill 
incidents must be manually retrieved from updated incident reports on a case-by-case nature, 
and comprehensive geospatial analyses of spill incidents are impossible due to the lack of exact 
location data reporting in spill reports (Rossi et al., 2022). Likewise, currently it is nearly impossible 
for outside parties to determine the environmental impacts associated with a particular spill event; 
Rossi et al. (2022) found incident reports to contain no mention of monitoring activities following 
releases. Due to these limitations, it is not possible to evaluate the potential impact of crude oil 
and produced water spills on public health. 

5.8. Exposure Pathways from Use of Produced Water for Irrigation 

In the United States, the practice of reusing untreated (from a water quality point of view) oil field 
produced water for irrigation is limited to select oil fields in the Central Valley region of California 
(Mahoney et al., 2021). This practice is currently expanding; the Kern-Tulare Water District has 
constructed an additional reservoir — the Guzman Reservoir completed in early 2021 (Google 
Earth Pro, 2021) — to increase capacity to receive produced water from oil field operators. 
Although the use of produced water for irrigation represents an additional exposure pathway, a 
Finding of No Significant Impact (FONSI) report by the U.S. Bureau of Reclamation determined 
that the new Kern-Tulare Water District reservoir project would have a beneficial impact on air 
quality from the reduction of sulfur dioxide and nitrogen oxides released to the air due to reduced 
emissions from existing activities such as produced water injection and the pumping and 
distribution of water for irrigation (USBR, 2017). 

The SJV occupies the southern two-thirds of the Central Valley in California and is separated into 
the San Joaquin Basin to the north and the Tulare Basin to the south. The SJV is one of the most 
explored hydrocarbon-containing basins in the United States, with over 100,000 oil and gas wells 
(Hosford Scheirer, 2013) and one of the most agriculturally productive regions in the world (Hanak 
et al., 2017) — supplying over one-third of vegetables and two-thirds of the fruits and nuts 
consumed in the United States (CDFA, 2021; Xiao et al., 2017). Agriculture in the SJV is 
dependent on surface water from winter/spring snowpack melt, with excess demand met by 
groundwater withdrawal (Famiglietti et al., 2011), especially during drought years (CDWR, 2021; 
Faunt et al., 2009; Hanak et al., 2017). 
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Figure 5.20. Conceptual contamination and exposure pathways of the use of produced water for irrigation. 

If produced water is used for irrigation, exposure pathways include bioaccumulation of 
compounds in food for direct or indirect (via livestock) human consumption or via drinking water 
from groundwater contamination (Figure 5.20). A portion of the produced water in the SJV is 
combined with surface and groundwater and used for the irrigation of crops for human 
consumption. However, the use of produced water from stimulated wells for irrigation has been 
met with more concern, as a technical review of well stimulation in California concluded that 
produced water from stimulated wells could contain hazardous chemicals and chemical 
byproducts (CCST, 2015). The report included recommendations that agencies of jurisdiction 
should clarify that produced water from hydraulically fractured wells cannot be reused for 
purposes such as irrigation, which could negatively impact the environment, human health, 
wildlife, and vegetation (CCST, 2015).. This ban should continue until or unless testing for 
hydraulic fracturing chemicals and breakdown products shows non-hazardous concentrations, or 
required water treatment reduces concentrations to non-hazardous levels (CCST, 2015).. At 
present. produced water used for irrigation does not come from wells that have been hydraulically 
fractured. 

In January 2016, the CVRWQCB convened a food safety expert panel to examine the safety of 
using produced water for irrigation of food crops for direct or indirect human consumption. The 
water board released a White Paper summarizing findings and recommendations of the panel in 
January 2021 (Mahoney et al., 2021). The panel recommended that the water board (1) 
discontinue crop sampling given other anthropogenic sources of chemicals and numerous 
uncertainties and limitations of analytical methods; (2) continue and periodically update water 
quality monitoring requirements as new analytical methods for regulatory use emerge; (3) 
evaluate the spatial and temporal variability of produced water used for irrigation; (4) consider the 
use of non-targeted analytical methods and bioanalytical assays to better characterize produced 
water used for irrigation; (5) continue disclosure of chemical additives currently used for oil and 
gas production; (6) continue evaluation of new additives; (7) consider requiring the disclosure of 
mass data for additives; (8) develop a list of additives considered as low hazard for potential use 
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by oil and gas field operators; (9) continue compiling chemical and toxicological information on 
additives as new information emerges; (10) consider findings of the panel when approving Waste 
Discharge Requirements for use of produced water for irrigation; (11) sponsor laboratory and 
controlled field studies to better understand the fate and transport of chemicals in produced water 
during irrigation; and (12) sponsor soil studies to better understand the impact of produced water 
on soil properties, fertility, microbiology, and accumulation of heavy metals and persistent organic 
compounds. The published White Paper from the panel was divided into three main tasks: (1) 
characterize the chemicals (either added or naturally occurring) in produced water, and assess 
their hazards; (2) perform a literature review to see the hazards from ingesting these chemicals, 
examine plant uptake of these chemicals, and determine the persistence of these chemicals in 
agricultural ecosystems; and (3) perform an experimental manipulation of irrigation of crops with 
and without produced water. In general, the panel concluded that no immediate threat to either 
human health or crop safety resulted from reusing produced water for irrigation. The panel issued 
general recommendations that the current produced water reuse program should continue with 
the sole modification of discontinuing crop sampling, potential hazards from chemical additives 
should be further constrained, and data gaps should be closed by conducting environmental 
studies and employing emerging water quality methods.  

5.9. Summary 

The generation of produced water (a by-product of many oil and gas related activities) has been 
increasing in California since 1994. Produced water can contain a wide range of chemical 
constituents including residual petroleum hydrocarbons, chemical additives, geogenic 
compounds, and degradation byproducts of chemical transformations. Although some of these 
inorganic (e.g., arsenic, radium) and organic (e.g., benzene, toluene) compounds are known 
toxicants, produced waters are not classified as hazardous waste under the Resource 
Conservation and Recovery Act, and analysis requirements for produced waters discharged to 
percolation ponds in the CVRWQCB jurisdiction have only relatively recently been strengthened. 
For example, starting in 2015 the CVRWQCB required a relatively comprehensive analysis of 
produced waters disposed in unlined percolation ponds, but other regional water quality control 
boards do not appear to have adopted similarly stringent regulatory programs. 

Produced water is most often disposed of via subsurface injection, which is commonly used for 
enhanced oil recovery. Produced waters disposed of in this manner can potentially impact 
domestic or municipal water wells via a variety of pathways, leading to groundwater contamination 
(Figure 5.4). From publicly accessible documents, it is not clear if any of these impacts have 
occurred as a result of subsurface injection in California. A U.S. EPA-funded audit, completed in 
2011, identified deficiencies (e.g., an inconsistent definition of protected water, lax enforcement 
of appropriate maximum allowable surface injection pressures) in California’s UIC program. The 
audit, in conjunction with the passage of Senate Bill 83 in 2015, led to a strengthened oversight 
of the UIC program. Currently a panel comprised of a diverse group of experts is evaluating the 
regulatory performance and administration of the UIC Program and will make recommendations 
of improvements. At present, approximately 261,000 Californians live within 1 km (3,281 ft) of a 
water disposal well (Figure 5.5). 
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Another common disposal method of produced water is discharge into lined or unlined earthen 
structures known as produced water ponds. Like other disposal methods, the disposal of water in 
these ponds could potentially impact humans via a number of exposure pathways (Figure 5.7). 
Disposal ponds are primarily located in the southern SJV; however, ponds are also located in 
Southern California. Currently no state agency maintains a comprehensive list of all ponds in 
California (DiGiulio et al., 2021). Disposal of produced water into unlined produced water ponds 
has been ongoing in California since the early 20th century, but this practice has drastically 
decreased since 2014. Likewise, disposal of produced water into lined ponds has decreased since 
the early 1990s. An analysis of chemical data collected from produced water ponds in the 
SWRCB’s Geotracker database highlights that detected concentrations of constituents of concern 
in produced water ponds commonly exceed CA MCLs (Figure 5.9). Likewise, detected 
concentrations of electrical conductivity, chloride, and boron in 75% or more samples exceed the 
Tulare Basin effluent limits, often in areas that overlie groundwater resources. Despite this clear 
threat to groundwater resources, groundwater monitoring at unlined produced water pond 
facilities is relatively sparse. Airborne emissions of organic compounds from ponds also likely 
pose another public health concern, but these emissions are relatively under-characterized in the 
peer reviewed literature. Roughly 545,000 (~1 in 75) Californians live within 1 km (3,281 ft) of an 
active, inactive, or historical produced water pond, with about 168,000 of those residents located 
within 1 km (3,281 ft) of an active pond. The lack of spatially explicit domestic well locations, 
coupled with a lack of knowledge pertaining to the transport distances of airborne contaminants, 
precludes determining what proportion of these populations are at risk. 

The discharge of produced water to surface water poses the potential for humans to come into 
contact with a variety of chemical constituents (e.g., radionuclides, trace metals, organic 
compounds) via multiple exposure pathways (Figure 5.15). Conceptually, produced water 
discharges to surface waters can occur directly or indirectly via POTWs. While indirect discharges 
via POTWs are allowed (with the exception of produced waters from unconventional wells), 
pretreatment standards do not exist for waters discharged in this way. In California, produced 
water undergoes minimal pretreatment prior to discharge to POTWs; consequently, most 
chemicals associated with well stimulation operations remain. In California, this practice peaked 
in 1984 (67.2 MMbbls or 2.5% produced water disposition) and decreased until 2017 (13.8 
MMbbls or 0.43% of produced water disposition). In general, regulatory limitations (i.e., 40 C.F.R. 
§§ 435.30-435.34, 2021) have effectively prohibited direct discharges to surface waters except 
for certain uses. For example, one such use applicable to California is discharging produced water 
(provided it meets Effluent Limitation Guidelines) for wildlife, livestock watering, or other 
agricultural purposes. Direct discharges to surface water in California peaked in 1988 (497.2 
MMbbls or 18.9% produced water disposition) and have generally declined until 2017 (58.9 
MMbbls or 1.8% of produced water disposition). While surface discharges of produced water 
appear to continue to be an important surface disposal method in California (second only to 
discharges into unlined ponds), it is unclear exactly what use these discharges fall under. 
Furthermore, searches of both the NPDES General Permit Web Inventory and CIWQS returned 
scant information relating to contemporary or historical produced water discharges. Thus, 
potential impacts to public health from disposal of produced water to surface water in California 
were not evaluated. 
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Spills of produced water pose multiple concerns for human, vegetative, and biotic receptors 
through both surface and subsurface pathways (Figure 5.16). Significant releases of produced 
water must be reported to CalOES; however, there is no reporting threshold for produced water. 
Between January 1, 2006, and January 1, 2021, a total of 1,029 spill incidents involving produced 
water have been reported to CalOES, with the majority (51%) of these events occurring in Kern 
County. None of these incidents have been reported to impact drinking water, but from publicly 
available data it is not clear how impacts to drinking water are determined. Furthermore, it is 
unclear if groundwater monitoring is conducted following large spill events. While the frequency 
of spills of produced water appears to be decreasing since 2006, comparisons to studies 
examining the frequency of produced water spills in other states suggest produced water spills 
may occur relatively more frequently in California. Although CalOES maintains a publicly available 
database of spill events, retrieving data pertaining to spill incidents is time intensive, and generally 
lacks precise location data. Moreover, updated spill volumes are not rapidly retrievable, and 
during the years 2018–2020, volumes of produced water spilled were underreported anywhere 
from 35% to 2,750%. These data limitations make it nearly impossible to evaluate potential 
impacts of produced water spills on public health in California. 

The SJV has the unique distinction of being both one of the most agriculturally productive regions 
in the world, and one of the most explored hydrocarbon-containing basins in the United States. 
Significant water demand, projected to be exacerbated by both population growth and climatic 
shifts, has led to the blending of produced water with surface and groundwater to be used for 
agricultural irrigation in select areas of the Tulare Basin. This practice is currently expanding, with 
a new reservoir currently (at the time of writing this report) being constructed within the Kern-
Tulare Water District to expand the storage capacity of blended water (i.e., blends of fresh and 
produced water). The possible existence of hazardous chemicals in produced water used for 
irrigation has garnered concerns from an expert panel reviewing well stimulation in California, and 
led to the recommendation that produced waters from hydraulically fractured wells be disallowed 
for irrigation purposes. To determine the safety of this practice, the CVRWQCB convened a 
separate food safety expert panel, who released a White Paper in January 2021. This white paper 
contains a list of 12 findings and recommendations and concludes no immediate threat to either 
human health or crop safety resulted from reusing produced water for irrigation. In general, the 
panel recommended that the current produced water reuse program should continue with the sole 
modification of discontinuing crop sampling, that potential hazards from chemical additives should 
be further constrained, and data gaps should be closed by conducting environmental studies and 
employing emerging water quality methods. Similarly, after reviewing the Kern-Tulare Water 
District reservoir project, the U.S. Bureau of Reclamation issued a FONSI. As such, although the 
reuse of produced water for crop irrigation does pose a potential contaminant pathway, the 
likelihood of this occurring seems relatively small compared to other pathways such as accidental 
releases of produced water, or the discharge of produced water into unlined pits. 
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Appendix E 

E.1. Produced Water Dataset Compilation 
Produced water datasets were cleaned and standardized for compilation. All results that were 
reported as zero, a non-detection qualifier (e.g., “ND”), below a detection/reporting limit (e.g., 
<0.05), or negative were not considered in compiled summary statistics. Results reported as a 
range (e.g., >100 mg/L) were removed to allow for consolidation. If no measurement value was 
provided for a given analysis or if the value was “NA”, it was assumed that the analysis was not 
done. Charge balance values were included in some databases; however, data points were not 
removed because large charge imbalances were often due to a missing major ion analyte(s). 
Duplicate samples across USGS datasets were removed when both API and sample date 
information were available. Summary statistics, including minimum, maximum, and percentiles, 
for common water quality parameters and other measured constituents were then calculated. Due 
to inconsistent data reporting and limited availability of detection/reporting limits, well API, and 
sample date information across all datasets, aggregation of produced water data by well API was 
not possible. As such, samples taken from the same well, but on different dates were treated as 
separate samples for compiled summary statistics. 
 
Table E.1. Compiled Produced Water Quality for OGD in California. Only constituents with at least one 
detection are listed here. 

Constituents 
Detections 

(%) 
  
Min 

  
Med 

  
Max 

Percentile 

5th 25th 75th 95th Units 

General Water Quality 

Alkalinity 877 (100) 73 2,900 5,600 916 2,500 3,600 4,400 mg/L 

Alkalinity as CaCO3 1,490 (100) 0.34 2,800 5,800 255 2,000 3,300 4,100 mg/L 

Alkalinity, total 143 (100) 100 855 6,680 256 524 1,800 2,870 mg/L 

Hardness 307 (99.4) 0.2 150 8,820 2.1 5.8 506 2,970 mg/L 

Specific conductance 356 (100) 29 35,000 190,476 3,790 16,150 42,000 60,210 mMhos/cm 

Electrical conductivity 186 (100) 0.29 55.7 52,200 5.44 27.1 2250 8350 mMhos/cm 

Total dissolved solids 4,070 (100) 28 26,000 890,000 3,250 18,000 31,000 47,000 mg/L 

Salinity 279 (100) 9 3,690 97,200 50 129 20,450 30,110 mg/L 

Total organic carbon 22 (95.7) 18 225 2,054 25.7 110 798 1,167 mg/L 

Dissolved organic carbon 63 (100) 6.2 130 5,000 9.04 42.5 214 2,010 mg/L 

Oxidation reduction 
potential 244 (100) -219 192 424 -61.1 130 353 402 mV 

Resistivity 862 (100) 0.08 0.37 32.4 0.19 0.25 1.02 4.09 ohm-m 

Turbidity 160 (100) 0.7 100 1,000 15.8 78.9 333 973 NTU 

Specific Gravity 1,317 (100) 0.99 1.02 1.22 1.002 1.01 1.024 1.04 unitless 

pH 3,967 (100) 1.0 7.6 11.8 6.7 7.3 7.8 8.3 pH units 
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Constituents 
Detections 

(%) 
  
Min 

  
Med 

  
Max 

Percentile 

5th 25th 75th 95th Units 

Major Ions 

Bicarbonate 1,702 (99.2) 2.0 1,154 12,809 163 582 2,270 4,550 mg/L 

Carbonate 329 (27.5) 1 51.6 2,250 3.76 20.4 138 447 mg/L 

Bromide 2,606 (97.6) 0.19 100 16,000 28 73 130 166 mg/L 

Chloride 4,211 (99.9) 1.0 14,000 360,000 408 8,670 17,000 24,980 mg/L 

Sulfate 3,023 (73.8) 0.1 38 15,250 3.77 24 87.2 475 mg/L 

Calcium 4,333 (99.9) 0.1 190 190,000 22 128 350 2,110 mg/L 

Magnesium 4,306 (99.5) 0.08 120 10,000 6.8 67 166 457 mg/L 

Potassium 3,082 (99.8) 1.2 190 52,000 33 140 300 1,400 mg/L 

Sodium 4,102 (100) 4.48 8,700 120,000 870 6,200 10,400 13,000 mg/L 

Inorganics 

Aluminum 55 (44.3) 0.01 0.63 2,530 0.025 0.2 2.5 518 mg/L 

Antimony 253 (9.8) 10 160 17,000 30 70 260 478 µg/L 

Arsenic 194 (7.6) 10 190 4,600 40 90 298 996 µg/L 

Barium 3,316 (96.6) 0.01 7.7 26,300 1.0 5.1 11 55 mg/L 

Beryllium 76 (2.9) 10 10 4,130 10 10 20 170 µg/L 

Boron 3,289 (99.3) 0.02 92 158,000 4.2 62 105 150 mg/L 

Cadmium 52 (2.0) 10 30 420 10 10 40 143 µg/L 

Cesium 42 (82.3) 20 195 900 20.5 60 400 567 µg/L 

Chromium 643 (25.1) 10 40 9,400 10 30 70 200 µg/L 

Chromium VI 68 (3.1) 10 10 610 10 10 20 93 µg/L 

Cobalt 102 (3.9) 10 30 8,510 10 10 50 344 µg/L 

Copper 884 (33.6) 10 40 184,000 10 30 80 619 µg/L 

Fluoride 337 (12.8) 0.03 1.4 53 0.17 0.5 3.8 23.2 mg/L 

Iodine 451 (95.5) 0.1 35 294 2.2 15.6 61 136 mg/L 

Iron 2,693 (91.8) 0.01 12 48,100 0.4 3.5 37 130 mg/L 

Lead 240 (9.3) 10 80 30,000 10 20 170 1,200 µg/L 

Lithium 2,759 (98.9) 0.004 5.8 17,500 0.99 4.15 8.3 18.1 mg/L 

Manganese 2,579 (95.0) 10 480 85,7000 110 250 920 2,800 µg/L 

Mercury 7 (0.3) 10 30 980 10 10 160 755 µg/L 

Molybdenum 343 (13.2) 10 40 48,500 10 20 70 270 µg/L 

Nickel 550 (21.5) 10 50 22,000 10 22.5 100 396 µg/L 

Selenium 429 (16.7) 10 280 15,000 54 130 530 1,900 µg/L 

Silver 33 (1.3) 10 50 260 10 30 60 162 µg/L 

Strontium 2,886 (99.8) 0.01 11.2 190,000 2.80 7.2 16 126 mg/L 
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Constituents 
Detections 

(%) 
  
Min 

  
Med 

  
Max 

Percentile 

5th 25th 75th 95th Units 

Thallium 27 (1.0) 10 90 6,400 13 25 365 3,010 µg/L 

Vanadium 91 (3.6) 10 70 24,000 10 45 135 1,350 µg/L 

Zinc 1,017 (38.8) 10 110 243,000 30 70 250 1,920 µg/L 

Silica 744 (98.5) 0.18 60 2,200 14 36 90.2 177 mg/L 

Hydrogen sulfide 444 (17.1) 0.01 0.22 1,111 0.06 0.1 1 6.19 mg/L 

Radionuclides/Isotopes 

Gross alpha 1,916 (81.8) 0.05 66.1 2,589 7.33 32.9 109 238 pCi/L 

Gross beta 2,283 (97.6) 0.14 144 41,000 29.2 88.2 227 1,380 pCi/L 

Radium-224 21 (100) 2.3 12 130 4 8 25 47.7 pCi/L 

Radium-226 2,326 (98.6) 0.03 24.7 917 5.21 15.7 33.2 65.5 pCi/L 

Radium-228 258 (94.8) 0.08 13 515 1.48 5.59 28.6 60.8 pCi/L 

Radon 513 (71.2) 0.3 98 3,917 6 40.2 193 556 pCi/L 

Radon-222 1,148 (71.5) 0.52 106.3 250,690 10.2 49 213 1,560 pCi/L 

Uranium 8 (22.2) 0.28 1.84 7.03 0.44 1.25 4.37 6.84 µg/L 

Nutrients 

Ammonia 158 (99.3) 1.28 27.5 2,300 7.08 17 41.0 75.5 mg/L 

Ammonia (as N) 30 (100) 1.4 106 460 5.38 10.9 161 428 mg/L 

Ammonium 272 (92.8) 3 138 2,560 12.2 73.8 201 377 mg/L 

Nitrate 214 (8.9) 0.1 12 800 0.6 1.59 24.8 170 mg/L 

Nitrate (as N) 14 (13.0) 0.1 0.89 14.4 0.1 0.17 6.05 11.5 mg/L 

Nitrite 646 (28.0) 0.04 0.09 10 0.04 0.05 0.27 0.97 mg/L 

Nitrite (as N) 4 (5.4) 1.99 3.78 5.8 2.01 2.11 5.49 5.74 mg/L 

Nitrite, nitrate 1 (0.6) 220 220 220 220 220 220 220 mg/L 

Nitrite, nitrate (as N) 37 (22.8) 0.02 0.07 8.02 0.02 0.03 0.11 2.53 mg/L 

Phosphate 6 (54.5) 0.2 1.15 20.5 0.2 0.23 2.04 15.9 mg/L 

Phosphate, Ortho 3 (6.8) 0.31 2.4 16.8 0.52 1.36 9.6 15.4 mg/L 

Organics 

Total carbohydrates 2,041 (97.4) 1.2 97 11,000 21 53 190 560 mg/L 

Guar gum 155 (89.5) 30 150 3500 36.7 79 255 1,490 mg/L 

Benzene 2,293 (98.0) 10 710 25,000 80 300 1,400 3,600 µg/L 

Toluene 2,307 (98.5) 10 1,900 61,000 170 885 3,000 4,970 µg/L 

Ethylbenzene 2,277 (97.2) 10 250 5,300 40 140 360 670 µg/L 

m-Xylenes 68 (100) 210 770 6,000 300 488 1,200 2,030 µg/L 

o-Xylene 2,129 (98.3) 10 420 5,700 70 230 640 1,200 µg/L 

Total Xylenes 2,307 (98.5) 10 1,200 19,000 140 570 2,000 3,800 µg/L 
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Constituents 
Detections 

(%) 
  
Min 

  
Med 

  
Max 

Percentile 

5th 25th 75th 95th Units 

Naphthalene 9 (75) 10 30 3,900 14 30 250 2,980 µg/L 

1,2,4-Trimethylbenzene 4 (80) 250 300 3,400 255 273 1,090 2,940 µg/L 

1,3,5-Trimethylbenzene 2 (40) 90 535 980 135 313 758 936 µg/L 

Acetate 54 (98.1) 0.8 34 4,865 3.13 11.5 414 1,730 mg/L 

Acetic acid 9 (60) 2.2 37 910 2.28 2.7 340 850 mg/L 

Fuel oil No.2 6 (100) 12 28 46 14.3 21.3 40.8 45.3 mg/L 

Gasoline 6 (100) 4.4 5.85 16 4.6 5.2 10.5 15 mg/L 

Hydrotreated light 
petroleum distillate 6 (100) 4.8 34.5 150 8.6 22.8 52.3 127 mg/L 

Total petroleum 
hydrocarbons 2 (100) 79 1,290 2,500 200 680 1,890 2,380 mg/L 

Methane 2,336 (98.5) 0.006 0.74 280 0.04 0.27 1.40 3.5 mg/L 

Propane 31 (93.9) 0.2 372 7,080 0.25 42.4 1,070 4,820 µg/L 

p-Bromofluorobenzene 1 (100) 10 10 10 10 10 10 10 µg/L 

p-Cymene 2 (40) 30 205 380 47.5 118 293 363 µg/L 

n-Butylbenzene 2 (40) 20 165 310 34.5 92.5 238 296 µg/L 

n-Propylbenzene 2 (40) 60 485 910 103 273 698 868 µg/L 

2,2-Dibromo-3-
nitrilopropionamide 52 (32.7) 5 15 20 5 10 20 20 

mg/L 

Gases 

Argon 21 (100) 0.012 0.029 1.92 0.012 0.015 0.153 1.89 mol % 

C6+ Hydrocarbons 20 (95.2) 0.002 0.64 3.08 0.0019 0.059 1.16 1.9 mol % 

Hexane, normal 3 (75) 0.03 0.25 0.29 0.052 0.14 0.27 0.29 mol % 

Isobutane 18 (85.7) 0.0021 0.23 3.12 0.018 0.104 0.35 2.51 mol % 

Isopentane 18 (85.7) 0.0003 0.061 1.96 0.002 0.028 0.56 1.93 mol % 

n-Butane 32 (84.2) 0.0007 0.162 6.31 0.0011 0.029 0.85 4.32 mol % 

Carbon dioxide 127 (96.9) 0.29 28.4 700 3.86 21.9 35.2 86.9 mg/L 

Carbon monoxide 1 (4.76) 0.18 0.18 0.18 0.18 0.18 0.18 0.18 mol % 

Helium 9 (69.2) 0.0058 0.0077 0.013 0.0058 0.0065 0.0095 0.012 mol % 

Nitrogen 21 (100) 0.31 1.04 94.6 0.32 0.53 8.43 93.3 mol % 

Oxygen 4 (100) 0.097 0.255 2.49 0.11 0.16 0.87 2.17 mol % 

Abbreviations: mg/L - millgrams per liter; mMhos/cm - millimhos per centimeter; mol % - mole percent; mV – 
millivoit; NTU - nephelometric turbidity unit; ohm-m - ohm-metre; pCi/L - picocuries per liter; µg/L - micrograms 
per liter 



 

 5-72 

E.2. Locations of Water Disposal Wells 

 
Figure E.1. Locations of all water disposal wells contained within the CalGEM “All Oil and Gas Wells” 
dataset (CalGEM, 2021d). Source: Groundwater basins from CADWR (2020). 
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E.3. Characterization of the Chemistry of Produced Water Ponds 
Table E.2. Summary of produced water ponds aqueous data as measured by the California Air Resources 
Board. Source: Schmidt and Card (2020). 
     Percentile  

Constituents 
No. of 
Detections Min Med Max 5th 25th 75th 95th Units 

Oil & Grease 94 1.4 13.5 660,000 2.95 7.13 28 537 mg/L 
BTEX 

Benzene 86 0.1 6 1,650 0.18 0.5 70.3 838 µg/L 
Ethylbenzene 84 0.11 6.45 1,600 0.22 0.95 34.3 688 µg/L 
Toluene 86 0.1 3.35 1,900 0.14 0.6 25.3 550 µg/L 
Total Xylenes 86 0.39 9.9 2,200 0.51 2.2 60.3 979 µg/L 
p- & m-Xylenes 85 0.29 5.7 1,400 0.4 1.3 40 629 µg/L 
o-Xylene 90 0.09 3.6 790 0.12 0.9 20.8 349 µg/L 

Other Species 
Bromobenzene 0 -- -- -- -- -- -- -- µg/L 
Bromochloromethane 0 -- -- -- -- -- -- -- µg/L 
Bromodichloromethane 0 -- -- -- -- -- -- -- µg/L 
Bromoform 0 -- -- -- -- -- -- -- µg/L 
Bromomethane 0 -- -- -- -- -- -- -- µg/L 
n-Butylbenzene 25 0.11 0.63 250 0.14 0.44 2.8 54.7 µg/L 
sec-Butylbenzene 37 0.16 0.53 190 0.17 0.23 1.7 18.6 µg/L 
tert-Butylbenzene 3 0.24 0.25 3.6 0.24 0.25 1.93 3.27 µg/L 
Carbon tetrachloride 0 -- -- -- -- -- -- -- µg/L 
Chlorobenzene 2 0.19 0.22 0.24 0.19 0.2 0.23 0.24 µg/L 
Chloroethane 0 -- -- -- -- -- -- -- µg/L 
Chloroform 0 -- -- -- -- -- -- -- µg/L 
Chloromethane 0 -- -- -- -- -- -- -- µg/L 
2-Chlorotoluene 0 -- -- -- -- -- -- -- µg/L 
4-Chlorotoluene 0 -- -- -- -- -- -- -- µg/L 
Dibromochloromethane 0 -- -- -- -- -- -- -- µg/L 
1,2-Dibromo-3-chloropropane 0 -- -- -- -- -- -- -- µg/L 
1,2-Dibromoethane 0 -- -- -- -- -- -- -- µg/L 
Dibromomethane 0 -- -- -- -- -- -- -- µg/L 
1,2-Dichlorobenzene 0 -- -- -- -- -- -- -- µg/L 
1,3-Dichlorobenzene 0 -- -- -- -- -- -- -- µg/L 
Dichlorodifluoromethane 0 -- -- -- -- -- -- -- µg/L 
1,1-Dichloroethane 0 -- -- -- -- -- -- -- µg/L 
1,2-Dichloroethane 0 -- -- -- -- -- -- -- µg/L 
1,1-Dichloroethene 0 -- -- -- -- -- -- -- µg/L 
cis-1,2-Dichloroethene 0 -- -- -- -- -- -- -- µg/L 
trans-1,2-Dichloroethene 0 -- -- -- -- -- -- -- µg/L 
1,2-Dichloropropane 0 -- -- -- -- -- -- -- µg/L 
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     Percentile  

Constituents 
No. of 
Detections Min Med Max 5th 25th 75th 95th Units 

1,3-Dichloropropane 0 -- -- -- -- -- -- -- µg/L 
2,2-Dichloropropane 0 -- -- -- -- -- -- -- µg/L 
1,1-Dichloropropene 0 -- -- -- -- -- -- -- µg/L 
cis-1,3-Dichloropropene 0 -- -- -- -- -- -- -- µg/L 
trans-1,3-Dichloropropene 0 -- -- -- -- -- -- -- µg/L 
Hexachlorobutadiene 0 -- -- -- -- -- -- -- µg/L 
Isopropylbenzene 60 0.14 1.33 240 0.15 0.46 2.71 14.2 µg/L 
p-Isopropyltoluene 45 0.15 0.81 200 0.16 0.33 3.6 50.1 µg/L 
Methylene chloride 0 -- -- -- -- -- -- -- µg/L 
Methyl t-butyl ether 1 95.5 95.5 95.5 95.5 95.5 95.5 95.5 µg/L 
Naphthalene 64 0.46 8.35 280 0.92 1.95 18 73.6 µg/L 
n-Propylbenzene 62 0.11 1.15 500 0.14 0.34 2.68 16 µg/L 
Styrene 0 -- -- -- -- -- -- -- µg/L 
1,1,1,2-Tetrachloroethane 0 -- -- -- -- -- -- -- µg/L 

1,1,2,2-Tetrachloroethane 0 -- -- -- -- -- -- -- µg/L 
Tetrachloroethene 3 0.13 0.17 0.2 0.13 0.15 0.19 0.2 µg/L 
1,2,3-Trichlorobenzene 0 -- -- -- -- -- -- -- µg/L 
1,2,4-Trichlorobenzene 0 -- -- -- -- -- -- -- µg/L 
1,1,1-Trichloroethane 0 -- -- -- -- -- -- -- µg/L 
1,1,2-Trichloroethane 0 -- -- -- -- -- -- -- µg/L 
Trichloroethene 1 0.9 0.9 0.9 0.9 0.9 0.9 0.9 µg/L 
Trichlorofluoromethane 0 -- -- -- -- -- -- -- µg/L 
1,2,3-Trichloropropane 1 51 51 51 51 51 51 51 µg/L 
1,1,2-Trichloro-1,2,2-
trifluoroethane 0 -- -- -- -- -- -- -- µg/L 
1,2,4-Trimethylbenzene 82 0.13 3.65 1,200 0.18 0.88 13.8 91 µg/L 
1,3,5-Trimethylbenzene 69 0.12 1.1 300 0.15 0.39 3.35 19 µg/L 
Vinyl chloride 0 -- -- -- -- -- -- -- µg/L 
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Table E.3. Summary of produced water ponds air emissions data as measured by the California Air 
Resources Board. Source: Schmidt and Card (2020). 

     Percentile  

Constituents 
No. of 
Detections Min Med Max 5th 25th 75th 95th Units 

Total Non-Methane 
Hydrocarbons 90 65.6 5,770 47,300,000 178 1,530 37,800 288,000 C6 µg/m3 

Total Non-Methane 
Hydrocarbons 90 73 6,420 52,700,000 198 1,700 42,100 321,000 C1 µg/m3 

TO-14 BTEX 
Benzene 86 1.4 47.3 158,000 2.38 6.77 514 14,600 µg/m3 

Ethylbenzene 78 1.75 49.2 666,000 2.45 10.3 245 3,960 µg/m3 

Toluene 83 1.39 46.8 587,000 2.79 11.5 736 27,300 µg/m3 

m,p-Xylene 81 1.32 69.6 1,130,000 2.64 15.2 553 8,570 µg/m3 

o-Xylene 76 1.89 63.3 205,000 3.87 14.1 476 5,420 µg/m3 

TO-15 BTEX 
Benzene 88 1.47 56.7 125,000 2.94 10.1 342 11,800 µg/m3 

Ethylbenzene 57 1.5 39.2 303,000 4.27 11.1 318 2,510 µg/m3 

Toluene 75 0.92 55.7 574,000 2.93 9.94 571 19,800 µg/m3 

m,p-Xylenes 62 1.1 84.2 579,000 2.98 16.4 602 9,120 µg/m3 

o-Xylene 55 1.21 86.4 286,000 3.84 15.3 398 4,960 µg/m3 

Total Xylene 71 0 86.3 865,000 0 10.3 739 13,200 µg/m3 

Total BTEX 95 0 104 1,870,000 1.85 17.1 1,150 42,500 µg/m3 

          
Carbon Dioxide 40 0.01 0.05 0.41 0.02 0.02 0.13 0.32 % 
Methane 88 0.47 11 1,350 1.18 2.67 117 487 ppmv 

TO-14 
1,2,3-Trimethylbenzene 51 1.87 43.9 203,000 5.34 13.6 177 4,050 µg/m3 

1,2,4-Trimethylbenzene 80 2.17 38.4 164,000 2.86 9.92 249 4,830 µg/m3 

1,3,5-Trimethylbenzene 77 2.23 32.6 239,000 3.18 8.69 202 3,000 µg/m3 

1,3-Diethylbenzene 57 2.79 43.9 590,000 5.79 15.9 276 8,690 µg/m3 

1,4-Diethylbenzene 58 2.31 59.5 88,100 3.91 21.4 235 6,150 µg/m3 

1-Butene 3 2.18 9.27 32.7 2.89 5.73 21 30.4 µg/m3 

1-Pentene 4 8.94 11.2 1320 9.16 10 339 1,120 µg/m3 

2,2,4-Trimethylpentane 48 1.99 52.4 1,460,000 2.46 6.84 229 3,230 µg/m3 

2,2-Dimethylbutane 2 23.9 27.8 31.8 24.3 25.8 29.8 31.4 µg/m3 

2,3,4-Trimethylpentane 47 1.79 32.3 883,000 2.06 6.89 255 2,580 µg/m3 

2,3-Dimethylbutane 2 2.15 2.97 3.79 2.23 2.56 3.38 3.71 µg/m3 

2,3-Dimethylhexane 30 2.19 81.5 132,000 4.21 18.1 410 3,170 µg/m3 

2,3-Dimethylpentane 35 2.23 42 393,000 3.03 8.99 212 15,200 µg/m3 

2,4-Dimethylhexane 45 1.77 19.9 576,000 3.39 7.62 147 1,600 µg/m3 

2,4-Dimethylpentane 54 1.54 53.2 1,586,188 2.43 8.19 463 3,940 µg/m3 

2,5-Dimethylhexane 39 2.92 62.1 468,000 4.1 14.5 198 9,640 µg/m3 

2-Ethyltoluene 47 1.66 52.1 531,000 4.36 20.8 195 18,500 µg/m3 
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     Percentile  

Constituents 
No. of 
Detections Min Med Max 5th 25th 75th 95th Units 

2-Methylheptane 41 5.37 82.1 1,520,000 13.3 34.6 259 1,990 µg/m3 

2-Methylpentane 50 2.36 65.6 1,040,000 2.85 13.1 447 2,900 µg/m3 

3-Ethyltoluene 46 3.36 31.3 297,000 4.7 16.4 173 1,840 µg/m3 

3-Methylheptane 40 5.57 67.4 614,000 7.08 34.1 135 17,600 µg/m3 

3-Methylhexane 66 1.4 42.2 1,100,000 3.53 11 319 1,050 µg/m3 

3-Methylpentane 49 1.99 23.9 816,000 2.71 7.17 190 6,410 µg/m3 

4-Ethyltoluene 64 1.49 40.9 427,000 2.7 13.7 359 3,400 µg/m3 

Acetylene 5 12.1 34.6 57.3 13.2 17.3 41.4 54.1 µg/m3 

a-Pinene 10 3.24 26.6 10,900 4.73 9.07 75.8 6,120 µg/m3 

b-Pinene 12 3.14 40.6 11,700 12.1 31.5 195 5,480 µg/m3 

c-2-Butene 0 -- -- -- -- -- -- -- µg/m3 

c-2-Pentene 5 2.13 11.6 81.7 2.13 2.13 22.9 70 µg/m3 

Cyclohexane 31 2 39.6 79,000 2.08 4.53 346 10,000 µg/m3 

Cyclopentane 1 114 114 114 114 114 114 114 µg/m3 

d-Limonene 13 2.43 22.8 14,300 3.73 12.4 168 6,920 µg/m3 

Dodecane 77 1.9 37.5 78,500 3.24 9.15 162 2,220 µg/m3 

Ethane 92 1.82 44.5 25,100 4.18 11.6 552 4,900 µg/m3 

Ethene 40 1.89 17.7 647 2.26 4.47 31.7 317 µg/m3 

i-Butane 50 2.14 19.4 31,000 2.83 7.46 155 2,450 µg/m3 

i-Pentane 63 1.54 43 405,000 2.06 6.7 237 5,150 µg/m3 

i-Propylbenzene 56 1.37 35.4 233,000 2.77 8.39 245 1,070 µg/m3 

Isoprene 1 123 123 123 123 123 123 123 µg/m3 

Methylcyclohexane 49 4.16 76.7 1,930,000 4.7 9.63 720 4,330 µg/m3 

Methylcyclopentane 15 1.46 8.07 1,590 2.17 6.04 25.3 511 µg/m3 

n-Butane 75 1.62 14.4 159,000 2.28 6.31 74.6 3,110 µg/m3 

n-Butylbenzene 27 6.43 79.2 15,200 8.11 32.5 370 2,530 µg/m3 

n-Decane 74 1.88 52.5 826,000 4.2 14.1 221 4,280 µg/m3 

n-Heptane 63 1.39 28.7 2,260,000 2.22 5.9 118 2,060 µg/m3 

n-Hexane 79 1.46 38.9 1,920,000 1.85 4.97 134 7,990 µg/m3 

n-Nonane 75 1.76 31.4 1,600,000 3.14 11.7 164 3,390 µg/m3 

n-Octane 79 1.98 30.1 1,910,000 2.64 7.16 130 1,410 µg/m3 

n-Pentane 85 1.81 21.1 790,000 2.75 6.17 157 11,300 µg/m3 

n-propylbenzene 54 2.16 28.5 188,000 3.51 12.6 278 1,340 µg/m3 

Propane 84 3.02 42.4 10,500 3.55 9.86 299 4,640 µg/m3 

Propene 6 3.9 29.1 37.1 9.7 27.5 34 36.7 µg/m3 

Styrene 34 3.63 26 1140 4.17 11.1 113 1,010 µg/m3 

t-2-Butene 1 17.2 17.2 17.2 17.2 17.2 17.2 17.2 µg/m3 

t-2-Pentene 7 3.84 21.5 198 5.91 11 39.1 154 µg/m3 

Undecane 78 1.58 46.1 374,000 2.41 9.38 201 5,900 µg/m3 
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     Percentile  

Constituents 
No. of 
Detections Min Med Max 5th 25th 75th 95th Units 

TO-15 
1,1,1-Trichloroethane 0 -- -- -- -- -- -- -- µg/m3 

1,1,2,2-Tetrachloroethane 1 2.56 2.56 2.56 2.56 2.56 2.56 2.56 µg/m3 

1,1,2-Trichloroethane 2 870 4340 7,820 1,220 2,610 6,080 7470 µg/m3 

1,1-Dichloroethane 0 -- -- -- -- -- -- -- µg/m3 

1,1-Dichloroethene 4 6.14 16.9 53.5 6.14 6.15 34.2 49.7 µg/m3 

1,2,4-Trichlorobenzene 0 -- -- -- -- -- -- -- µg/m3 

1,2,4-Trimethylbenzene 50 1.22 28.1 210,000 3.71 12.9 327 9,800 µg/m3 

1,2-Dibromoethane 2 5 14.9 24.9 5.99 9.96 19.9 23.9 µg/m3 

1,2-Dichlorobenzene 4 1.44 4.81 9.84 1.78 3.16 6.87 9.25 µg/m3 

1,2-Dichloroethane 0 -- -- -- -- -- -- -- µg/m3 

1,2-Dichloropropane 0 -- -- -- -- -- -- -- µg/m3 

1,3,5-Trimethylbenzene 31 1.46 23.3 55,800 2.56 7.03 178 7,090 µg/m3 

1,3-Butadiene 0 -- -- -- -- -- -- -- µg/m3 

1,3-Dichlorobenzene 0 -- -- -- -- -- -- -- µg/m3 

1,4 Dioxane 1 38.4 38.4 38.4 38.4 38.4 38.4 38.4 µg/m3 

1,4-Dichlorobenzene 0 -- -- -- -- -- -- -- µg/m3 

2-Butanone 53 2.69 367 34,200 6.56 49.6 3230 10,800 µg/m3 

2-Hexanone 18 2.56 39.7 743 6.44 13.5 143 359 µg/m3 

2-propanol 25 7.38 96 1,900 8.92 32.8 346 1,140 µg/m3 

4-Ethyltoluene 33 2.33 22 214,000 4.42 8.45 428 23,700 µg/m3 

4-Methyl-2-pentanone 16 6.45 25.4 500 7.08 10.7 38.7 357 µg/m3 

Acetone 77 4.74 435 49,100 10.9 90.4 2,960 15,800 µg/m3 

Benzyl chloride 2 2.25 7.88 13.5 2.81 5.07 10.7 12.9 µg/m3 

Bromochloromethane 0 -- -- -- -- -- -- -- µg/m3 

Bromodichloromethane 0 -- -- -- -- -- -- -- µg/m3 

Bromoform 0 -- -- -- -- -- -- -- µg/m3 

Bromomethane 6 3 20.9 26.9 4.89 12.2 25.8 26.7 µg/m3 

Carbon disulfide 29 4.91 58.5 1,000 10.3 22.7 190 523 µg/m3 

Carbon tetrachloride 0 -- -- -- -- -- -- -- µg/m3 

Chlorobenzene 1 71.3 71.3 71.3 71.3 71.3 71.3 71.3 µg/m3 

Chloroethane 0 -- -- -- -- -- -- -- µg/m3 

Chloroform 0 -- -- -- -- -- -- -- µg/m3 

Chloromethane 7 0.83 18.9 77.3 1.24 8.01 35.9 69.9 µg/m3 

cis-1,2-Dichloroethene 0 -- -- -- -- -- -- -- µg/m3 

cis-1,3-Dichloropropene 0 -- -- -- -- -- -- -- µg/m3 

Cyclohexane 6 1.33 841 124,000 111 449 1,700 93,300 µg/m3 

Dibromochloromethane 0 -- -- -- -- -- -- -- µg/m3 

Dichlorodifluoromethane 0 -- -- -- -- -- -- -- µg/m3 

Dichloromethane 0 -- -- -- -- -- -- -- µg/m3 

Ethanol 8 3.76 30.9 986 4.94 8.34 90.6 717 µg/m3 
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     Percentile  

Constituents 
No. of 
Detections Min Med Max 5th 25th 75th 95th Units 

Ethyl acetate 0 -- -- -- -- -- -- -- µg/m3 

Freon 113 0 -- -- -- -- -- -- -- µg/m3 

Freon 114 0 -- -- -- -- -- -- -- µg/m3 

Hexachlorobutadiene 0 -- -- -- -- -- -- -- µg/m3 

Methyl methacrylate 2 4.12 4.16 4.19 4.12 4.14 4.17 4.19 µg/m3 

Methyl tert butyl ether 0 -- -- -- -- -- -- -- µg/m3 

Naphthalene 36 0.83 11 2,410 1.02 3.62 26.2 836 µg/m3 

n-Heptane 16 23.6 221 2,040,000 31.7 53.2 871 1,030,000 µg/m3 

Styrene 4 5.74 68.1 3,120 5.79 5.99 877 2,670 µg/m3 

Tetrachloroethene 3 3.74 64.9 234 9.85 34.3 149 217 µg/m3 

Tetrahydrofuran 0 -- -- -- -- -- -- -- µg/m3 

trans-1,2-Dichloroethene 0 -- -- -- -- -- -- -- µg/m3 

trans-1,3-Dichloropropene 2 9.31 78.9 148 16.3 44.1 114 142 µg/m3 

Trichloroethene 0 -- -- -- -- -- -- -- µg/m3 

Trichlorofluoromethane 0 -- -- -- -- -- -- -- µg/m3 

Vinyl acetate 3 18.7 394 2,640 56.2 206 1,510 2,410 µg/m3 

Vinyl chloride 0 -- -- -- -- -- -- -- µg/m3 
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E.4. Counts of Produced Water Ponds by Location and Status 
Table E.4. Oil and gas fields having produced water ponds from DiGiulio et al. (2021). 

Field Name Field 
Code County Irrigation 

Pond 
Unlined 
Active 
Pond 

Unlined 
Inactive 
Pond 

Unlined 
Closed 
Pond 

Lined 
Active 
Pond 

Lined 
Inactive 
Pond 

Lined 
Closed 
Pond 

Lined or 
Unlined 
Inactive 
Pond 

Lined or 
Unlined 
Active 
Pond 

Lined or 
Unlined 
Closed 

Unidentified  Total 
Ponds 

GW 
Subbasin 

Northeastern Area of Kern Subbasin 
Jasmin 328 Kern 0 7 10 2 0 0 3 0 0 0 0 22 Kern 
Kern Bluff 336 Kern 0 0 3 0 0 0 0 3 0 0 0 6 Kern 
Kern Front 338 Kern 1 14 35 0 0 0 0 6 1 0 0 57 Kern 
Kern River 340 Kern 0 0 13 2 0 0 0 0 0 2 0 17 Kern 
Mount Poso 488 Kern 9 6 15 1 0 0 0 4 2 0 0 37 Kern 
Poso Creek 566 Kern 19 0 17 6 0 2 2 3 0 1 0 50 Kern 
Round Mountain 628 Kern 0 0 17 0 0 3 0 1 0 0 0 21 Kern 
Area Summary   29 27 110 11 0 5 5 17 3 3 0 210  
Central Eastern Area of Kern Subbasin 
Ant Hills 018 Kern 0 0 1 0 0 3 0 0 0 0 0 4 Kern 
Edison 222 Kern 0 6 43 7 3 1 0 0 1 30 0 91 Kern 
Edison, Northeast 224 Kern 0 0 0 0 0 0 0 0 1 0 0 1 Kern 
Fruitvale 256 Kern 0 0 11 2 0 0 0 1 0 0 0 14 Kern 
Mountain View 490 Kern 0 0 25 60 0 2 4 0 0 4 0 95 Kern 
Rosedale Ranch 626 Kern 0 0 1 0 0 0 0 0 0 0 0 1 Kern 
Area Summary   0 6 81 69 3 6 4 1 2 34 0 206  
Central Area of the Kern Subbasin 
Bellevue 044 Kern 0 0 4 0 0 0 0 0 0 0 0 4 Kern 
Canal 104 Kern 0 0 0 0 0 4 0 0 0 0 0 4 Kern 
Canfield Ranch 106 Kern 0 0 0 0 0 1 0 0 0 5 0 6 Kern 
Greeley  Kern 0 0 0 0 0 0 0 0 0 0 0 0 Kern 
Rio Bravo 602 Kern 0 0 0 0 0 3 0 0 0 0 0 3 Kern 
Semitropic 690 Kern 0 0 1 11 0 0 0 0 0 1 0 13 Kern 
Strand 787 Kern 0 0 8 2 0 0 0 0 0 0 0 10 Kern 
Stockdale 786 Kern 0 0 2 0 0 0 0 0 0 0 0 2 Kern 
Ten Section 766 Kern 0 0 0 0 0 0 0 0 0 2 0 2 Kern 
Wasco 822 Kern 0 0 0 1 0 0 0 0 0 0 0 1 Kern 
Area Summary  Kern 0 0 15 14 0 8 0 0 0 8 0 45  
West Central Area of the Kern Subbasin 
Coles Levee North 156 Kern 0 0 7 0 0 0 0 0 0 0 0 7 Kern 
Coles Levee South 158 Kern 0 0 7 0 0 1 0 0 0 0 0 8 Kern 
Area Summary   0 0 14 0 0 1 0 0 0 0 0 15  
South Central Area of the Kern Subbasin 
Comanche Point 160 Kern 0 0 4 0 0 0 0 0 0 0 0 4 Kern 
Landslide 375 Kern 0 0 1 0 0 0 0 0 0 0 0 1  
San Emido Nose  Kern 0 0 0 0 0 0 0 0 0 0 0 0 Kern 
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Field Name Field 
Code County Irrigation 

Pond 
Unlined 
Active 
Pond 

Unlined 
Inactive 
Pond 

Unlined 
Closed 
Pond 

Lined 
Active 
Pond 

Lined 
Inactive 
Pond 

Lined 
Closed 
Pond 

Lined or 
Unlined 
Inactive 
Pond 

Lined or 
Unlined 
Active 
Pond 

Lined or 
Unlined 
Closed 

Unidentified  Total 
Ponds 

GW 
Subbasin 

Tejon 752 Kern 0 0 5 6 0 4 3 0 0 0 0 18 Kern 
Tejon Hills 756 Kern 0 0 3 4 0 0 0 0 0 0 0 7 Kern 
Tejon North 758 Kern 0 0 1 0 0 0 0 0 0 0 0 1 Kern 
Wheeler Ridge 832 Kern 0 0 0 0 0 0 0 0 0 1 0 1 Kern 
Valpredo 808 Kern 0 0 0 0 0 0 0 2 0 0 0 2 Kern 
Yowlumne  Kern 0 0 0 0 0 0 0 0 0 0 0 0 Kern 
Area Summary   0 0 14 10 0 4 3 2 0 1 0 34  
Western Area of the Kern Subbasin 
Antelope Hills 020 Kern 0 18 4 0 0 0 0 0 0 0 0 22 Kern 
Antelope Hills 
North 022 Kern 0 0 4 0 0 0 0 0 0 0 0 4 Kern 

Asphalto 032 Kern 0 19 6 1 0 0 0 1 1 0 0 28 Kern 
Belgian Anticline 042 Kern 0 85 1 0 0 0 0 1 0 0 0 87 Kern 
Blackwells Corner 060 Kern 0 0 0 6 0 0 0 0 0 1 0 7 Kern 
Carneros Creek 117 Kern 0 8 2 0 0 0 0 0 0 0 0 10 Kern 
Chico-Martinez 140 Kern 0 3 2 0 0 0 0 0 0 0 0 5 Kern 
Cymric 190 Kern 0 22 92 0 0 0 0 4 2 3 0 123 Kern 
Devils Den 204 Kern 0 4 8 5 0 1 0 0 0 0 0 18 Kern 
Elk Hills 228 Kern 0 1 30 0 0 0 0 0 0 0 0 31 Kern 
Lost Hills 432 Kern 0 4 9 8 3 0 0 3 0 0 0 27 Kern 
Lost Hills 
Northwest 434 Kern 0 0 0 0 0 0 0 3 0 0 0 3 Kern 

McDonald Anticline 450 Kern 0 3 3 19 0 2 0 0 0 0 0 27 Kern 
McKittrick 454 Kern 0 4 6 0 0 0 0 2 0 0 0 12 Kern 
Belridge North 050 Kern 0 3 5 25 4 0 0 1 0 0 80 118 Kern 
Belridge South 052 Kern 0 2 14 198 17 2 0 0 0 5 0 238 Kern 
Temblor Ranch 762 Kern 0 0 0 0 0 0 0 2 0 0 0 2 Kern 
Welcome Valley 826 Kern 0 0 1 1 0 0 0 0 0 0 0 2 Kern 
Area Summary   0 176 187 263 24 5 0 17 3 9 80 764  
Southwestern Area of the Kern Subbasin 
Buena Vista 080 Kern 0 0 4 9 0 0 0 0 0 0 0 13 Kern 
Midway-Sunset 102 Kern 0 219 53 7 11 4 0 19 5 5 15 338 Kern 
Area Summary   0 219 57 16 11 4 0 19 5 5 15 351  
Tule Subbasin 
Deer Creek 194 Tulare 0 23 6 3 0 0 0 0 1 3 0 36 Tule 
Deer Creek North 196 Tulare 0 0 3 0 0 0 0 0 0 0 0 3 Tule 
Area Summary   0 23 9 3 0 0 0 0 1 3 0 39  
Pleasant Valley and Westside Subbasins 

Coalinga 150 Fresno 0 22 22 44 2 1 2 2 7 4 0 106 
Pleasant 
Valley/ 
Westside 
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Field Name Field 
Code County Irrigation 

Pond 
Unlined 
Active 
Pond 

Unlined 
Inactive 
Pond 

Unlined 
Closed 
Pond 

Lined 
Active 
Pond 

Lined 
Inactive 
Pond 

Lined 
Closed 
Pond 

Lined or 
Unlined 
Inactive 
Pond 

Lined or 
Unlined 
Active 
Pond 

Lined or 
Unlined 
Closed 

Unidentified  Total 
Ponds 

GW 
Subbasin 

Coalinga, East 
Extension 152 Fresno 0 0 7 5 0 0 0 0 0 4 0 16 Westside 

Guijarral Hills  288 Fresno 0 0 2 3 0 0 0 1 0 0 0 6 Pleasant 
Valley 

Jacalitos 326 Fresno 0 0 0 3 0 0 0 0 0 0 0 3 Pleasant 
Valley 

Area Summary   0 22 31 55 2 1 2 3 7 8 0 131  
Kettleman Plain Subbasin 

Pyramid Hills 578 Kings 0 11 9 14 1 0 0 0 6 0 0 41 Kettleman 
Plain 

Helm 300 Fresno 0 0 1 1 0 1 2 0 0 0 0 5 Kings 
Raisin City 584 Fresno 0 0 1 0 2 1 26 1 0 5 0 36 Kings 
Riverdale 613 Fresno 0 0 0 1 0 0 1 0 0 0 0 2 Kings 
Area Summary   0 11 11 16 3 2 29 1 6 5 0 84  

Total Pond 
Summary   29 484 529 457 43 36 43 60 27 76 95 1879  

E.5. Populations Living in Proximity to Produced Water Ponds 
Table E.5. Total populations living within buffer distance of produced water disposal features.  

Buffer Distance Population Living 
Within Distance of a 
Pond 

Population Living Within 
Distance of an Active 
Pond 

Population Living Within 
Distance of a Disposal 
Well 

Population Living Within 
Distance of Water 
Infrastructure 

500 ft (152 m) 12,902 2,724 4,346 7,058 

1,000 ft (305 m) 61,517 13,274 20,695 33,253 

1,500 ft (457 m) 138,650 32,545 50,493 80,099 

2,000 ft (610 m) 235,002 63,069 93,664 149,654 

2,500 ft (762 m) 343,479 98,616 150,377 236,921 

3,281 ft (1 km) 544,644 167,641 261,320 402,463 

5,280 ft (1.61 km) 1,226,568 467,156 681,756 1,023,614 
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E.6. County Level Spill Counts 
Table E.6. Breakdown of spills of crude oil, produced water, and a mixture of both by county. Source: Table 
S1 from Rossi et al. (2022). 
County Crude oil spills Produced water spills Mixture spills 

Count % Count % Count % 
Alameda 1 0.04 1 0.1   

Colusa     1 0.3 
Contra Costa 21 0.9   3 1.0 
Fresno 54 2.3 22 2.1 10 3.5 
Kern 1,165 50.7 665 64.6 126 43.8 
Kings 12 0.5 3 0.3 2 0.7 
Los Angeles 383 16.7 117 11.4 77 26.7 
Madera 1 0.04     

Merced 1 0.04     

Monterey 34 1.5 27 2.6 11 3.8 
Orange 63 2.7 28 2.7 8 2.8 
Placer 10 0.4     

Riverside 1 0.04 1 0.10   

San Benito 1 0.04     

San Bernardino 39 1.7     

San Diego 1 0.04     

San Francisco 1 0.04     

San Joaquin 8 0.3 1 0.1   

San Luis Obispo 18 0.8 4 0.4   

Santa Barbara 271 11.8 108 10.5 32 11.1 
Shasta 1 0.04     

Solano 5 0.2 2 0.2   

Stanislaus 1 0.04     

Sutter   5 0.5   

Tulare 3 0.1 1 0.1   

Ventura 204 8.9 44 4.3 18 6.3 
Total 2,299  1,029  2,88  
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6.0. Abstract  
In this chapter, the potential hazards, exposure pathways, impacts to human health, and data 
gaps related to abandoned and idled wells and other associated legacy oil and gas infrastructure 
in the state of California are examined. Data from the California Geologic Energy Management 
Division (CalGEM) provided the basis to examine the current number of indexed idle and 
abandoned wells and overall trends in the number of producing wells from the period of 2019–
2021. According to CalGEM’s records, there are approximately 41,100 idle wells and 128,900 
abandoned wells in the state; however, multiple studies suggest that the number of abandoned 
wells may be significantly greater than those indexed by CalGEM. Current trends in the number 
of producing wells indicates a year-over-year decrease in the number of producing wells from 
2018–2021. The number of idle and abandoned wells is expected to increase as more wells reach 
their end of life or become no longer economically viable. 

Few studies have examined emissions of hazardous air pollutants from idle or abandoned wells; 
however, it is likely that anytime there exists a pathway for gas to escape to the atmosphere, there 
is also the potential for co-occurring volatile organic compounds (VOCs) and other toxic air 
contaminants (TACs) to be released. A review of the epidemiological literature revealed 
insufficient information to draw conclusions about the potential health risks associated with 
proximity to inactive wells, abandoned wells, and other legacy oil and gas infrastructure.  

Hazards associated with the in-place abandonment of pipelines include the release of residual oil 
and gas compounds, treatment chemicals, naturally occurring radioactive materials (NORM), 
technologically enhanced naturally occurring radioactive materials (TENORM), polychlorinated 
biphenyls (PCBs), and asbestos. A number of states have developed or are developing 
regulations on the disposal of TENORM associated with oil and gas development — California is 
not one of them. Despite existing regulations for pipeline abandonment, leaks from improperly 
abandoned pipelines in California have resulted in occupational exposures and threats to nearby 
communities. 

Significant knowledge gaps surrounding the number and location of idle-deserted and abandoned 
wells and abandoned legacy pipelines remain. Studies of emissions from idle, inactive, and 
abandoned wells in the state remain limited. The extent of PCB contamination, TENORM/NORM 
buildup, and presence of asbestos in pipeline coatings in legacy infrastructure in California is 
unknown.  

6.1. Introduction 
California has a long history of drilling for oil and gas. The first commercial oil well in California 
was drilled in 1876, just 17 years after the discovery of oil in Pennsylvania. This well was located 
in Pico Canyon near Santa Clarita, and initially produced 25 barrels of oil per day, increasing to 
150 barrels per day after drilling deeper (AOGHS, 2020). However, as is typical for most wells, 
this well’s production slowed with time, and then the well ceased its production and eventually 
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required abandonment.  
 
In 2022, more than 146 years later, 58,000 wells are actively producing across California. An 
additional 41,100 wells are currently idle, often because they do not produce enough oil or gas to 
be economically viable, and 128,900 wells have gone through their lifecycle and have been 
plugged and abandoned (Table 6.1). This chapter addresses the potential hazards, impacts to 
human health, research findings, and data gaps related to these abandoned and idle wells and 
other associated legacy oil and gas infrastructure. 

6.2. Idle, Idle-deserted, and Abandoned Wells and Associated 
Infrastructure in California 

6.2.1. Clarification of terminology for these well types 
States and countries use different nomenclature systems to refer to oil and gas wells at various 
stages of their lifecycles. Here, we briefly explain the terms used in California and in this report 
as defined in the California Public Resource Codes and by the California Geologic Energy 
Management Division (CalGEM) to provide clarity in the subsequent sections of this report. 
 
An active well is a well that has been drilled and completed and has been used for oil or gas 
production, enhanced oil recovery, reservoir pressure management, or injection of waste or other 
fluids within the past 24 months. “Idle well” means any well that for a period of 24 consecutive 
months has not either produced oil or natural gas, produced water to be used in production 
stimulation, or been used for enhanced oil recovery, reservoir pressure management, or injection 
(Cal. Pub. Res. Code § 3008, 2018). Unlike abandoned wells, idle wells can be returned to 
production and injection. An idle well continues to be an idle well until it has been properly 
abandoned in accordance with California Public Resources Code (P.R.C.) § 3208 (2017) or it has 
been shown to the Division's satisfaction that, since the well became an idle well, the well has for 
a continuous six-month period either maintained production of oil or natural gas, maintained 
production of water used in production stimulation, or been used for enhanced oil recovery, 
reservoir pressure management, or injection (P.R.C. § 3008, 2018). An “idle-deserted well” is 
defined as “an oil and gas well determined by the supervisor to be deserted under [Public 
Resources Code] [s]ection 3237 and for which there is no operator responsible for its plugging 
and abandonment under [Public Resources Code] [s]ection 3237” (P.R.C. § 3251, subd. (e). 
 
There are factors such as loss of economic viability that will result in an operator's decision to 
plug and abandon a well at its own cost according to California’s plugging and abandonment 
standards. The state is responsible for the cost of plugging idle-deserted wells because there is 
no operator responsible for their plugging and abandonment under  P.R.C. § 3237 Abandonment 
of a well is permanent; wells which are abandoned do not start producing again. Current plugging 
and abandonment procedures focus on preventing pollutants from reaching the surface or 
entering subsurface groundwater. The current abandonment standards have remained relatively 
unchanged since 1978 and are further described in Section 6.3.4 (CCST, 2018). Wells plugged 
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prior to these modern plugging requirements were regulated under much less stringent standards. 
Prior to regulations from the Department of Conservation, some legacy abandoned wells were 
not plugged at all. Because many of these wells could be undocumented by CalGEM in their 
current system, there is a concern that they are not included in total wells counts.  
 
The total number of abandoned wells in the United States is estimated at more than 3 million and 
increasing (US EPA, 2022a). In the United States, more than three-quarters of the abandoned 
wells are oil wells with the remaining wells gas wells. As can be seen in Figure 6.1, most of the 
abandoned wells are unplugged but not necessarily leaking. 
 

  
Figure 6.1. Total number of abandoned wells (millions) in the United States. Source: US EPA (2022a). 

6.2.2. Number and Location of Abandoned Wells in California 
Well status and location data were obtained from the CalGEM “All Wells” dataset (CalGEM, 
2022a); numbers of wells of each category are shown in Table 6.1. As of September 2022, there 
were approximately 129,000 plugged and abandoned wells in California. Abandoned wells are 
located throughout the state but are at greatest density in the Central Valley, Los Angeles Basin, 
and the Sacramento regions (Figure 6.2). In California, nonassociated gas (gas produced without 
oil) is typically produced in the northern part of the state, while associated gas (gas produced as 
byproduct of oil production) is most common in Southern California.  
 
The California Council on Science and Technology (CCST) estimated that approximately 41,000 
abandoned wells were plugged before modern requirements went into effect in 1978, increasing 
the risk that some abandoned wells may need to be “re-abandoned” in the future (CCST, 2018). 
Inadequate abandonment practices in the early 20th century included using trash, telephone 
poles, logs, and rocks to block up wells (California State Lands Commission, 2017). Ongoing 
projects are working to identify and properly plug these legacy abandoned wells throughout the 
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state (e.g., the Coastal Hazards and Legacy Oil and Gas Well Removal and Remediation 
Program). 
 
The actual number of abandoned wells in California may be significantly higher than reported in 
the CalGEM dataset. There is a long history of drilling for oil in California, going back to the late 
1800s; contemporaneous records of drilling and abandoning are not available for many of these 
legacy wells (California State Lands Commission, 2020). A study by Lebel et al. (2020) suggested 
that the number of abandoned wells in California may be underreported by 17% based on a 
comparison of CalGEM data with historical U.S. Geological Survey (USGS) maps from the 1940s. 
Another study by Williams et al. (2021) suggested that abandoned oil and gas wells in California 
total approximately 200,000. 
 
Table 6.1. Number of wells in California according to well status from the CalGEM “All Wells” Dataset as 
of September 8, 2022. In addition to the well types already discussed, “New” means a well has been 
recently permitted and is in the process of being drilled and “Canceled” means that the well permit was 
canceled and no well was drilled. 

Well Status Count 

Plugged and Abandoned 128,864 

Idle 41,069 

Active 58,011 

Canceled 9,286 

New 3,722 

Plugged Only 186 

Unknown* 37 

*Well status not known; mostly older wells dated pre-1976. 

6.2.3. Number and Location of Idle and Idle-deserted Wells in California 
Approximately 41,100 wells are listed as idle in the CalGEM database. Long-term idle wells were 
not differentiated from other idle wells in the database; however, according to the most recent Idle 
Well Program report, 17,560 idle wells met the definition of long-term idle at some point in 2019 
(CalGEM, 2021). The locations of active, idle, and plugged wells are shown in Figure 6.2. Idle 
wells are generally located in the same regions as active wells. Because idle production wells 
must be non-producing for a 24-month period, there is an inherent lag between when production 
stops and a well is categorized as idle. There is also a period between when an idle well starts 
producing and when it is considered an active well, however, this is only a six-month period. Active 
wells are not all producing wells and can be injectors, underground gas storage, or observation 
wells as well. Given the issues noted in this paragraph, the true number of wells that are not 
actively producing at any given time may not be reliably estimated in CalGEM’s “All Wells” dataset. 
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An idle-deserted well refers to an oil and gas well determined by the supervisor to be deserted 
under P.R.C. § 3237 and for which there is no operator responsible for its plugging and 
abandonment under P.R.C. § 3237. Although CalGEM maintains a list of idle wells, they have not 
historically monitored operator solvency (CCST, 2018). CalGEM is currently in the process of 
identifying idle-deserted wells under its Well Abandonment Program. In order to consider a well 
idle-deserted, CalGEM must (1) determine if a well is deserted by the operator, and (2) perform 
a financial solvency test to determine if any there are any solvent entities responsible for plugging 
the well (CalGEM, 2021). In the Idle Well Program report covering the reporting period of January 
1, 2019, to December 31, 2019, CalGEM identified 24 idle-deserted wells and an additional 3,265 
wells that are deserted or potentially deserted (CalGEM, 2021). The process of determining if a 
well (or group of wells) is idle-deserted, or if there is a solvent responsible entity, takes 
approximately four to six months (CalGEM, 2021).  
 
A study by CCST (2018) identified idle-deserted (referred by CCST as orphaned) and likely idle-
deserted wells using the following criteria:  

● Likely idle-deserted wells: wells with no production or injection in past five years and 
belong to operators with no California production in past five years. 

● Wells at high risk of becoming idle-deserted wells: wells with no production or injection 
in past five years and the operator is small and operates primarily idle and marginal wells. 

● Other idle and economically marginal wells: wells producing <5 barrels of oil equivalent 
per day 

 
CCST estimated 2,565 wells in California are likely idle-deserted wells and another 2,975 are at 
high risk of becoming idle-deserted wells in the near future. A further 69,425 economically 
marginal or idle wells are at risk of becoming idle-deserted wells in the future due to declining 
production or if acquired by financially weak operators. The locations of these wells are shown in 
Figure 6.3.  
 
Based on 2019 data provided to the Interstate Oil and Gas Compact Commission, there are an 
estimated 4,844 idle-deserted wells in California (Interstate Oil and Gas Compact Commission, 
2020). For comparison, another study by Nelson and Fisk (2021) estimated that there were 
approximately 1,400 idle-deserted wells in California in 2006. Figure 6.4 shows the net change of 
number of oil and gas wells producing each month compared to the same month from the prior 
year. 
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Figure 6.2. Location of active, idle, and plugged wells in California. Source: Adapted from Lebel et al. 
(2020). 
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Figure 6.3. Location of likely idle-deserted wells (referred to in this report as “orphaned”) and wells at 
high risk of becoming idle-deserted in California. Source: CCST (2018). 
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Figure 6.4. Net change in the number of oil and gas wells producing each month compared to the same 
month from the prior year. Positive values indicate a net increase in the number of wells producing, and 
negative values indicate that fewer wells were producing over the same month in the previous year. 
Source: Production data reported by CalGEM from 2018–2021 (CalGEM, 2022b). 

6.2.4. Number and Location of Legacy Pipelines and Associated 
Infrastructure  

CalGEM is currently in the process of mapping the locations of active pipelines, tanks, vessels, 
and other associated oil and gas infrastructure. Under 14 California Code of Regulations (C.C.R.) 
§ 1774.2, operators must provide lists and maps of any active pipelines that pass through 
sensitive areas, environmentally sensitive areas, urban areas, and designated waterways as part 
of their pipeline management plans (14 C.C.R. § 1774.2, 2018). Similarly, under 49 Code of 
Federal Regulations (C.F.R.) 192.727 and 195.59, operators of pipelines that pass under, over, 
or through a commercially navigable waterway are required to submit data on pipeline 
abandonment to the National Pipeline Mapping System (49 C.F.R. § 195.59, 2019; 49 C.F.R. § 
192.727, 2010; Research and Special Programs Administration, 2000). This data will provide a 
record of active pipelines in areas with the highest potential to impact human health, however, it 
does not address the current state of abandoned pipelines and infrastructure, nor take into 
account future land use scenarios. Idle, abandoned, removed, idle-deserted, and deserted 
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pipelines are not active and not reported by any operators in their pipeline management plans 
(CalGEM, personal communication, 2021).  
 
We are not aware of any publicly available database of abandoned pipelines, flowlines, gathering 
lines, or other associated abandoned oil and gas infrastructure that falls under CalGEM’s 
jurisdiction. An assumption could be made that there are at least one or two pipelines for every 
active or idle well in California, and that the average length and number of pipelines associated 
with idle and idle-deserted wells is the same as those associated with active wells (CalGEM, 
personal communication, 2021). The same assumptions cannot be made for abandoned wells. 
Under 14 C.C.R. § 1776, well site and lease restoration requires operators to remove all tanks, 
aboveground pipelines, debris, and other facilities and equipment within one year of plugging and 
abandonment of the last well (14 C.C.R. § 1776, 2006). Underground pipelines can be abandoned 
in-place after they are purged of oil and filled with an inert fluid. It is estimated that underground 
pipelines associated with wells are buried between 3–6 ft (91–189 cm) deep, with an average 
depth of 4 ft (122 cm) (CalGEM, personal communication, 2021). Gathering lines and flowlines in 
rural areas are likely to be routed above ground (and likely to be removed during lease 
restoration), while those in sensitive areas or urban areas are more likely to be routed 
underground (CalGEM, personal communication, 2021). Less is known about pipeline removal 
practices for legacy abandoned wells, which were abandoned before modern well abandonment 
requirements were put into effect in 1978. In some areas, cleanup and removal of abandoned 
pipelines from legacy oil and gas wells is an ongoing operation, as erosion continually exposes 
legacy infrastructure (California State Lands Commission, 2020).  

6.3. Health and Safety Hazards, Risks and Impacts Associated with 
Idle, Idle-deserted and Abandoned Wells 

Idle, idle-deserted, and abandoned wells can pose a risk to human health in several ways. Oil, 
gas, and other naturally occurring chemicals and radioactive materials can migrate through a 
variety of leakage pathways associated with these well types, resulting in gas emissions to the 
atmosphere or the contamination of groundwater or surface water resources. Abandoned and idle 
wells may also act as conduits for well stimulation fluids or pressurized steam from nearby 
operations to reach the surface or leak into surrounding groundwater resources. This could 
directly impact human health, depending on the proximity of these wells to human populations 
and the nature and extent of the leakage.  
 
UIC project reviews include an evaluation of plugged and abandoned as well as idle wells that 
could potentially act as conduits. If they are found to be conduits they must be monitored, 
remediated, or plugged and abandoned. Conduit analysis (including analysis and potential 
remediation of abandoned wells) is also done as part of the aquifer exemptions mentioned in 
Chapter 5. Nevertheless, there are leaks that may remain undetected for extended periods of time 
(Kang et al., 2019). As abandoned wells age, they may become more prone to failure from a 
combination of catastrophic events (such as earthquakes) and/or the accumulation of small-scale 
and large-scale failures (Kang et al., 2019). Failures in wellbore integrity can result in leaks and 
may be due to a wide variety of chemical, mechanical, and physical factors, such as thermal 
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stress, pressure changes, poor cementing and abandoning operations, thread leaks, and the 
corrosion and dissolution of cement in acidic environments (Kang et al., 2019). Potential leakage 
pathways for abandoned wells are illustrated in Figure 6.5, and include leakage through cement 
plugs or casing cement, between the casing, cement, and/or surrounding reservoir rock, and 
along any shear zones that pass through the wellbore. Current standards require that wells have 
multiple layers of casing and cement to mitigate potential leakage pathways; however, wells can 
still be susceptible to leakage, particularly due to the corrosive effects of hydrogen sulfide on steel 
casings and cement, or poor well completion and abandonment procedures (Chilingar & Endres, 
2005). Legacy abandoned wells may not have been constructed (or abandoned) to current 
standards and may have an increased potential for well leakage. 
 
The process of abandoning (or re-abandoning) wells also carries the risk of loss of well control, 
which has the potential to impact public health through the release of crude oil to the environment 
or the release of gas and toxic air contaminants (TACs), causing fires, explosions, or impacting 
air quality (California State Lands Commission, 2017). For example, on January 11, 2019, a 
contractor was re-plugging a 1930s era gas well in Marina del Rey that was abandoned in the late 
1950s (Department of Conservation, 2019). The well was located within 30 ft (9 m) of a sidewalk, 
50 ft (15 m) of a road, and 100 ft (30 m) of residences. In the process of pulling tubing out of the 
well, pressure built up and blew a column of gas, water, and mud 100 ft (30 m) into the air 
(Department of Conservation, 2019). To minimize this risk, CalGEM may require the use of 
blowout preventer equipment during abandonment operations (14 C.C.R. § 1723 (e), 2006); 
however, in this case an estimated 100,000 ft3 (2830 m3) of gas was released before the blowout 
preventer was used to seal the well. Failure of blowout preventer equipment, while rare, does 
happen, but it should be noted that the blow out preventer itself is not the only means of well 
control. Additionally, blowout preventers are connected to the top of the well casing and are not 
intended to protect from leakage from the outside of the casing (California State Lands 
Commission, 2017). Loss of well control, while generally uncommon, may be more problematic 
when re-abandoning legacy abandoned wells, as reservoirs may re-pressurize over time and 
records of well construction and abandonment may not always be available (California State 
Lands Commission, 2017).  
 
Idle and abandoned wells may also contribute to the formation of surface expressions in oilfields 
undergoing cyclic steam stimulation. Surface expressions are the release of steam, water, oil, or 
soil from the subsurface to the surface and may take the form of steam outlets, puddles or streams 
of oil, or sinkholes filled with steam and other noxious gases (Pollack et al., 2020). Surface 
expressions are a hazard to oilfield workers and were responsible for the death of one oilfield 
employee in California. There are many possible causes for surface expressions in California, 
including active and abandoned wells acting as conduits, natural faults or induced fractures, and 
fluid flow in porous media along structural features (Pollack et al., 2020). A study of surface 
expressions in the Midway-Sunset oilfield in Kern County found that surface expressions are 
significantly associated with the density of plugged wells (Pollack et al., 2020). High densities of 
poorly plugged abandoned wells could act as a conduit for steam and oil migration, or might be 
indicative of other underlying geologic factors that contribute to both surface expressions and well 
abandonment (Pollack et al., 2020).  
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Figure 6.5. Potential leakage pathways for plugged and abandoned wells. (1) Between cement and 
surrounding formation; (2) between casing and cement; (3) between cement plug and casing/production 
tubing; (4) through cement plug; (5) through cement; (6) across cement and then between cement and 
casing; and (7) along a sheared wellbore. Source: Alboiu and Walker, (2019).  

6.3.1. Air Pathways 
Idle, idle-deserted, and abandoned wells present many of the same public health and safety risk 
factors as active wells. Wells can serve as a conduit for fluid migration from reservoir cavities 
deep within the Earth, creating the potential for crude oil, gas, formation water, and volatile organic 
compounds (VOCs) to reach the surface and be released into the atmosphere (CCST, 2018; 
CCST et al., 2015; Townsend-Small & Hoschouer, 2021). Emissions of volatile components from 
idle, idle-deserted, and abandoned wells can include methane, VOCs and other TACs, criteria 
pollutants, gaseous NORM, and reactive organic gases, which are associated with the formation 
of tropospheric ozone (i.e., smog). In addition, when idle, idle-deserted, and abandoned wells 
have inadequate well casing and cement plugging practices, legacy abandoned wells, in 
particular, are susceptible to acting as conduits for gas to seep to the surface from reservoir 
cavities (Chilingar & Endres, 2005). However, the lack of production and associated pumps, 
generators, compressors, pneumatic devices, storage tanks, and surface impoundments mean 
that the overall combined emissions footprint from idle, idle-deserted, and abandoned wells is 
smaller than active wells. There is no documentation that emissions from chemical mixing and 
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spills are major concerns, since these chemical additives are only used during well development 
and rework. But emissions from idle, idle-deserted, and abandoned wells may still result in 
regional air quality impacts and increased exposure to populations in close proximity.  
 
In California, most studies of emissions from idle, idle-deserted, and abandoned wells have 
focused on methane. Although methane is not a TAC, it is a potent greenhouse gas, as well as 
an asphyxiant and an explosive hazard with a lower explosive limit of approximately 5% by volume 
(Chilingar & Endres, 2005). Methane buildup from leaking abandoned wells has been responsible 
for explosions that destroyed houses in Trinidad, Colorado, in 2007 (COGCC, 2008). Methane 
buildup also was possibly responsible for the Ross Dress for Less explosion in Los Angeles in 
1985, which was linked to subsurface gas accumulation associated with a nearby oil well, but the 
source is still debated (LACDPH, 2018). Other instances of legacy abandoned wells acting as 
conduits for gas to seep to the surface in residential and commercial areas from underground gas 
storage facilities have been documented in the Los Angeles area (Chilingar & Endres, 2005).  
 
Methane emissions from abandoned wells in California were most recently measured by Lebel et 
al. (2020). They measured methane emissions from 97 plugged and abandoned wells, 17 idle 
wells, six active wells, and one unplugged and abandoned well; the results are summarized in 
Table 6.2. They found that while emissions from plugged and abandoned wells are generally low, 
emissions from idle wells were more than two orders of magnitude greater. These idle wells were 
idle for an average of 13.9 years, with a range of 6–39 years. Similar to studies in other regions, 
emissions from both abandoned and idle wells followed a “long-tailed distribution,” with a few 
wells responsible for the majority of emissions. The top three plugged and abandoned wells 
emitted 99.6% of emissions from all plugged and abandoned wells; the top two idle wells emitted 
74.1% of emissions from all idle wells. Active wells had the highest emissions and values were 
generally consistent with previous studies by Jeong et al. (2014) and Zhou et al. (2021), which 
estimated active wells in California emit 0.168 teragrams per year of methane (Tg/yr CH4) (1.1 
million tons per year), and wells in Northern California emit 7.6 kilograms per day of methane 
(kg/day CH4) (17 pounds per day), respectively.  
 
Table 6.2. Mean methane emissions from various well types in California when emissions were detected. 
Source: Lebel et al. (2020)  

Well Status 
Number of detects/ 

Number of wells sampled CH4 Emissions (g/hr) 
Plugged and 
Abandoned 34/97 0.286 

Idle 11/17 35.4 

Unplugged and 
Abandoned 1/1 10.9 

Active 4/6 189.7 
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Most recently, in May 2022, residents of Bakersfield reported symptoms of dizziness, fatigue, and 
headaches, and noticed a hissing sound coming from a nearby oil well (Secaira, 2022). CalGEM 
investigated this well — classified as idle — and determined it was leaking. After further 
investigation, at least 44 additional idle wells in Bakersfield were found to be leaking methane. 
Evidence from other groups demonstrated that some of these wells were found to be leaking 
methane at rates that produced dangerously explosive levels of methane gas near the wellhead 
(Solis, 2022). Two months later, the Department of Conservation noted that 44 of the 45 wells 
had been completely repaired and one well was still found to be leaking methane, despite having 
undergone repairs. In August 2022, an additional 9 idle wells — three in Kern County and six in 
Los Angeles County — were found to be leaking methane. Eight of these wells were repaired 
within a week (California Department of Conservation, 2022). Situations like these, where private 
citizens find leaking wells in close proximity to their homes, further emphasizes the potential 
hazards of oil and gas wells — even idle wells — on the health and safety of the public. 

6.3.1.1 Volatile Organic Compounds and Toxic Air Contaminants 
Current studies of VOC and TAC emissions, such as benzene, toluene, ethylbenzene, and 
xylenes (BTEX) and n-hexane, from idle and abandoned wells in California are limited in scope 
and geographic coverage. Lebel et al. (2020) measured benzene emissions at a single unplugged 
well in California, but the levels were below the detection limit of 4.2 parts per billion by volume 
(ppbv). In 2016, the South Coast Air Quality Management District (SCAQMD) measured VOCs, 
methane, and hydrogen sulfide from two idle-deserted wells in a residential area of Echo Park 
prior to abandonment (SCAQMD, 2016). Concentration of hydrogen sulfide inside one of the wells 
was above the acute reference exposure level (REL) of 30 parts per billion (ppb) and methane 
levels were above the lower explosive limit (LEL) of 5%. VOCs were below acute RELs, with the 
exception of acrolein. It should be noted that acrolein is known to be difficult to measure with 
current U.S. EPA TO-15 methods (SCAQMD, 2016), and concentrations measured inside wells 
are not representative of concentrations in the surrounding ambient air. To our knowledge, no 
major studies have systematically measured statewide VOC and TAC emissions from idle or 
abandoned wells in California. 
 
As discussed in Chapter 4, Section 4.2.1, VOC and TACs are not typically measured when 
determining gas composition in California. However, benzene and hydrogen sulfide were 
measured and detected in gas from select wells in the San Joaquin Valley (Lillis et al., 2007). 
VOCs have also been measured downstream of wells in the process of determining emissions 
inventories, but it is difficult to elucidate how representative those values are of emissions from 
wells in California. 
 
Without additional data, it is challenging to determine how prevalent — and at what concentrations  
— TACs and other VOCs are present in emissions from idle, idle-deserted, and abandoned wells 
in California. However, as discussed in Chapter 4, Section 4.2.1, VOCs and TACs have been 
observed in gas from active wells in other parts of the country (Brantley et al., 2015; El Hachem 
& Kang, 2022; LACDPH, 2018; Lillis et al., 2007; Tran et al., 2020) and we can generally assume 
that anytime there exists a pathway for gas to escape to the atmosphere, there is the potential for 
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VOCs and TACs to be released as well. Additional testing and public disclosure of the composition 
of VOCs and TACs from idle, idle-deserted, and abandoned wells are needed to assess air 
pollution health risks and better inform policy makers. 
 
In 2019, California passed Assembly Bill 1328, which calls for a study of fugitive emissions from 
idle, idle-deserted, and abandoned wells in California (Assembly Bill No. 1328, 2019). The results 
of this study have not been released to date. In 2018, the California Air Resources Board (CARB) 
started their Study of Neighborhood Air near Petroleum Sources (SNAPS) program. The SNAPS 
program does not specifically target emissions from abandoned or idle wells, but will provide data 
on upstream emissions of VOCs, hazardous air pollutants (HAPs), and other criteria pollutants 
from oil and gas operations in California (CARB, 2018, 2021). 

6.3.2. Water Pathways 
Abandoned wells, some of which were constructed prior to the implementation of current well 
construction standards, may be particularly prone to leakage along the wellbore (USGS, 2014). 
As wells age, failures in wellbore integrity can result in subsurface pathways whereby oil, gas, 
and formation water can contaminate groundwater resources through subsurface migration. Due 
to the large number of abandoned wells in California, failure of even a small percentage could 
result in a large number of potential subsurface migration pathways (USGS, 2019). A review of 
groundwater contamination from oil and gas development by the Ground Water Protection 
Council (2011) found that abandoned wells accounted for 14% and 22% of groundwater 
contamination events in Texas and Ohio, respectively. No similar studies have taken place in 
California. However, the USGS California Water Science Center is currently working together with 
state and federal agencies on the California Oil, Gas, and Groundwater Program to monitor 
potential contamination of groundwater resources near oil fields.  

While developing the Underground Injection Control (UIC) Program regulatory framework, the 
U.S. EPA recognized that injected fluids could potentially migrate into Underground Sources of 
Drinking Water (USDW) (Osbourne, 2002). The vertical migration of injected fluids through 
improperly abandoned and improperly completed wells that penetrate the injection zone may 
cause groundwater contamination and impacts to domestic or municipal water wells (Osbourne, 
2002). Although this report focuses on drinking water wells, any abandoned oil or gas well that 
passes through USDW has the potential to act as a conduit.  

Similarly, abandoned and idle wells can act as a potential migration pathway for oil and gas, 
formation water, chemical additives, and cleanout fluids during well stimulation and well cleanout 
activities (CCST et al., 2015). Fractures created during well stimulation can hydraulically connect 
a stimulated well to nearby abandoned or idle wells; this is of particular concern in high-density 
fields and those with a long history of oil and gas operations (CCST et al., 2015). These nearby 
abandoned or idle wells must also fail in order for a pathway to the surface or surrounding 
groundwater resources to be present. Under 14 C.C.R. § 1784, operators must identify any 
existing wells that could be impacted from well stimulation operations (14 C.C.R. § 1784, 2015); 
however, 14 C.C.R. § 1784 does not require testing the integrity of idle wells (CCST et al., 2015). 
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But idle well regulations call for these wells to be tested. Additionally, current well stimulation risk 
assessments — conducted according to well stimulation treatment (WST) regulations — require 
accounting for and addressing any potential fluid migration pathways before a WST permit is 
issued. But abandoned wells continue to pose a risk of acting as a migration pathway due to the 
lack of monitoring requirements post abandonment. 

Abandoned wells may be particularly susceptible to subsurface failure due to land deformation 
from seismic activity or subsidence (USGS, 2019). A geospatial analysis of well locations and 
earthquakes in California was done by Kang et al. (2019). They found two hotspots in California 
where seismic activity and oil and gas wells overlap: the southern Central Valley and Los Angeles 
County. There are no studies that investigate the relationship between seismic activity and 
wellbore integrity (Kang et al., 2019). However, abandoned wells may present an increased risk 
of subsurface leakage from seismic activities (compared to active wells) due to their age; lack of 
monitoring and management requirements; and incomplete records regarding location and 
wellbore integrity. Similarly, land deformation due to the injection of wastewater, steam and water 
flooding, or the withdrawal of petroleum or groundwater resources, can also cause wells to fail 
(USGS, 2019).  
 

Box 1. Direct exposure to crude oil and VOCs from leaking legacy abandoned intertidal 
wells 

Improperly abandoned legacy oil and gas wells near waterways and other surface waters can 
leak oil directly into coastal and aquatic environments. Oil leaking directly on the beach or into 
shallow nearshore waters can create oil sheens on beaches and in waters that can come in 
direct contact with surfers, swimmers, and others engaged in recreational activities. 
Additionally, the volatile fraction of crude oil is expected to rapidly volatilize and become air 
pollutants, resulting in odor complaints, unhealthy air quality, and negative health impacts. This 
is a particular problem along areas of the California coast with a long history of oil and gas 
development that are also widely used for recreation. For example, in Summerland Beach near 
Santa Barbara, multiple improperly abandoned legacy onshore and offshore wells from the early 
1900s have been observed seeping oil directly onto the beach and into the ocean (California 
State Lands Commission, 2017, 2020). Nearby residents and visitors have complained of oil 
sheens, strong petroleum odors, headaches, and nausea, and the Santa Barbara County Public 
Health Department has closed the beach on occasion to protect public health (California State 
Lands Commission, 2017). Onshore clean-up and well re-abandoning efforts have been 
occurring along the Summerland coast since the 1960s; however, only recently have efforts 
been made to address oil leakage from improperly abandoned legacy wells in intertidal zones 
and shallow offshore wells (California State Lands Commission, 2017, 2020). In 2018, the 
Becker well became one of the first legacy abandoned wells in the intertidal zone to be 
successfully re-abandoned. Prior to re-abandonment, leakage from the Becker well was a 
known issue — a U.S. Coast Guard evaluation from 1994 estimated that approximately 0.5 
barrels (80 liters) of crude oil a day were leaking onto the beach and into the ocean from the 
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legacy well (California State Lands Commission, 2017). Although offshore wells are outside the 
scope of this report, legacy abandoned wells located in intertidal zones that are above water 
part of the time and submerged at other times, can have direct impacts on the health of nearby 
residents and visitors engaging in recreational activities on the beach or in the ocean. The re-
abandonment of intertidal wells presents unique challenges that increase overall costs and 
delay their timely completion, resulting in extended periods of leakage and potential human 
health impacts.  

 

6.3.3. Idle, Idle-deserted, or Abandoned Wells Examined in the Epidemiological 
Literature 

6.3.3.1 Epidemiological studies conducted in California  
The environmental public health literature strongly supports geographic proximity to active oil and 
gas development as an important risk factor for a variety of adverse health outcomes. However, 
very few of these studies take into account idle (or inactive) wells and, to the best of our 
knowledge, no epidemiological studies in the United States have taken into account abandoned 
wells or associated legacy infrastructure. Five peer-reviewed epidemiological studies with a focus 
oil and gas development have been conducted in California, three of which include idle or inactive 
wells in their analysis (Johnston et al., 2021; Tran et al., 2020). A brief summary of these study 
results with regard to idle or inactive wells is provided below; a more in-depth summary of these 
studies is provided in Chapter 3. 

Tran et al. (2020) and Tran et al. (2021) 

Tran et al. (2020) evaluated adverse birth outcomes among infants born between 2006 and 2015 
to mothers living near active and inactive wells in the San Joaquin Valley and South Central Coast 
and South Coast Air Basins. Exposure to inactive wells, defined as any well not producing at least 
one unit of oil/gas in a given month, was characterized by well counts within 1 km (3,281 ft) of 
maternal residence at time of delivery. Tran et al. (2020) found no association between inactive 
well counts and adverse birth outcomes among both urban and rural populations. This may have 
been because well count alone was not sufficient to capture nuanced exposure pathways 
associated with idle wells, leading to potential exposure misclassification (Tran et al., 2020). This 
study controlled for potential confounding variables, including community-level factors and 
individual-level factors for infants (sex, month/year of birth) and mothers (age in years, 
race/ethnicity, education level, Kotelchuk index of prenatal care, child parity).  

In a similar study, Tran et al. (2021) evaluated the association between proximity to hydraulically 
fractured wells with the same health outcomes, population, and time frame as Tran et al. (2020). 
Exposure to hydraulically fractured wells was associated with increased odds of low birth 
weight, preterm birth, lower term birth weight, and small for gestational age, particularly among 
rural mothers. The exposed group included exposure to active and/or inactive wells; however, 
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inactive wells were not isolated from active wells and no conclusions were drawn specific to 
inactive wells. 

Johnston et al., 2021 
Johnston et al. (2021) evaluated lung function and self-reported acute health symptoms among 
residents living near the Las Cienegas oil fields in South Los Angeles. Patterns in reduced lung 
function were seen among participants living near active and idle wells, although it was more 
pronounced in communities near active wells. Even after adjusting for age, sex, height, proximity 
to freeway, asthma status, and smoking status, Johnston et al. (2021) found that living nearby 
and downwind of oil and gas development sites, active or idle, was associated with reduced lung 
function among residents. 

6.3.3.2 Epidemiological studies conducted outside of California  
Our review of 43 epidemiological studies related to oil and gas development in other states found 
only one study that was distantly related to inactive wells. Currie et al. (2017) examined birth 
weights for women living in Pennsylvania from 2004 to 2013 with respect to proximity of 
hydraulically fractured wells. They found negative impacts to mean term birth weight and 
increased incidents of low birth rate in babies whose mothers lived within 3 km (1.86 mi) of 
hydraulically fractured wells. When the study was adjusted to take into account inactive wells that 
may have been active during the study period (2004–2013), rather than just in 2014, they found 
no differences in the results. 
 
The environmental public health literature that takes into account idle and abandoned wells is 
limited. There is evidence that geographic proximity to idle wells may be a risk factor for reduced 
lung function; however, this is the result of a single study. There is insufficient data to draw 
conclusions about abandoned wells as a risk factor for adverse health outcomes. Additional 
epidemiological studies that take into account idle and abandoned wells would increase the 
understanding of underlying exposure sources and pathways as well as elucidate which types of 
wells may be of the greatest concern with regard to human health outcomes (Tran et al., 2020). 
This data could then be used to inform future regulatory decisions to reduce community exposure 
from various types of wells. 

6.3.4. Regulations 
This section discusses many of the regulations in place for abandoned and idle wells. These 
descriptions are not meant to be exhaustive; rather, they are meant to provide descriptions of the 
current regulations and insight for future regulations. 
 
In 2019, CalGEM (formerly the Division of Oil, Gas, and Geothermal Resources [DOGGR]) 
updated idle well regulations to require testing of idle wells in order to further protect public safety 
and to increase incentives for operators to plug and abandon idle wells (CalGEM, 2019). 
Operators are required to test idle well fluid levels for wells that penetrate a USDW within 24 
months of a well becoming idle and every 24 months thereafter (14 C.C.R. § 1772.1(a)(1), 2019). 
If idle well fluid levels are above the base of a USDW, operators must perform a casing pressure 
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test to a depth 100 ft (30 m) above the uppermost perforation, top of the landed liner, or above 
the casing shoe of the deepest cemented casing. Pressure tests must be repeated every 48, 72, 
or 96 months depending on the pressure tested. Operators are also required to demonstrate the 
ability to reach an approved depth of the well within eight years of a well becoming idle, and every 
48 months thereafter. Idle wells that fail testing must be either brought into compliance, partially 
or fully plugged and abandoned, or be scheduled for plugging and abandonment under an Idle 
Well Management Plan within 12 months.  
 
Operators are required to pressure test all idle wells within 24 months of a well becoming idle. 
After April 1, 2025, if the fluid level in an idle well is above a USDW, then the well must be pressure 
tested on an expedited, 90-day timeframe (14 C.C.R. § 1772.1(a)(2), 2019). The engineering 
analysis includes pressure testing and clean out tag in addition to information on geologic units, 
producing zones, USDW and freshwater aquifers, faults, and containment features. If it is 
determined that a long-term idle well is not viable to return to operation, the operator must plug 
and abandon the well within 12 months or schedule it for plugging and abandonment under an 
Idle Well Management Plan or an approved Testing Waiver Plan.  
 
California’s requirements for plugging and abandoning wells are similar to those in Texas and 
Colorado. Plugging and abandoning oil and gas wells is regulated under 14 C.C.R. § 1723 and 
P.R.C. § 3208 (14 C.C.R. § 1723, 2016; P.R.C. § 3208, 2017). Briefly, cement plugs must be 
placed at specified intervals to protect and isolate oil and gas zones, usable freshwater resources, 
and to protect surface conditions and public health and safety. Mud fluid must be poured into 
intervals not plugged with cement and into all open annuli to prevent movement of other fluids 
into the wellbore. At the surface, the hole and annuli must be plugged, well casing should be cut 
off 5 to 10 ft (1.5 to 3 m) below the surface of the ground, and a steel plate must be welded to the 
top of the casing. Casings should be recovered when possible.  
 
Operators may partially plug and abandon a well to reduce idle well testing requirements (14 
C.C.R. § 1752, 2019). Partially plugged onshore wells must meet all the same requirements as 
fully plugged and abandoned wells with the exception of requirements for surface plugging, casing 
recovery, and post-plugging environmental inspections. Partially plugged wells must be pressure 
tested when they become a long-term idle well, or by April 1, 2024, and every 60 months 
thereafter. Partially plugged wells are not required to undergo engineering analysis. A partially 
plugged and abandoned well provides similar isolation of oil and gas producing zones and 
protection for groundwater as a fully plugged and abandoned well. 
 
 The plugging and abandonment of idle-deserted wells is based on protocols described in the 
CalGEM report Orphan Well Screening and Prioritization Methodology (CalGEM, 2023). Idle wells 
are prioritized for testing or plugging and abandonment based on the age of the well, if the fluid 
level of the wells is above the base of a USDW or freshwater, any downhole issues that would 
prevent reactivation or plugging, economic or operational efficiencies, if the well is a critical well 
or located near geologic hazards, urban areas, or environmentally sensitive areas, or if the well 
poses a threat to life, health, property, or natural resources. Critical wells are defined as wells 
within 300 ft (91 m) of a building intended for human occupancy or airport runway, or 100 ft (30 
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m) of a public recreational facility or area of periodic high-density population, navigable body of 
water, public street, highway, or railway, or a wildlife preserve (14 C.C.R. § 1720, 2006).  
 
In 2019, California passed Assembly Bill 1328 (2019), which requires CalGEM and CARB to 
conduct a study of fugitive emissions, including TACs and VOCs, from a representative sample 
of idle, idle-deserted, and abandoned wells. The results of this study have not been published. To 
the best of our knowledge, there are no long-term monitoring requirements for plugged and 
abandoned wells in California or in other states, though some California municipalities require 
leak testing and visual inspection of abandoned wells prior to the development of an area (City of 
Carson, 2021; City of Signal Hill, 2020).  
 
There is no agency that currently regulates emissions from abandoned and plugged wells, 
although CalGEM recently implemented a regulation for idle wells — 14 C.C.R. § 1772.1 — as 
described above. In 17 C.C.R. § 95665-95677 (2017), CARB has laid out regulations for 
emissions from oil and gas infrastructure, including Leak Detection and Repair (LDAR). CARB 
explicitly exempts abandoned wells from these requirements, defining a well in § 95667 as: 
 

”Well” means a boring in the earth for the purpose of the following: 
(A) Exploring for or producing oil or gas. 
(B) Injecting fluids or gas for stimulating oil or gas recovery. 
(C) Re-pressuring or pressure maintenance of oil or gas reservoirs. 
(D) Disposing of oil field waste gas or liquids. 
(E) Injection or withdraw of gas from an underground storage facility. 
 

For the purpose of § 95667, wells do not include active observation wells as defined in P.R.C. § 
3008 subdivision (c), or wells that have been properly abandoned in accordance with P.R.C. § 
3208. 

 
According to California definitions above, a well must have no production for 24 consecutive 
months to become classified as an idle well, so until then the well would remain subject to the 
regulations noted above. 
 
There is currently no regulation of groundwater contamination from poorly or improperly 
abandoned wells. Current regulations specify that a properly abandoned well should have a 
cement plug above and below the aquifer layer in the plugged well. But as noted earlier in this 
section, many wells have not been properly abandoned, are unrecorded, or the plugging materials 
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6.4. Health and Safety Hazards, Risks and Impacts Associated with 
Legacy Infrastructure 

Oil and gas pipelines and associated infrastructure that are abandoned in-place will inevitably 
corrode and lose structural integrity (Crosby et al., 2015). Any persistent residual contaminants 
within the pipeline or associated components that outlive the rate of deterioration are at risk of 
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release into the surrounding environment. Other potential hazards associated with the in-place 
abandonment of pipelines include the drainage and subsequent contamination of surface water 
or groundwater through pipelines, ground subsidence due to failing structural integrity, and 
physical exposure and damage to pipelines from erosion, geohazards, or hydrotechnical hazards 
(Arcadis Canada, 2019). It is predicted that, for the United States at large, problems associated 
with legacy oil and gas infrastructure will increase in the future due to hydraulic fracturing and the 
expansion of production from shale in the past decade (Federal Facilities Research Center 
Radiation Focus Group, 2014). It is also the case that pipeline abandonment regulations have 
been in place for some time, with the potential result that pipelines on the surface in rural or 
undeveloped areas are likely removed and underground pipelines that are generally found in 
developed urban areas have been abandoned in place after flushing and "inerting." When this is 
the case, only very old abandoned and, in some cases, insulated pipelines are likely to have 
residual contaminants. We expect pipelines in the oil fields of California to be above ground when 
it is more economical to run them on the surface, unless the pipelines run thorough public or 
private property. 

6.4.1. Hazards Associated with Legacy Abandoned Pipelines and Infrastructure  
As abandoned oil and gas pipelines and infrastructure corrode over time, contaminants that may 
be released into the environment include components of the oil and gas transfer stream deposited 
scales, naturally occurring radioactive materials (NORM) and technologically enhanced naturally 
occurring radioactive materials (TENORM), treatment chemicals, pipe coatings, and metals due 
to corrosion (Thorne et al., 1996). A list of possible contaminants is provided in Table 6.3. 
Contaminants released into the environment may leach into underlying groundwater resources, 
seep up to the surface where they may volatilize or impact water resources, or become airborne 
as particulates from excavation or exposure due to erosion. Human health impacts associated 
with the release of treatment chemicals, components of oil and gas, NORM, and TENORM to the 
environment are discussed previously in Chapters 2, 4, and 5. 
 
NORM, TENORM, PCBs, and asbestos are of particular concern due to their documented 
accumulation or use in legacy pipelines and infrastructure, environmental persistence, and well-
documented human health impacts. TENORM/NORM, PCBs, and asbestos are discussed in 
further detail in the following sections.  
 
As abandoned pipelines corrode and perforations form, they may act as water conduits, 
channeling surface water, groundwater, and other infiltrated materials to another location (Amec 
Foster Wheeler Environment & Infrastructure, 2017; Pipeline Abandonment Steering Committee, 
1996; Swanson et al., 2010). Water that travels through abandoned pipelines may mobilize any 
residual contaminants within the pipeline and contaminate soil and water resources down gradient 
(Amec Foster Wheeler Environment & Infrastructure, 2017; Pipeline Abandonment Steering 
Committee, 1996; Swanson et al., 2010). Changes in natural drainage patterns could also 
negatively affect wetland and marsh ecosystems while simultaneously flooding other areas. A 
literature review conducted on behalf of the Pipeline Abandonment Steering Committee found 
that although abandoned pipelines becoming water conduits is a commonly cited hazard, there 
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were no documented cases of this actually occurring (Amec Foster Wheeler Environment & 
Infrastructure, 2017). 
 
Abandoned pipelines that cross or pass alongside waterways and other bodies of water may 
become exposed due to hydrotechnical hazards including scouring, bank erosion, and flooding 
or failure of buoyancy control mechanisms (Pipeline Abandonment Steering Committee, 1996; 
PHMSA, 2019). These abandoned pipelines will be more susceptible to structural failure due to 
lateral water forces, impacts from debris or watercraft, and erosion of supporting soils. 
Subsequent releases of contaminants into waterways have the potential to impact large 
geographical areas and contaminate drinking water resources for downstream communities  
(PHMSA, 2019). In addition to potential contamination of surface water from pipeline corrosion 
and failure, these pipelines could pose a physical hazard for recreational and/or commercial 
activities (Swanson et al., 2010).  
 
Ground subsidence can occur when abandoned pipelines corrode and collapse. Subsidence is 
primarily a concern for large transmission pipelines (Pipeline Abandonment Steering Committee, 
1996). Gathering lines and flowlines, used to transport raw gas, crude oil, and/or produced water 
from wells to larger connection points and processing facilities, are generally smaller in diameter 
than transmission lines, and their potential for ground subsidence is expected to be minimal. 
However, gathering lines and flowlines represent a larger challenge with respect to integrity due 
to the variety of fluids transported, their more dispersed nature, and difficulties in inspection and 
monitoring (Godin, 2014).  
 
Table 6.3. Possible contaminants that may be released into the environment by abandoned oil and gas 
pipelines. Source: Adapted from Thorne et al. (1996). 

Category Subcategory Examples 

Components 
in oil and gas 
stream 

Hydrocarbons Cycloalkanes; monoaromatic hydrocarbons; polyaromatic 
hydrocarbons; polyaromatic sulfonated hydrocarbons, n-hexane, BTEX 

Sulfur 
compounds 

Hydrogen sulfide; carbon disulfide; carbonyl sulfide; mercaptans, 
including ethylated and methylated forms 

NORM/TENORM Barium, strontium, radium, uranium, radon decay products: lead-210, 
bismuth-210, polonium-210 

Metals Mercury, nickel, vanadium, chromium, arsenic 

Deposited 
scales 

Corrosion scale Iron(II) sulfide, iron oxides, iron(II) carbonate 
Hardness scale Calcium carbonate, calcium sulfate, barium sulfate 
Other Asphaltenes, waxes, gums, resins, paraffins, naphthalenes, bitumens 

Treatment 
chemicals 

Scale control Hydrochloric acid, with phosphate-type inhibitor and sodium or 
ammonium hydroxide neutralizer, xylene, toluene 

Corrosion 
inhibitors 

Kerosene, sodium dichromate, hexametaphosphate, silicates, 
quaternized amines 

Biocides Cocodiamine, glutaraldehyde, sodium hypochlorite  

Coolants PCBs, triaryl phosphates, terphenyls, glycols (propylene; mono, di, and 
tri ethylene), brine and alcohol-based coolants 
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Category Subcategory Examples 

Pipe body and 
metal wear 

Pipe body 
Iron (97 to 99% by weight), manganese (0.5 to 2.0% by weight), 
copper, nickel, molybdenum, chromium, carbon (0.5 to 1.0%), sulfur, 
phosphorus, tin, lead, bismuth, arsenic, zinc, cadmium, tungsten, 
magnesium, aluminum, calcium, cerium, silicon, boron (trace) 

Metal wear 
Niobium (toughening agent); vanadium, titanium (strength at low 
temperatures); copper, zinc, chromium, cadmium (compressor wear); 
aluminum 

Welding rod 
Carbon steel, stainless steel, cast iron, copper, brazing copper silicon 
with phosphor-bronze, brazing naval bronze with manganese-bronze, 
silver solder, soft solder (primarily lead), and wrought iron  

Sacrificial 
anodes Lead, chromium, iron, magnesium, tungsten, aluminum, zinc 

Pipe coatings 
and 
degradation 
products 

Coal tar Toluene, xylene, anthracene, and other polycyclic aromatic 
hydrocarbons 

Wraps Coal tar enamel, glass or asbestos outer wrap, blown bitumen 
(asphalt), fiberglass wrap, asbestos felt 

“yellow jacket” Rubberized asphalt mastic, high density polyethylene, carbon black 
Fusion bonded 
epoxy 

Bisphenol, epichlorohydrin resin, amine or anhydride based hardener, 
chalk, silica 

“blue jacket” Chromate pretreatment, epoxy resin, adhesive, high density 
polyethylene 

 

Abandoned Pipelines and Infrastructure: TENORM/NORM 
As discussed in Chapter 2, Section 2.3.3, NORM from the subsurface are typically transported to 
the surface during oil and gas production with produced water and precipitate out as scale or 
scale-bearing sludge within piping and upstream infrastructure such as gas dehydrators, oil and 
water separators, and associated water lines (Department of Health Services Radiologic Health 
Branch & DOGGR, 1996; The Cadmus Group, 1995; US EPA, 2022b). NORM that becomes 
concentrated due to oil and gas extraction and processing are generally classified as TENORM. 
The two radionuclides that are typically present in oil and gas produced water and scale are 
radium-226 (half-life=1,600 years) and radium-228 (half-life=5.8 years) (USGS, 1999). Scale and 
incorporated TENORM are usually found in the greatest concentrations in piping in close proximity 
to the wellhead and other infrastructure that has extended contact with produced water (US EPA, 
1991; USGS, 1999). Accumulation is time-dependent, with pipelines in longer service more likely 
to have greater concentrations.  
 
Building over oil and gas infrastructure creates a range of human exposure scenarios. As 
discussed in Chapter 2, Section 2.3.3, the immediate concern with TENORM from buried 
pipelines is gamma radiation exposure, while the major and long-term concern is future land use 
management redevelopment in areas of buried pipelines (Pipeline Abandonment Steering 
Committee, 1996). The half-life of radium-226 is 1,600 years, so the use of long-term institutional 
restrictions is not feasible. Oil and gas fields that do not appear habitable today could contain 
houses or buildings within 100 years or more. If excavation occurs during construction, in addition 
to gamma radiation exposure, there is concern of exposure to beta and alpha particles by 
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inhalation of dust during excavation. Furthermore, exposure of buried abandoned pipelines may 
occur naturally from erosion, geohazards (e.g., earthquakes, landslides), or hydrotechnical 
hazards (e.g., floods, bank erosion, scouring), increasing potential exposure to TENORM. Since 
there are likely a large number of pipelines buried in fields in California, this is likely to be a major 
legacy issue associated with legacy oil and gas development in California. 
 
In the absence of excavation, there is also concern about intrusion of radon-222 gas (half-life=3.8 
days) — a decay product of radium-226 — into buildings with subsequent inhalation by 
inhabitants. The U.S. EPA CERCLA standard for remediation of radium contaminated soils below 
15 cm (6 in) is 15 picocuries per gram (pCi/g) above background (40 C.F.R § 192.12, 1995). Since 
pipelines are expected to corrode and eventually breakdown into the surrounding soil, this 
standard appears applicable to pipe scale and the long-term, near surface disposal of pipes. In 
areas of production where gas is retained inside of pipes and other components, lead-210 (half-
life=22 years) — a decay product of the gas radon-222 and a beta and gamma emitter — may 
also accumulate over time; a TENORM issue that can differ from areas associated with scale 
accumulation (Faria & Moreira, 2016). 
 
TENORM that is less than 0.05% uranium or thorium by weight falls outside of the control of the 
U.S. Nuclear Regulatory Commission (Ann Glass Geltman & LeClair, 2018). Although the U.S. 
EPA has provided guidance on the issue of TENROM (US EPA, 2003), they do not currently 
regulate it (Thompson et al., 2015). A number of states have developed or are developing 
regulations on the disposal of TENORM associated with oil and gas development — California is 
not one of them. Existing state regulations for the classification of oil and gas NORM/TENORM 
for waste management and disposal purposes are provided in Table 6.4. It is important to note 
that many states do not draw a regulatory distinction between TENORM and NORM (Thompson 
et al., 2015). In an effort to promote uniform regulation of TENORM, the Conference of Radiation 
Control Program Directors has developed suggested state regulations for TENORM 
concentrations and dose thresholds in the oil and gas industry (Conference of Radiation Control 
Program Directors, 2004; Thompson et al., 2015) (see Table 6.4). 
 
The International Commission on Radiological Protection (ICRP) has set dose limits for both 
public and worker exposures to NORM from oil and gas operations (ICRP, 2019). The ICRP 
reference dose level for protection of the public “should be selected of the order of a few mSv 
[millisievert] per year, or below” (ICRP, 2019). The ICRP reference dose for protection of workers 
is “of the order of a few mSv per year, or below, for most cases; and above a few mSv, but very 
rarely exceeding 10 mSv year-1.” Most of the dose thresholds in Table 6.4 are hourly rates. Four 
states (Illinois, Maine, New Jersey, Virginia) have annual dose thresholds, and these are 
compliant with ICRP recommendations. For states that have hourly thresholds, it would be 
necessary to restrict exposure time to be ICRP compliant. For example, at 0.5 uSv/hr 
(microsieverts per hour), an annual dose of 1 mSv would accrue in 2,000 hours of exposure and 
at 0.02 mSv/hr, an annual dose of 1 mSv would accrue in 50 hours.  
 
Dose limits for NORM and TENORM have been recommended by the ICRP and standards have 
also been established by several states as noted in Table 6.4, California currently has no 
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mandatory monitoring program to confirm compliance with ICRP or California radiation protection 
standards and/or to confirm that California populations are not exposed to unacceptable risk from 
NORM and TENORM. 
 
Table 6.4. Summary of regulations concerning NORM or TENORM thresholds for waste management 
and disposal. Source: Adapted from Thompson et al. (2015). 

State or 
Organization 

Concentration threshold for NORM/TENORM 
below which waste is exempt 

Dose threshold for 
NORM/TENORM below 
which waste is exempt 

Conference 
of Radiation 
Control 
Program 
Directors 

0.185 Bq/g (5 pCi/g) of Ra-226 and/or Ra-228 0.5 µSv/hr (50 µR/hr) at any 
accessible point, including 
background 

Alabama 0.185 Bq/g (5 pCi/g) of combined Ra-226 and Ra-228  0.5 µSv/hr (50 µR/hr) at 
contact with the NORM or 
NORM-contaminated article, 
including background 

Arkansas 0.185 Bq/g (5 pCi/g) of Ra-226 and/or Ra-228, 0.05% 
by weight of uranium or thorium, or 5.55 Bq/g (150 
pCi/g) of any other NORM radionuclide, provided that 
these concentrations are not exceeded at any time 

0.5 µSv/hr (50 µR/hr) above 
background for equipment 
exposure level at any 
accessible point 

Georgia 0.185 Bq/g (5 pCi/g) of technologically enhanced Ra-
226 or Ra-228 in soil or other media, averaged over 
any 100 square meters (1,076 square feet) and 
averaged over the first 15 cm (6 in) of soil below the 
surface, in which the radon emanation rate is equal to 
or greater than 0.74 Bq (20 pCi) per square meter per 
second 

0.02 mSv/hr (2 mrem/hr) 18 
inches from the NORM 
contaminated material  

Illinois 7.4 Bq/g (200 pCi/g) (dry weight basis) for sludges and 
water treatment residuals from the treatment of 
groundwater provided disposal is effected through one 
of two regulated pathways. Sludges beneath 0.111 
Bq/g (3 pCi/g) (dry weight basis) are unregulated/not 
subject to exempt restrictions/requirements  

0.10 mSv (10 mrem) per year 
above background exposure 
due to TENORM 

Louisiana 0.185 Bq/g (5 pCi/g) of Ra-226 or Ra-228 above 
background or 5.55 Bq/g (150 pCi/g) of another 
NORM radionuclide  

0.5 µSv/hr (50 µR/hr) above 
background for equipment 
exposure level 

Maine 0.185 Bq/g (5 pCi/g) above background  1 mSv/yr (0.1 rem/yr) total 
effective dose for maximally 
exposed individual 
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State or 
Organization 

Concentration threshold for NORM/TENORM 
below which waste is exempt 

Dose threshold for 
NORM/TENORM below 
which waste is exempt 

Mississippi  0.185 Bq/g (5 pCi/g) of Ra-226 or Ra-228 above 
background; or concentrations less than 1.11kBq/kg 
(30 pCi/g) of technologically enhanced Ra-226 or Ra-
228, averaged over any 100 square meters (1,076 
square feet), provided the radon emanation rate does 
not exceed 740 mBq (20 pCi) per square meter per 
second, or 5.55 kBq/kg (150 piCi/g) of any other 
NORM radionuclide, provided that these 
concentrations are not exceed at any time 

0.25 µSv/hr (25 µR/hr) above 
background for equipment 
exposure level at any 
accessible point 

Nevada1 0.555 Bq/g (15 pCi/g) Ra-226 - 

New Jersey 37 kBq (0.1 microcurie) 0.15 mSv/yr (15 mrem/yr) 
total effective dose equivalent 

New Mexico 1.11 Bq/g (30 pCi/g) or less of Ra226, above 
background, or 5.55Bq/g (150 pCi/g) or less of any 
other NORM radionuclide above background, in soil, 
in 15 cm (6 in) layers, averaged over 100 square 
meters (1,076 square feet). 

0.5 µSv/hr (50 µR/hr) at any 
accessible point, including 
background 

New York  Any NORM that is processed and concentrated is 
subject to regulation. TENORM from oil and gas 
production is not allowed for landfill disposal. (See 
6NYCRR Part 380-1.2 (e) and 380-4.2.)  

Note: High volume hydraulic 
fracturing for gas has been 
banned in the state of New 
York. 

North 
Dakota1  

0.185 Bq/g (5 pCi/g) total radium - 

Ohio 185 Bq/kg (5 pCi/g) above background 0.5 µSv/hr (50 µrem/hr) 
including background 

Oregon 185 Bq/kg (5 pCi/g) of radium, 0.05% by weight of 
uranium or thorium or 5.55 kBq/kg (150 pCi/g) of any 
other NORM radionuclide provided that these 
concentrations are not exceeded at any time 

Material that may be released 
to the general environment in 
groundwater, surface water, 
air, soil, plants, and animals 
shall not result in an annual 
dose above background 
exceeding an equivalent of 
0.25 mSv (25 mrem) to the 
whole body or 0.75 mSv (75 
mrem) to the critical organ of 
any member of the public 



 

6-26 

State or 
Organization 

Concentration threshold for NORM/TENORM 
below which waste is exempt 

Dose threshold for 
NORM/TENORM below 
which waste is exempt 

Pennsylvania No pre-approval required for TENORM waste disposal 
in RCRA D facilities if the combined radium activity is 
less than 0.185 Bq/g (5.0 pCi/g), and below 1 cubic 
meter in volume 

- 

South 
Carolina 

1.11 Bq/g (30 pCi/g) or less of technologically 
enhanced natural radiation due to Ra-226 or Ra-228 
in soil, averaged over any 100 square meters (1,076 
square feet) and averaged over the first 15 cm (6 in) of 
soil below the surface, provided the radon emanation 
rate is less than 0.74 Bq (20 pCi) per square meter per 
second, OR 0.185 Bq/g (5 pCi/g) or less of 
technologically enhanced natural radiation due to Ra-
226 or Ra-228 in soil, averaged over any 100 square 
meters (1,76 square feet) and averaged over the first 
15 cm (6 in) of soil below the surface, in which the 
radon emanation rate is equal to or greater than 0.74 
Bq/g (20 pCi) per square meter per second  

0.5 µSv/hr (50 µR/hr) at any 
accessible point, including 
background 

Tennessee1 1.11 Bq/g (30 pCi/g) Contact dose rate 0.5 µSv/hr 
(50 µR/hr) 

Texas2 1.11 Bq/g (30 pCi/g) or less of Ra-226 or Ra-228 and 
also contains 5.55 Bq/g (150 pCi) or less per gram of 
any other NORM radionuclide in soil, averaged over 
any 100 square meters (1,076 square feet) and 
averaged over the first 15 centimeters (6 in) of soil 
below the surface 

0.02 mSv/hr (2 mrem/hr) at 18 
inches from the NORM 
contaminated material  

Utah1 0.555 Bq/g (15 pCi/g) Ra-226  - 

Virginia 0.185 Bq/g, 185 Bq/kg (5 pCi/g) above background  1 mSv/y (100 mrem/y) total 
effective dose from TENORM 
for maximally exposed 
individual, excluding natural 
background 

1. TENORM regulated as “Other Radioactive Material.” 
2. Only applies to oil and gas TENORM. 
Abbreviations: Bg - becquerel; mBg - megabecquerel; kBg - kilobecquerel; mSv - millisievert; mrem - millrem; 
NORM - naturally occurring radioactive materials; pCi - picocurie; TENORM - technologically enhanced naturally 
occurring radioactive material; µR - microroentgen; µrem - microrem; µSv - microsievert 

6.4.1.1 Abandoned Pipelines and Infrastructure: PCBs 
The presence of PCBs in pipelines is primarily a legacy issue. PCBs were used from the 1950s 
to the 1970s as components of working fluids in compressors, pipeline lubricants, fogging agents, 
and valve grease, and migrated throughout gas systems (American Gas Association, 2010; US 
EPA, 2004). PCBs were also used in certain gas pipeline coatings (e.g., coal tar) (American Gas 
Association, 2010; Con Edison, 2012). PCBs are environmentally persistent, known human 
carcinogens, and can adversely alter the immune system, nervous system, thyroid, and hormonal 
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system, increasing the risk of infertility, heart disease, hypertension, diabetes, liver disease, and 
asthma (Carpenter, 2006; IARC, 2016). PCB contamination is a well-known hazard and action 
should be taken to remediate and/or manage PCBs during pipeline abatement. Priority for PCB 
management on pipeline abatement should be granted to those sections of pipe/areas with the 
highest potential for introducing PCBs along exposure pathways to humans (e.g., through soil, 
water) and sections where PCBs may accumulate.  
 
Gas pipelines with PCB concentrations ≥50 parts per million (ppm) are regulated under 40 C.F.R. 
§ 761.60 (b)(5) of the Toxic Substances Control Act (TSCA), and can be abandoned in place if 
certain provisions are met (40 C.F.R. § 761.60, 1979). An overview of TSCA regulations regarding 
in place abandonment of PCB contaminated pipelines is provided in Table 6.5.  
 
In the absence of excavation and disposal, an assumption should be made that pipelines will 
corrode and PCBs will be incorporated into soil. PCBs would be expected to be present in scale 
and sludge in pipelines. The U.S. EPA has developed methods for determining remediation 
criteria for contaminated soils, which are applicable to California. CalGEM has an opportunity to 
use the U.S. EPA remediation criteria to estimate concentrations of PCB in scale or the lining of 
pipes that could result in a soil contaminated at an unacceptable level. 

6.4.1.2 Abandoned Pipelines and Infrastructure: Asbestos 
Prior to 1980, asbestos was used in oil and gas infrastructure as a component of gaskets, 
sealants, and in pipeline coatings (e.g., coal tar enamel or asphaltic enamel pipe wrap) to protect 
from corrosion and the elements (Con Edison, 2012; Howell, 2011; US EPA, 2019). Exposure to 
asbestos from buried pipelines may occur due to overlying development and excavation, or from 
erosion and other hazards that expose friable pipeline coatings to the environment. Inhalation of 
asbestos can negatively impact lung function, increase the risk of lung cancer and mesothelioma, 
and is a documented health concern in oil refinery workers (ATSDR, 2016; Gennaro et al., 2000).  
 
Pipeline wrap that contains more than 1% asbestos and that can be crumbled, pulverized, or 
reduced to powder by hand pressure when dry is considered friable and is a regulated asbestos-
containing material (RACM) that requires specific training and procedures for safe excavation and 
disposal (40 C.F.R. § 61.141, 1995). Asbestos-containing materials that may become friable 
during sanding, grinding, cutting, or abrading, or during demolition or renovation are also RACM 
(40 C.F.R. § 61.141, 1995). Intact pipeline wrap that is in good condition and nonfriable generally 
retains asbestos fibers within the coal tar or asphaltic matrix and is not considered a RACM 
(American Gas Association, 2006; BP U.S. Pipelines and Logistics, 2019). These materials can 
be manually removed with hand tools that shear or slice with minimal protective measures (BP 
U.S. Pipelines and Logistics, 2019).  
 
To the best of our knowledge, there is no public database of pipelines, flowlines, gathering lines, 
or other oil and gas infrastructure that may contain asbestos. Thus, the extent of asbestos use in 
legacy oil and gas pipelines and infrastructure in California is unknown. However, Southern 
California Gas and San Diego Gas & Electric, two major gas utilities in California, have compiled 
historical construction records and estimate that they operate a combined 1,850 km (1,150 miles) 
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of transmission pipelines that use coal tar pipeline wrap and may contain asbestos (Southern 
California Gas Company & San Diego Gas & Electric, 2016). Although there is significant 
uncertainty about the presence of asbestos in California pipelines, the pipeline records of these 
two utilities suggest that asbestos-containing pipeline wraps are a potential concern that should 
be considered in pipeline excavation and disposal. 

6.4.1.3 Incidents from Abandoned Pipelines 
Regulations regarding pipeline abandonment require pipelines to be purged of oil or combustibles 
prior to abandonment. Despite existing regulations, improperly abandoned pipelines have 
negatively impacted surrounding communities. Two incidents of oil leaking from improperly 
abandoned underground pipelines in California were documented by the DOT Pipeline and 
Hazardous Materials Safety Administration (PHMSA) (PHMSA, 2016). On March 17, 2014, a 
leaking abandoned pipeline in Wilmington released between 36 to 71 barrels (bbl) (5,670 to 
11,360 L; 1,498 to 3,001 gallons) of crude oil into a residential community, leading to numerous 
complaints of foul odors. The leak originated from internal pinhole corrosion on a weld. On 
October 28, 2015, an abandoned pipeline leaked approximately 28 bbl (4,450 L; 1,176 gallons) 
of oil-water mixture onto a busy intersection in Cypress. In both cases, the owners of the pipelines 
at the time were under the impression that the pipelines were properly purged and abandoned by 
the previous owners at the time of purchase (PHMSA, 2016).  
 
In 2017 in Firestone, Colorado, improperly abandoned gas pipelines were responsible for leaking 
gas into a home, causing an explosion which killed two and injured two others (National 
Transportation Safety Board, 2019). Colorado regulations at the time required abandoned 
pipelines to be disconnected from hydrocarbon sources, purged, depleted to atmospheric 
pressure, and sealed.  

6.4.2. Pipeline Abandonment Regulations 
Although interstate pipelines for distribution of oil, gas, and petroleum products are downstream 
from oil and gas production, the regulation of abandoned downstream pipelines offers insight on 
the regulation of abandoned upstream pipelines. To gain insight for abandoned pipelines in 
California oil and gas production we provide in this section a review of U.S. federal regulations 
that apply to abandoned interstate pipelines, as well as abandoned pipeline regulations in  
Colorado and Canada. 
 
Interstate pipelines are regulated at the federal level by PHMSA. Under 49 C.F.R. Part 195.402(c) 
and 192.727(b), pipelines abandoned in-place must be disconnected from operating pipeline 
systems, purged of combustibles, and sealed prior to abandonment. PHMSA does not recognize 
an idle, inactive, or decommissioned status for pipelines; pipelines are considered either active 
and subject to all safety regulations, or abandoned (PHMSA, 2016). 
 
Abandonment of pipelines and flowlines on Bureau of Land Management-managed land requires 
flushing and disposal of any fluids and removal of any surface lines or shallow lines that may be 
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exposed due to wind or water erosion (US Department of the Interior & US Department of 
Agriculture, 2007). Deeply buried pipelines and flowlines can be abandoned in-place.  
 
In California, CalGEM regulates oil and gas production equipment, including pipelines, from the 
wellhead to the sales meter. Downstream, the Office of the State Fire Marshal Pipeline Safety 
Division has authority to enforce federal and state regulations for intrastate hazardous liquid 
pipelines; intrastate gas and liquid petroleum gas pipelines are regulated by the California Public 
Utilities Commission. Under 14 C.C.R. § 1776, well site and lease restoration requires operators 
to submit a lease restoration plan prior to the plugging and abandonment of the last well on a 
lease (14 C.C.R. § 1776, 2006). Lease restoration requires the removal of all tanks, above-ground 
pipelines, debris, and other facilities and equipment. Remaining buried pipelines must be purged 
of oil and filled with an inert fluid. Lease restoration must be completed within one year of plugging 
and abandonment of the last well. 
 
The handling and disposal of gas pipelines with PCB concentrations ≥50 ppm are regulated under 
U.S. EPA TSCA (40 C.F.R. § 761.60, 1979). These pipelines can be removed with subsequent 
disposal to a licensed facility, or they can be abandoned in-place under the provisions 
summarized in Table 6.5.  
 
Table 6.5. Summary of provisions for in-place abandonment of gas pipeline systems containing PCBs 
≥50 ppm under EPA TSCA (40 C.F.R. § 761.60(b)(5)). 

Inside 
diameter 

requirement 

Free-flowing 
liquids 

PCBs 
requirement 

Sealing 
requirement 

Other requirements 

≤4 inches No free-
flowing liquids 

PCBs of any 
concentration 

Each end is 
sealed closed 

● Include pipeline in public service 
notification program. 

● Pipe filled to 50% volume or more 
with grout or polyurethane foam. 

Any No free-
flowing liquids 

PCB 
concentration 
determined 
after last 
transmission 
or at time of 
abandonment 

Each end is 
sealed closed 

- 

Any No free-
flowing liquids 

PCBs of any 
concentration 

Each end is 
sealed closed 

● Interior surface decontaminated 
using solvent washes. Must 
recover 95% of solvent volume. 
Recovered solvent PCB 
concentration must be <50 ppm. 

● Pipe filled to 50% volume or more 
with grout or polyurethane foam. 
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Inside 
diameter 

requirement 

Free-flowing 
liquids 

PCBs 
requirement 

Sealing 
requirement 

Other requirements 

Any - PCBs of any 
concentration 

- ● Drain and dispose of free-flowing 
liquids. 

● Decontamination of surfaces 
using either kerosene, diesel fuel, 
terpene hydrocarbons, or terpene 
hydrocarbon/terpene alcohol mix. 

● Multiple decontamination 
treatments required if PCB 
concentration in free-flowing liquid 
is >10,000 ppm. 

• Submit an alternate 
decontamination plan to EPA 
regional administrator. 

Pipeline Abandonment Regulations in Other Regions 
In Colorado, flowlines (defined as any pipe segment that transfers oil, gas, condensate, or 
produced water between a wellhead and processing equipment) and crude oil transfer lines can 
be abandoned in place by physically separating them from sources of fluids or pressure, purging 
any liquids, depressurizing, sealing the ends below grade, cutting risers to the depth of the 
flowline, and removing above ground cathodic protection and equipment (2 Colo. Code Reg. § 
404-1-1105, 2020).  
 
Canadian regulations surrounding pipeline abandonment vary according to province, but 
generally require pipelines to be purged with water or an inert gas, cleaned, and plugged or 
capped (Crosby et al., 2015). Cleaning techniques typically consist of some combination of 
pigging and chemical cleaning operations; however, questions remain regarding how clean is 
considered clean (Crosby et al., 2015). 

6.4.2.1 Framework for Pipeline and Infrastructure Abandonment 
The Petroleum Technology Alliance of Canada, the Canadian Energy Pipeline Association, 
Canada’s National Energy Board, the Canadian Association of Petroleum Producers, and other 
stakeholders have collaborated on the Pipeline Abandonment Research Program to develop 
guidelines for pipeline cleaning prior to abandonment (Crosby et al., 2015) and a risk-based 
decision-making framework for pipeline abandonment (Arcadis Canada, 2019). This decision-
making framework evaluates six categories of physical and technical hazards related to pipeline 
abandonment (Arcadis Canada, 2019): 
 

1. Chemical impacts to soil or groundwater from former operations (i.e., existing 
contamination at the site). 

2. Environmental impacts from pipeline materials abandoned in place. 
a. Residual products, lubricants, treatment chemicals (including NORM and PCBs). 
b. Leaching of construction materials and coatings. 
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c. Presence and exposure of asbestos. 
3. Drainage of surface water or groundwater through pipeline. 
4. Ground subsidence. 
5. Exposure of pipeline due to erosion and geohazards. 
6. Exposure of pipeline due to hydrotechnical hazards. 

 
This framework may act as a basis for developing a similar scientifically defensible risk-based 
decision-making pipeline abandonment framework in California. 

6.5. Discussion 

6.5.1. Lack of Data Collection Relevant to Assessing Health and Safety Risks 
Several studies suggest that CalGEM undercounts the number of abandoned wells, particularly 
legacy abandoned wells with incomplete or undigitized historical records. These unrecorded wells 
tend to be old, unplugged wells or improperly plugged abandoned wells. Similarly, records are 
not always maintained for abandoned and legacy pipelines and operators are not required to 
report abandoned, removed, idle-deserted, or deserted pipelines in pipeline management plans. 
 
Because idle production wells must be non-producing for a 24-month period, there is an inherent 
lag between when production stops and a well is categorized as idle. Thus, the true number of 
wells that not producing at any given time are likely under-represented in CalGEM’s “All Wells” 
dataset. Long-term idle wells were not differentiated from other idle wells in the "All Wells" dataset. 
Other means of determining the number of long-term idle wells, or wells that may become idle in 
the future, require analyzing production data on an individual-well basis over periods of years. 
This information is available and included in required legislative reporting, but collecting and 
organizing it is labor intensive. Although CalGEM has made progress identifying and disclosing 
idle-deserted wells, there remains a large backlog of deserted wells that may potentially be idle-
deserted and need to be evaluated. At a minimum, accurate location and count data for 
abandoned, idle-deserted, and idle wells and associated infrastructure are required for proper 
epidemiological studies and risk assessments. 
 
Studies of emissions from idle and abandoned wells in California primarily focus on methane, and 
even these studies are sparse in California. Additional measurements of methane emissions from 
abandoned (plugged and unplugged) wells are needed with a large sample set and a random 
sample selection, designing the study to determine whether parameters such as well status, 
geography, geology, or age of well explain some of the variability in the emission rates. Studies 
of VOC and TAC emissions from idle and abandoned wells in California are limited in scope and 
geographic coverage and are insufficient to characterize emission trends on a broader level. 
However, studies in other states have found that VOCs and TACs are co-emitted with methane 
from upstream oil and gas wells. Additional emissions monitoring, such as that required under AB 
1328, and public disclosure of the composition of VOCs and TACs from idle and abandoned wells 
in California are needed to assess air pollution health risks and better inform policy makers. 
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6.5.2. Locations of Idle and Abandoned Wells and Safety Concerns in Densely 
Populated Areas 
Idle wells are generally located in many of the same areas as active wells and are capable of 
returning to active status after production or injection for a period of six months. Likewise, active 
wells may become idle after no production or injection for a period of 24 months. There is strong 
evidence that proximity to active wells is linked to a variety of adverse health outcomes (see 
Chapter 3); however, only two studies in California examined proximity to idle wells, one of which 
observed a positive relationship between lung function and distance from both active and idle 
wells out to 1 km (3,281 ft). According to the proximity analysis in Chapter 7, approximately 3 
million people live within 1 km (3,281 ft) of an “active-producing” well in California. Abandoned 
wells are generally more dispersed throughout the state compared to active and idle wells, and it 
is unclear how many people in California live within a given proximity of an abandoned well. At 
some point in the future, all current active and idle wells will become abandoned wells, at which 
point the number of people living within 1 km (3,281 ft) of an abandoned well could easily exceed 
3 million. The available environmental public health literature is insufficient to draw conclusions 
about proximity to abandoned wells and legacy oil and gas infrastructure as a risk factor for 
adverse health outcomes. Additional epidemiological studies that take into account idle and 
abandoned wells would increase the understanding of underlying exposure sources and 
pathways as well as elucidate which types of wells may be of the greatest concern with regard to 
human health outcomes (Tran et al., 2020). This data could then be used to inform future 
regulatory decisions regarding the prioritization of monitoring, inspection, and plugging and 
abandoning to reduce community exposure from various types of wells. 
 
Building on or near abandoned wells, particularly legacy abandoned wells, or improperly 
abandoned pipelines may present serious explosive hazards and health risks to residents in 
densely populated areas (Chilingar & Endres, 2005). Studies of emissions from upstream oil and 
gas development in California have documented methane emissions from abandoned wells 
(Lebel et al., 2020). In urban and residential areas, methane from nearby or underlying sources 
can migrate and accumulate in confined spaces, becoming an explosion and fire hazard. Multiple 
instances of gas seepage from both natural faults and abandoned wells have been documented 
in the Los Angeles area, where residential and commercial development have occurred directly 
over oil fields and old legacy abandoned wells (Chilingar & Endres, 2005). Since the Ross Dress 
for Less explosion in 1985, which was possibly linked to leaking gas accumulation, none of the 
documented cases have resulted in explosions. However, they have resulted in homes being torn 
down to access and re-abandon leaking wells, or commercial businesses installing gas detection 
and ventilation systems to mitigate the risk of explosions (Chilingar & Endres, 2005). Potential 
health impacts from contaminants associated with abandoned pipelines and other legacy 
infrastructure, including TENORM, PCBs, and asbestos, also need to be considered for future 
land use and development. As commercial and residential development expands into areas that 
may have previously been used for oil and gas development, there is a clear need to mitigate the 
risk of explosions and exposure to VOCs, TACs, TENORM, PCBs, and other potential 
contaminants through better record keeping, disclosure of locations, and studies of potential 
health impacts associated with legacy abandoned wells, as well as long-term monitoring of 
emissions and integrity of abandoned wells. 
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6.5.3. Economic Issues Associated with Idle, Idle-deserted, and Legacy 
Abandoned Wells 
Economic issues and limited funding availability often result in idle-deserted and improperly 
abandoned legacy wells remaining unplugged for extended periods of time, during which nearby 
communities have been negatively impacted through leaking oil and the emission of VOCs and 
noxious odors (California State Lands Commission, 2017; CalGEM, 2016; SCAQMD, 2016).  
 
If oil prices fall, operators are at increased risk of bankruptcy and wells becoming idle-deserted 
(CCST, 2018; Kang et al., 2021; Williams-Derry, 2020). For smaller operators that are more 
vulnerable to bankruptcy (and more likely to desert wells), and for wells that change ownership 
numerous times during their operational lifetimes, determining financial liability and recovering 
costs for plugging and abandoning may not always be straightforward or feasible (CCST, 2018; 
Western Organization of Resource Councils, 2021). When wells become idle-deserted, the state 
becomes liable for any costs associated with plugging and abandonment. Costs of plugging wells 
in some areas can exceed $1 million per well (California State Lands Commission, 2020; Grilley 
& Welch, 2020), and studies have estimated California’s total liability for plugging and abandoning 
idle-deserted wells to range from tens to hundreds of millions of dollars after bonding 
requirements were taken into account (CCST, 2018; Nelson & Fisk, 2021). Current funding 
appropriations for plugging and abandoning idle-deserted wells is $3 million per year until fiscal 
year 2022–2023, when it will decrease to $1 million (Department of Conservation, 2020). Based 
on estimated costs and appropriations, CalGEM estimates that seven to 33 idle-deserted wells 
will be plugged and abandoned annually, starting in fiscal year 2022-2023. Recent updates to idle 
well regulations have increased both testing requirements and incentives for operators to plug 
and abandon idle wells. As more idle wells are plugged and abandoned, the potential liability to 
the State is reduced. As of 2019, CalGEM identified 24 idle-deserted wells and another 3,265 
deserted or potentially deserted wells that need to be evaluated. 
 
The large number of potentially idle-deserted and improperly abandoned wells, their potential 
impacts to surrounding communities, the costs associated with proper plugging and 
abandonment, and limited funding availability could increase concerns about the existence of 
these wells.  

6.6. Summary 
California has a long history of oil and gas production and there are numerous abandoned wells 
and associated legacy infrastructure located in oil and gas basins throughout the state. CalGEM 
reports approximately 126,000 plugged and abandoned oil and gas wells in California, although 
recent studies suggest that the number of abandoned wells may be underreported by 17% or 
more. There are also an estimated 2,500–5,000 idle-deserted wells in which responsibility to plug 
and abandon falls to the state. The number of abandoned oil and gas wells is only expected to 
increase as individual well production eventually decreases to the point where operation is no 
longer economically viable. At some point in the future, all current active and idle wells will become 
abandoned wells, at which point the number of people living within 1 km (3,281 ft) of an 
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abandoned well could easily exceed 3 million. Less is known about the abundance of abandoned 
pipelines and other legacy infrastructure due to inadequate documentation. Idle, abandoned, 
removed, idle-deserted, and deserted pipelines are not considered active and thus are not 
required to be reported by operators in pipeline management plans submitted to CalGEM. 
Information on abandoned legacy infrastructure will depend on requirements from other regulatory 
agencies or datasets.  
 
Abandoned oil and gas wells, pipelines, and other legacy infrastructure pose multiple concerns 
for public health through both surface and subsurface pathways, including the release of oil, gas, 
produced water, radioactive scale (i.e., TENORM), and legacy pipeline treatment chemicals 
(PCBs, etc). Corrosion and weathering may also release heavy metals from pipeline bodies and 
welds, and hazardous materials used in pipeline coatings such as asbestos.  
 
Current non-methane hydrocarbons (NMHC) and TAC emissions data from abandoned, inactive, 
and idle wells are inadequate to reliably assess the potential impacts on human health. The 
majority of studies of emissions from idle and abandoned wells in California focus on methane 
and studies that have measured NMHC and TAC emissions are limited in scope and geographic 
coverage. Studies of methane emissions from abandoned and idle wells in California have found 
that most emissions come from a small number of wells that are “super-emitters.” Additionally, 
failures in abandoned well integrity that result in emissions or contamination of water resources 
may go undetected for extended periods. Despite this, there are no long-term monitoring 
requirements for abandoned wells. Assembly Bill 1328 (2019) calls for CalGEM and CARB to 
initiate a study of greenhouse gas, TAC, and VOC emissions from idle and abandoned wells with 
cooperation from oil and gas operators; however, the results from this study are yet to be released 
at the time of writing this report.  
 
Available epidemiological literature related to idle, inactive, and abandoned wells is limited. A 
single study found that living nearby and downwind of oil and gas development sites, active or 
idle, was associated with reduced lung function among residents. However, others did not find 
any association with proximity to idle wells and adverse health outcomes. Overall, the available 
environmental public health literature is insufficient to draw conclusions about proximity to inactive 
wells, abandoned wells, and other legacy oil and gas infrastructure as a risk factor for adverse 
health outcomes. 

Key information regarding the number and location of abandoned pipeline and other legacy 
infrastructure, and the characterization of the extent of potential hazards such as PCB and 
TENORM contamination, is needed before health risks can be assessed. Current regulations for 
the handling and management of oil and gas related NORM/TENORM in California are lacking. 
In recent years, improperly abandoned legacy pipelines in California have resulted in events that 
released crude oil and oil-water mixtures to the surface, potentially exposing nearby communities 
to hazards. A risk-based decision-making framework for in-place pipeline abandonment, similar 
to the one developed by Canada, would help mitigate potential issues with groundwater resource 
contamination, future land use, and potential hazards such as PCBs, TENORM, and asbestos. 
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7.0. Abstract 
The peer-reviewed literature is sufficiently clear that oil and gas development (OGD) immediately 
adjacent to places where people live, work, play, and learn poses hazards and risks to public 
health. California has maintained one of the least stringent land zoning regulations (i.e., setbacks) 
in the United States. Consequently, a significant proportion of California residents currently live in 
proximity to OGD, with distinct racial and socioeconomic inequities whereby disadvantaged 
communities are much more likely to be located near OGD. 

Specifically, an estimated 3 million, or approximately 1 in 12 (~8%) California residents live within 
1 km (3,281 ft) of active oil and gas development (OGD). Within these populations, non-Hispanic 
Black Californians disproportionately live near active OGD, and are nearly 50% more likely to 
have at least one active well within 1 km (3,281 ft) of their residence as compared to the average 
Californian. Furthermore, non-Hispanic Black Californians are 87% more likely to have at least 
one active well within 1 km (3,281 ft) of their residence when compared to non-Hispanic White 
populations alone. Distance-based disparities also exist for low income, linguistically isolated 
households, renters, and low educational attainment. Although active-producing wells and 
locations of wastewater disposal infrastructure (e.g., disposal ponds and injection wells) share 
about 70% of observed land-uses, demographic analyses indicate that wastewater facilities do 
not completely mimic population-level inequities observed for active OGD. This discrepancy 
suggests that different populations across California may be disproportionately burdened by 
various sub-sectors of the oil and gas supply chain. Overall, populations living near OGD stand 
to benefit the most from any proximity-based legislation that addresses the public health and 
safety burdens faced by these communities. 

The weight of the scientific evidence indicates that the risk of numerous adverse health outcomes 
(e.g., adverse birth outcomes, respiratory outcomes) increases with higher oil and gas well density 
and hydrocarbon production volume. Given typical spatial clustering of oil and gas wells, many 
Californians that live in proximity to one well likely live in proximity to many wells. Overall, we 
found that 157 census tracts in 16 areas have a well density of at least 10 wells/km2 encompassing 
more than 628,000 Californians. Sixty-four of these 157 census tracts (~40%) have 
CalEnviroScreen 3.0 (OEHHA, 2018), scores designating them as disadvantaged communities, 
with disproportionate socioeconomic, health, and environmental burdens, in addition to the 
burdens associated with upstream oil and gas development. Because a quarter of all California 
census tracts are designated as disadvantaged communities based on CalEnviroScreen scores, 
this finding indicates that disadvantaged communities are overrepresented (1.6 times more likely) 
in census tracts that contain 10 or more wells per square kilometer. The highest mean well density 
was observed in the Los Angeles cluster location, where an area just over 5 mi2 (13 km2) contains 
866 active-producing wells.  

An estimated 1,749 (~8%) pre-K through 12th grade schools are within 1 km (3,281 ft) of at least 
one active-producing well, and 1,014 of these schools (58%) are within 1 km (3,281 ft) of multiple 
wells. Specifically, 107 schools are within 1 km (3,281 ft) of at least 100 wells and 33 schools 
have over 300 wells within a 1 km (3,281 ft) radius. Notably, a relatively small proportion of total 
OGD wells in California (2-7% depending on receptor) have a school, childcare facility, healthcare 
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facility, senior care facility, correctional facility, or park within 1 km (3,281 ft) (with the exception 
of residential buildings). For example, 2,377 out of 83,834 (roughly 1 in 35) wells are within 1 km 
(3,281 ft) of a healthcare facility. This represents just 3% of the total well inventory, with nearly 
97% of wells beyond 1 km (3,281 ft) of any California healthcare facility. These findings suggest 
that nearly all co-locations between OGD and schools, childcare facilities, healthcare facilities, 
senior-care facilities, correctional facilities, and parks could be eliminated by shutting in less than 
7% of California’s total active-producing well inventory. However, over 30,000 (36%) of active-
producing wells are located within 1 km (3,281 ft) of residential buildings indicating a more 
distributed overlap between OGD and Californian residents.  

To mitigate health risks associated with upstream oil and gas development, California should 
implement a health-protective, minimum surface setback distance between upstream oil and gas 
development and human populations. Decision-making regarding the appropriate health-
protective minimum surface setback distance should (1) consider multiple stressors associated 
with upstream oil and gas activities, (2) include an additional margin of safety to account for the 
vulnerabilities of population subgroups, and (3) take into account existing environmental and 
socioeconomic burdens experienced by communities that may enhance vulnerability to the 
adverse health effects of oil and gas development activities. Because exemptions and conditional 
exceptions for minimum surface setback requirements will likely diminish health protections for 
communities and other sensitive receptors, such exemptions and exceptions should be avoided. 
Finally, given the significant proportion of California residents currently living in proximity to OGD, 
the state of California should deploy measures to reduce impacts associated with existing 
upstream oil and gas development. 
 
 
7.1. Purpose 
The purpose of this analysis is to characterize human populations in proximity to existing oil and 
gas activities throughout the state of California. This analysis is framed within a public health 
context that considers the potential human health risks associated with upstream, oil and gas 
development (OGD) in California in tandem with population-level susceptibilities and socio-
economic inequities. Here we use the term “land use co-location'' to describe any occurrences 
where OGD is located within close proximity to human populations. 

Given the findings and conclusions presented in earlier chapters and the importance of proximity 
and public health therein, this California proximity analysis includes multiple sections that address 
various aspects of setback regulations and related well location restriction policies. We first report 
on the state of setback policies in other major oil and gas producing states. We then discuss 
California’s well location restrictions and setback policies that exist for certain jurisdictions within 
California. To inform future rulemaking recommendations, we compare these policies to other 
states, and discuss the precedence that has been set by these policies in terms of risk 
management. We also provide context related to general setback rulemaking and definitions and 
discuss the emerging understanding related to exemptions and exceptions and their potential to 
attenuate the effectiveness of setback policies in practice. Finally, we examine whether specific 
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racially or socioeconomically marginalized people in California are more likely to reside near 
active oil and gas wells. 

7.1.1. Proximity analysis and public health 
A proximity analysis is a type of analysis that anchors data to distinct locations or land areas to 
better understand the spatial relationship(s) between those entities of interest. Within an 
environmental public health context, a spatial proximity analysis is typically designed to 
characterize the spatial relationship(s) between a known or suspected set of source-hazards and 
a set of receptors, such as human populations that may be at risk to exposure from those hazards. 
This type of source-receptor study design is commonly used in environmental public health 
research to examine population-level health risks from hazards that are known to adversely 
impact health given certain exposure conditions. Identifying affected populations that may be 
exposed to a known risk factor can be considered a type of health impact analysis, which is often 
used to evaluate public health consequences of proposed decisions, interventions, or policy 
changes. A proximity analysis also facilitates an environmental justice assessment by assessing 
relative burdens to population sub-groups. “Identifying populations” is one of the five steps 
outlined in the SB 1000 (the Planning for Healthy Communities Act) Implementation Toolkit 
developed by the California Environmental Justice Alliance when performing a vulnerability 
assessment towards reducing unique or compounding health risks in disadvantaged communities 
(CEJA and PlaceWorks, 2017). 

This proximity analysis provides: 

1. Tangible metrics that contextualize the associated public health and safety burdens faced 
by communities living in proximity to OGD. 

2. A comparison of spatial relationships to inform minimum surface setback regulations, and 
identify the associated populations benefitted by various setback distances. 

3. An inequity assessment to determine if disadvantaged communities are more likely to be 
located in proximity to OGD in California. 

4. Information regarding how close some homes and residents are to OGD. 
 
Results of these analyses are discussed in terms of public-health-protective policies. Narrative 
discussions focus on both instances where health impacts may be greatest (e.g., population 
counts at the shortest distances) and where policy and mitigation efforts may be most protective 
(e.g., population counts at the greatest distances). 

To characterize human populations in proximity to existing OGD throughout California, we used 
population and sociodemographic data resolved at the sub-census block level — representing 
the most spatially precise estimates to date. We present OGD in proximity to key sensitive 
receptors, such as schools and health care facilities, resolved at the building footprint and area 
extent resolutions. Finally, by using both the discrete locations of oil and gas wells and more than 
10 million individual building footprints, we also show just how close some California residents 
live near active oil and gas wells. Overall, this proximity analysis employs a high degree of spatial 
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resolution to accurately characterize OGD and the immediately adjacent places where people 
live, work, play, and learn.  

7.2. Background and Justification 
As detailed in Chapters 2, 3, and 4, proximity to upstream OGD is a well-established public health 
risk factor in the peer-reviewed literature. From Chapter 3, public health risks and impacts 
increase with close proximity to oil and gas development. Chapter 4 further elucidates the 
importance of distance to explain differences in findings related to physical hazards, air 
monitoring/modeling studies, exposure assessments, and risks assessments. In sum, the public 
health risk factors associated with upstream OGD identified in the peer-reviewed literature 
include, but are not limited to, residential proximity to upstream oil and gas well sites, well density, 
and production volumes.  

The identification of these multiple risk factors and adverse health effect findings observed in the 
peer-reviewed literature further support mitigation policies, such as minimum surface setback 
distances, to reduce public health risks and impacts. Setbacks are intended to reduce proximal 
population exposures to localized stressors such as toxic air contaminants, noise, and physical 
hazards associated with OGD by attenuating the exposure pathways that may be responsible for 
the observed human health risks and reported impacts in the peer-reviewed literature.  

7.2.1. Review of surface setback regulations in the U.S. 
Setbacks are land-zoning regulations intended to delineate a development-free or exclusion zone 
of land. Setbacks in some of the top producing states are summarized in Table 7.1. An estimated 
20 of the 31 states with oil and gas development have some form of well setback restrictions from 
buildings (NCSL, 2021; Richardson et al., 2013). Many states, municipalities, and local 
governments have recently sought greater setback distances following rapid development in 
unconventional shale plays, particularly in increasingly urbanized areas. For example, following 
substantial growth in unconventional natural gas development in Pennsylvania, in 2012 the 
Pennsylvania General Assembly enacted the Pennsylvania Oil and Gas Act (58 Pa. Cons. Stat. 
§ 3215, 2016) requiring (among other things) a more stringent setback from buildings, increasing 
from 200 to 500 ft (61 to 152 m) for unconventional wells. Similarly, in 2016, Maryland adopted a 
1,000 ft (305 m) setback from any “school, church, drinking water supply, wellhead protection 
area, or an occupied dwelling” (Md. Code Regs. § 26.19.01.09, 2020). And despite a broad 
statewide setback preemption law in Texas, municipalities in Texas have been able to 
independently impose “commercially reasonable” setbacks (Tex. H.B. No. 40, 2015). Most 
recently, in 2020 the state of Colorado passed a 2,000 ft (610 m) setback from the “working pad 
surface” for residential buildings, high occupancy buildings, schools, and childcare centers. The 
exemption language for each building type includes additional informed consent, which requires 
consent from both building owners and tenants, as well as providing information in the languages 
used by populations living within the setback distances (COGCC Rules 600 Series, 2021). See 
Table 7.1 for a fuller list of state and substate well location restriction regulations across the United 
States. 
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7.2.2. Existing well location restrictions and surface setback regulations in 
California 

The state of California maintains regulations related to both well location restrictions and 
conditional performance standards based upon well location and nearby entities (14 Cal. Code 
Regs. § 1720; 24 Cal. Code Regs. § 5706.3). However, at the time of writing this report, as per 
Article 6, Preemption (Cal. Pub. Res. Code § 3690, 1971), California does not preempt any related 
land use zoning or well siting regulations and defers to political subdivisions. Thus, some political 
subdivisions have setbacks within their respective jurisdictions. At the time of writing this report, 
three cities and three counties within California have enacted setback regulations related to oil 
and gas activity, as shown in Table 7.2. Setback distances range from 50 to 2,500 ft (15 to 762 
m), with distances based on the nature of the receptor. For example, places where more 
susceptible populations are likely present, such as schools and hospitals, have more stringent 
setback requirements.
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Table 7.1. Summary of minimum surface setback distances from oil and gas development in the United States.  

State Jurisdiction Year 
Adopted/ 
Amended 

Setback Distance (ft) Setback Target Source 

CO State 2020 2,000 (610 m) 
(working pad surface boundary) 

School facility or childcare center; residential building units and 
high occupancy building units 

COGCC Rules 600 
Series (2021) 

IL State 2013 500 (152 m) (UNGDa) Residence, school, hospital, nursing home, water well Ill. Senate Bill No. 
1715 (2013) 

1500 (457 m) (UNGD) Ground water intake of a public water supply 

MD State 2016 1,000 (305 m) Housing, schools, faith institutions LACDPH (2018) 

2,000 (610 m) Private drinking water wells 

ND State 2013 500 (152 m) Occupied dwelling/structure N.D. Cent. Code § 38-
08-05 

NM Santa Fe 
County 

2008 750 (229 m) Housing, schools LACDPH (2018) 

1,000 (305 m) Groundwater and surface water resources 

OK Oklahoma 
City 

2015 300 (91 m) Housing, fresh water well LACDPH (2018) 

600 (183 m) Faith institutions 

PA State 2012 500 (152 m) (UNGD) Housing and commercial buildings 58 Pa. Cons. Stat. § 
3215 (2016), Haley et 
al. (2016) 

State 2012 200 (61 m) (CNGDb) Housing and commercial buildings 58 Pa. Cons. Stat. § 
3215 (2016) 
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State Jurisdiction Year 
Adopted/ 
Amended 

Setback Distance (ft) Setback Target Source 

State 2012 1,000 (305 m) (UNGD) Water well; drinking water intake 58 Pa. Cons. Stat. § 
3215 (2016) 

State 2012 750 (229 m) (Chemical storage) Body of water 58 Pa. Cons. Stat. § 
3215 (2016) 

TX City of 
Arlington 

2011 200 (61 m) Fresh water well LACDPH (2018) 

600 (189 m) Housing, schools, faith institutions, hospitals 

City of Dallas 2013 1,500 (457 m) Housing, schools, faith institutions LACDPH (2018) 

City of Flower 
Mound 

2011 1,500 (457 m) Housing, schools, faith institutions, hospitals, existing water 
wells 

LACDPH (2018) 

City of Fort 
Worth 

2010 200 (61 m) Fresh water well LACDPH (2018) 

600 (189 m) Housing, schools, faith institutions, hospitals 

WV State 2012 200 (61 m) (CNGD) Existing water well or dwelling W. Va. Code § 22-6-
21  

625 (191 m) (UNGD, center of 
well pad) 

Occupied dwelling structure; building 2,500 sq. ft. or larger 
used to house or shelter dairy cattle or poultry husbandry  

W. Va. Code § 22-6A-
12  

250 (76 m) (UNGD) Existing water well or developed spring 

100 (30 m) (UNGD) Perennial stream, natural or artificial lake, pond or reservoir, 
wetland 

300 (91 m) (UNGD) Naturally reproducing trout stream 

1000 (305 m) (UNGD) Surface or groundwater intake of a public water supply 
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Table 7.2. California and sub-state level well location restrictions and minimum surface setback regulations. 

Jurisdiction Year Adopted Setback Distance (ft) Setback Receptors Source 

State of California  1975 

100 (30 m) 

Well deemed a “critical well” as one within 100 ft of a 
dedicated public street, highway, or operating 
railway; any navigable body of water; any public 
recreational facility, or any other area of periodic 
high-density population; or any officially recognized 
wildlife preserve 

14 Cal. Code Regs. 
§ 1724.3  

300 (91 m) Well deemed a “critical well” if within 300 ft of a 
residence or airport runway 

State of California (Fire Code) 2011 

100 (30 m) Wells shall not be within 100 ft of buildings not 
necessary to the operation of the well 

24 Cal. Code Regs. 
§ 5706.3  

300 (91 m) 
Wells shall not be drilled within 300 feet of building 
with an occupancy in Group A, E, or I (see 
definitions below) 

City of Arvin 2018 

300 (91 m) 

“Property boundaries of any public school, public 
park, clinic, hospital, long-term health care facility”; 
“property boundaries of any residence or residential 
zone” [relevant to new development] 

Arvin, Cal. Code 
Ord. § 17.46.022 
(2018) 

600 (183 m) Sensitive sites such as parks, schools and hospitals 
[relevant to new drilling] 

City of Carson 2015 

750 (229 m) 

“property boundaries of any public school, public 
park, clinic, hospital, long-term health care facility”; 
“property boundaries of any residence or residential 
zone...”; property boundaries of the commercially 
designated zone” Carson, Cal. Muni. 

Code § 9521 (2015) 

50 (15 m) 
“any dedicated public street, highway, public 
walkway, or nearest rail of a railway being used as 
such” 
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Jurisdiction Year Adopted Setback Distance (ft) Setback Receptors Source 

City of Los Angeles 2011 
200 (61 m) School, hospital, sanitarium, or assembly occupancy Los Angeles, Cal. 

Muni. Code § 
91.6105 (2019) 50 (15 m) Building (>400 ft2 area, 36 ft tall) 

Los Angeles County 2013 
100 (30 m) Building not necessary to the operation of a well Los Angeles Co., 

Cal. Code Ord. tit. 32 
(2021) 300 (91 m) Place of assembly, institution, or school 

Kern County 2015 

210 (64 m) Single or multi-family dwelling unit, place of public 
assembly, institution, school or hospital 

KCPNRD (2016) 

100 (30 m) 

“Any public Major or Secondary highway or building 
not necessary to the operation of the well”; “any 
building utilized for commercial purposes, not used 
for oil and gas operations” 

Ventura County 2020 
1,500 (457 m) “Residential dwellings” 

Ventura County 
(2020) 

2,500 (762 m) “Any school” 

aUNGD = unconventional natural gas drilling 
bCNGD = conventional natural gas drilling
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While not a wellhead location restriction, according to 14 Cal. Code Regs. (C.C.R.) § 1720, the 
state defines a “critical well” as one within 300 ft (91 m) of a residence or airport runway or within 
100 ft (30 m) of a dedicated public street, highway, or operating railway; any navigable body of 
water; any public recreational facility, or any other area of periodic high-density population; or any 
officially recognized wildlife preserve. The California Geologic Energy Management Division 
(CalGEM) requires operators to disclose if a proposed well for drilling meets the definition of a 
critical well when applying for a permit to drill. The nature of the nearby entities defined in the 
critical well designation implies that wells in close proximity may pose greater risk to public health 
and safety. However, the state deems these health and safety risks as sufficiently mitigated 
through provisions related to how the well is maintained and operated, specifically through 
requirements related to surface- and subsurface-safety devices (see 14 Cal. Code Regs. § 
1724.3). 

State regulations that address well location restrictions or setbacks more directly are found in 24 
C.C.R. § 5706.3 as part of the California fire code whereby: 

“Wells shall not be within 100 ft of buildings not necessary to the operation of the well” (24 
Cal. Code Regs. § 5706.3.1.3) 

Additionally, 

“Wells shall not be drilled within 300 feet of building with an occupancy in Group A, E, or 
I.” (24 Cal. Code Regs. § 5706.3.1.3.1) 

Generally, building groups are defined in terms of their occupancy classifications, where buildings 
in Group A refer to buildings where persons gather such as churches, civic buildings, restaurants, 
movie theaters, etc. Buildings in Group E refer to educational use types such as daycare facilities 
and schools. And finally, building Group I refers to institutional use types generally referring to 
health care facilities and correctional facilities. 

Also of note with the California Fire Code are regulations related to the siting of new buildings in 
relation to existing wells, commonly referred to as a reverse setback: 

“Where wells are existing, buildings shall not be constructed within the distances set forth 
in Section 5706.3.1 for separation of wells or buildings.” (24 Cal. Code Regs. § 
5706.3.1.3.2) 

No explicit exceptions are defined in the State Fire Code, however, jurisdictions may amend to 
include exceptions. From the hyperlocal proximity section (Section 7.4.5), it's clear that a number 
of active-producing wells are within these setback distances of 100 ft (30 m) from buildings not 
necessary to the operation of the well. 
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7.2.3. California’s well siting regulations and relevance to public health 
At the time of writing this report, California’s 100 to 300 ft (30 to 91 m) setback distances are the 
least stringent of all major oil and gas producing states (Table 7.1, Table 7.2). In terms of 
distance, Ventura County exhibits the most stringent setback regulation, with 1,500 ft (457 m) for 
residential dwellings and 2,500 ft (762 m) for schools. California’s oil and gas regulations are 
conditional in nature and apply to both the source (i.e., gas storage wells) and receptor (i.e., 
building use type). However, the recently updated regulations for underground gas storage wells 
implies differential risk treatment by well type or function (14 Cal. Code Regs. § 1726, 2021). This 
type of provision could be adopted in future setback regulations to address certain well types and 
extraction techniques that are relatively unique to California, such as steam flooding secondary 
recovery, as well as various stimulation techniques (e.g., hydraulic fracturing, acid fracturing) with 
risks that warrant differential treatment. The recently updated underground gas storage 
regulations also adopted more formal risk management plans, which require evaluation of 
surrounding areas to better determine where people live and recreate and how those areas are 
predicted to change in the future (14 Cal. Code Regs. § 1726.3, 2018). This type of formal, 
proactive risk management regime, which considers future population growth, is unprecedented 
and could be adopted in other producing regions to better plan for ongoing population sprawl in 
certain areas of California. 

Regarding reverse setbacks, the well location restrictions within the California Fire Code indicate 
that high occupancy buildings merit special protection (24 Cal. Code Regs. § 5706.3.1.3.1). For 
example, hospitals and schools require a 300 ft (91 m) setback, compared to 100 ft (30 m) for 
other building use types (Table 7.2). Similarly, designating a well as “critical” based upon its 
location in relation to nearby entities provides precedent for treating a subset of wells more 
stringently based solely upon location to nearby receptors. It is unclear, however, whether the 
critical well designation occurs retroactively in the event of new building construction within 100 
to 300 ft (30 to 91 m) of an existing well. Nonetheless, the critical well inclusion criteria could be 
expanded to include similar pollution control mitigation measures, in addition to safety systems 
based upon the current understanding of adverse human health impacts associated with 
increased risks of exposure from nearby oil and gas activity. The presence of reverse setback 
within the California Fire Code is unique — no other state exhibits a statewide reverse setback 
regulation (Fry et al., 2017), though some local governments in the United States have adopted 
a reverse setback (Fry et al., 2017). 

7.2.4. Summary of oil and gas sources and receptors considered in setback 
policies in California and beyond 

7.2.4.1 Sources targeted by setback policies 
Generally, oil and gas related surface setback regulations originate from the wellhead location. 
Very often though, the wellhead does not represent the primary hazard source on an extraction 
site. Human health and safety hazards on an OGD site vary across many different factors, 
including the nature of the activity and presence of certain equipment and systems. Some support 
infrastructure (e.g., condensate and circulation tanks, produced water tanks, pneumatic devices, 
flares) may represent important pollutant emissions sources; however, support infrastructure 
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generally entails a separate permitting process and therefore much less information is available 
related to their presence on site (Koehler et al., 2018). Moreover, regulatory permitting processes 
generally focus on an individual well as the functional unit of interest (CalGEM, 2019). Therefore, 
well location is typically used to proxy for the entirety of an OGD site in the context of setback 
regulations (Table 7.1). 

To be more inclusive of surface infrastructure on well sites, Colorado recently enacted new 
setback regulations. Instead of a wellhead, the setbacks are measured from the boundary of the 
working pad surface (COGCC Rules 600 Series, 2021). This area boundary designation was 
intended to encompass all pad-related activity, creating a more inclusive setback source target. 
This was likely in response to the increasing use of larger, multi-well well pads that in some cases 
could legally permit receptors such as homes to be located directly against a well pad fence line 
if the well(s) were on the opposite end of the well pad. The justification of the working pad setback 
target can be justified by the following thought experiment. Depending on the size and orientation 
of the well(s) on a well pad, it is conceivable that a shorter setback distance targeted at the 
working pad boundary could encompass more surrounding land area than a longer setback 
distance targeted at individual wells. Therefore, defining the setback at the boundary of the 
working pad can better guarantee that distance set is adhered to regardless of the location of 
wells and infrastructure on a well pad. 

7.2.4.2 Setback receptors targeted by setback policies 
Compared to oil and gas sources, policies defining setback receptor types have varied much more 
in practice. The most commonly defined setback receptors are buildings, although some 
conditionality exists related to likelihood of inhabitation or explicit building use type. For example, 
in the Pennsylvania state code (and as it is applied in Pennsylvania’s well siting requirements), a 
building is defined as: 

“an occupied structure with walls and a roof within which individuals live or customarily 
work” (58 Pa. Cons. Stat. § 3301, 2016). 

This indicates that the building setback regulation in Pennsylvania is conditional upon the 
presence of human activity, not necessarily by a land use type designation like “residential,” as 
was explicitly defined in Colorado’s regulations: 

“No Working Pad Surface will be located more than 500 feet and less than 2,000 feet from 
1 or more Residential Building Units or High Occupancy Building Units” (COGCC Rules 
600 Series, 2020). 

Restrictions on what counts as a building depend on the local jurisdiction’s definition of a building. 
Some jurisdictions put no additional qualifying definitions on “building,” while others place size 
requirements, such as in the City of Los Angeles (e.g., >400 ft2 [37 m2] area, 36 ft [11 m] tall). 
Some localities define a building as any structure not utilized for oil and gas development (Los 
Angeles, CA Muni. Code § 91.6105, 2019).  
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Outside of general building-use definitions, many jurisdictions have also enacted more stringent 
setback requirements for sensitive receptor locations and typically occupied spaces alongside the 
more general building setback regulation (Table 7.1, Table 7.2). Some jurisdictions have enacted 
setback provisions for certain water-related and environmentally sensitive receptors, such as 
drinking water wells, groundwater intake of a public water supply, surface water bodies, and 
perennial streams and springs. However, the most common sensitive receptors related to oil and 
gas well setbacks have been schools, hospitals, senior care facilities, faith institutions, parks and 
places of public assembly. Notably, some jurisdictions have defined these types of receptors at 
the property line boundaries as opposed to a physical structure on the property. Defining 
receptors at a property line boundary provides additional criteria designed to reduce potential 
exposures to persons that may frequent the areas adjacent to the building in question.  

7.2.5. Exemptions and exceptions considered in setback policies 
Given the importance of distance in reducing the exposure risks and health effects for populations 
near oil and gas development, exemptions or exceptions to setback provisions are important to 
consider. In practice, exemptions and exceptions also have a bearing on land use co-locations 
and impacts from oil and gas development on surrounding populations. Here we briefly discuss a 
range of codified setback exemptions and exception provisions that have been applied elsewhere 
in the United States, and examine the current understanding related to data on the frequency of 
setback exemptions and exceptions. 

In the United States, mineral rights can be owned by private landowners, private companies, and 
federal, state, or local governments (Fry, 2013). The ownership of mineral rights generally affords 
the owner the right to exploit or produce said minerals even if the mineral rights owner may not 
own the overlying surface rights (i.e., split estate). Thus, within the context of regulatory setback 
provisions, some exemptions and exceptions (e.g., landowner consent waivers, regulatory 
distance variance) exist so as to not limit a mineral rights owners’ right to realize access to owned 
resources. 

Conditional exemptions and exceptions are often clearly stated alongside well location 
restrictions. For example, Pennsylvania’s setback regulation applies only to new wells drilled on 
new well pads — effectively exempting new wells on the more than 2,000 existing well pad areas 
that predated the regulation (Michanowicz et al., 2021). Pennsylvania allows for exceptions from 
its 500 ft (152 m) building setback requirement through two mechanisms, typically referred to as 
a consent waiver or request for variance, respectively: 

● Where written consent from the surface landowner is submitted with the Permit Application 
to Drill and Operate an Unconventional Well. 

● If the applicant “submit[s] a Request for Variance from Distance Restriction to the regulator 
detailing additional terms and conditions to be in place to ensure safety and protection to 
persons and property.” 

Recently, Colorado passed a 2,000 ft (610 m) setback for residential buildings, high occupancy 
buildings, schools, and childcare centers with varied exception language for each (COGCC Rules 
600 Series, 2021). Unlike Pennsylvania, existing well pad locations were not exempted from 
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updated well siting restrictions. Colorado does however allow setback exceptions. For a well to 
be sited within 2,000 ft (610 m) of a residential building unit in Colorado, one or more of the 
following conditions must be met: 

● The residential building unit owners and tenants and high occupancy building unit owners 
and tenants within 2,000 feet (610 m) of the working pad surface explicitly agree with 
informed consent to the proposed oil and gas location;  

● The location is within an approved comprehensive area plan that includes preliminary 
siting approval pursuant to Rule 314.b.(5) or an approved comprehensive drilling plan; 

● Any wells, tanks, separation equipment, or compressors proposed on the oil and gas 
location will be located more than 2,000 feet (610 m) from all residential building units or 
high occupancy building units; or 

● The commission finds, after a hearing pursuant to Rule 510, that the proposed oil and gas 
location and conditions of approval will provide substantially equivalent protections for 
public health, safety, welfare, the environment, and wildlife resources, including 
disproportionately impacted communities (COGCC, 2020). 

Overall, very little data has been reported on how often exemptions or exceptions result in a well 
placed within the setback distance. Requests for variances are common in some areas, however. 
Data from Flower Mound, Texas, shows that since its gas-drilling ordinance began in 2003, almost 
80% of pad sites received a variance to drill at a distance less than the 1,500 ft (457 m) setback 
(American Bar Association, 2018). Similarly, 13 of the 16 wellpads constructed since 2001 in 
Arlington, Texas, received waivers to drill within its 600 ft (183 m) setback requirement 
(Thibodeaux, 2018). Outside of Texas, a 2014 West Virginia land use study showed that five 
wellpads surrounding forty homes were within the state’s setback distance of 625 ft (191 m). 
However, many of the wellpads likely predate West Virginia’s 2012 setback regulation (W. Va. 
Code § 22-6A-12) thereby exempting them from regulation (Hansen et al., 2017). 

More recently, Michanowicz et al. (2021) assessed the effectiveness of a statewide setback 
regulation by evaluating the Pennsylvania Oil and Gas Act (Act 13) of 2012, which increased the 
unconventional natural gas (UNG) well-to-building setback requirement from 200 to 500 ft (61 to 
152 m). A detailed spatial analysis revealed trends in wellhead locations and proximity to likely 
occupied buildings between 2008–2018. On average, one out of every 13.7 UNG wells drilled in 
Pennsylvania were drilled within the setback distance after the passage of Act 13 in 2012. The 
authors found that despite the strengthened setback regulation, some wells were still sited within 
the setback distance. This is likely due to existing well pad exemptions (35%) and a combination 
of landowner consent and regulatory distance variances, rather than encroaching building 
development. After adjusting for the underlying well-to-building trend over time, the researchers 
found that Act 13 did not significantly alter how wells were sited in relation to nearby buildings — 
observing no change to the underlying trend. From this analysis the authors concluded, 

“Despite the regulation’s intent, the study found no significant change in how wells were sited 
after Act 13 took effect in 2012. These findings suggest that exemptions, variances, and consent 
waivers provide opportunities to avoid or weaken well-siting requirements.” 



 

7-15 

Because Pennsylvania exempted existing well sites from the setback regulation, researchers also 
tested whether the new regulation actually increased drilling on existing well pads to potentially 
avoid well siting restrictions but did not observe this phenomenon. The researchers did, however, 
find that if existing well pads had not been exempted and no new setback incidents occurred on 
these pre-Act 13 well pads, then Act 13 would have significantly reduced the setback incident rate 
by up to 46% (Michanowicz et al., 2021).  

The following policy recommendations were included that are applicable to California: 

● New setback regulations should include additional protective mitigation measures when 
an existing well pad is altered and/or require both regulatory approval and landowner 
consent. 

● Regulators could routinely track and report well siting exemption rates and rationales, and, 
if warranted, consider changes to setback rules to narrow exemptions that are used too 
frequently. 

● Regulators could ensure better landowner consent provisions; for instance, by requiring 
that the operator demonstrate to the landowner and the regulator that there is no 
alternative siting possible before landowner consent can be obtained. 

● Regulators could increase transparency by making setback exemption permits publicly 
available online alongside other commonly reported well permit information. 

7.2.6. Summary of findings from previous California proximity analyses 
There have been multiple studies of populations living near oil and gas development in California 
(Deschenes et al., 2021; Gonzalez et al., 2020; Shamasunder et al., 2018; K. V. Tran et al., 2020), 
resulting in both new understandings of potential health effects and key insights into California’s 
unique land use issues, particularly in urban settings. At least 10 formal proximity analyses have 
been performed in the state of California. Appendix F.7 lists these studies, along with brief 
descriptions of their inclusion criteria and key findings. Results are summarized below. 

In 2014, the Natural Resources Defense Council (NRDC) conducted a proximity analysis 
(Srebotnjak & Rotkin-Ellman, 2014). This analysis found that approximately 5.4 million California 
residents live within 1 mi (1,609 m) of more than 84,000 existing oil and gas wells.1 When 
accounting for environmental burden, the NRDC found that more than 1.8 million (~33%) of these 
residents also reside in census tracts most burdened by environmental (soil, air, water) pollution. 
Czolowski et al. (2017) performed a national-level human population proximity analysis. Using a 
much more conservative well inclusion criteria restricted to active wells, the study found an 
estimated 2.09 million Californians living within 1 mi (1,609 m) of an oil or gas well in 2014. 

 
1 This analysis accounted for all active and new wells (including unconventional wells) using the California 
Division of Oil, Gas and Geothermal Resources (DOGGR, now CalGEM) “AllWells” and “Well Stimulation 
Treatment Notices Index” databases, the South Coast Air Quality Management District (SCAQMD) “Oil and 
Gas Wells Activity Notification” database, and the chemicals disclosure registry database provided by 
FracFocus.org. 
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In 2015, pursuant to SB 4, the California Council on Science and Technology (CCST) produced 
a report on well stimulation in California. An assessment within this report found that 
approximately 12% of the South Coast Air Basin (i.e., Los Angeles Metropolitan Area) population 
(~2.3 million people) lives within 2 km (6,562 ft) of an active oil and gas well (Shonkoff and Gautier, 
2015). In addition, an estimated 184 daycare facilities, 213 elderly care facilities and 
approximately 628,000 residents are within 800 m (2,625 ft) of an active oil and gas well in the 
Los Angeles Basin. Additionally, 32,000 residents, including approximately 2,300 children less 
than five years old, live within 100 m (328 ft) of an active well (Shonkoff and Gautier, 2015). A 
state-wide analysis by Ferrar (2020) found about 2.17 million Californians live within 2,500 ft (762 
m) of an operational oil and gas well, with an estimated 7.37 million Californians within 1 mi (1,609 
m). 

The Oil and Gas Threat Map from Earthworks (2016) used a half-mile (2,640 ft, 805 m) as the 
setback distance, or “threat radius”, when evaluating proximity to oil and gas infrastructure. A key 
finding was that 1,126,071 people were estimated to live within a half-mile of oil and gas 
infrastructed with an estimated 309,135 students in the radius, and 678 schools and daycare 
centers. Shonkoff and Hill (2019) found that as of 2015, about 630,000 residents, 130 schools, 
213 elderly care facilities, and 184 daycare facilities were sited within a half-mile (2,625 ft, 800 m) 
of an active oil and gas well in the Los Angeles Basin alone. The authors noted that more than 
32,000 people in the Los Angeles Basin are estimated to live within 100 m (328 ft) of an active oil 
and gas well. 

In summary, these proximity analyses show that a large number of California residents and 
sensitive receptors are close to upstream oil and gas activities. The estimates provide context for 
the population-level burdens facing many communities. However, key limitations exist. Four of 
the studies were performed before 2016 or used pre-2016 well data, so their well and population 
counts are likely outdated. Of the studies that assessed the entire state of California and used all 
producing well types, only one used census block data (Czolowski et al., 2017) — the highest 
spatial resolution available within the U.S. Census. However, Czolowski et al. (2017) only used 
active wells that produced hydrocarbons in 2014, effectively undercounting the idle wells that are 
prevalent in California. Czolowski et al. (2017) also did not remove non-habitable land uses prior 
to allocating populations to buffer-areas around wells. 

7.2.7. Implications of setbacks for decarbonization, production, air quality, and 
health 

Most recently, a study commissioned by the California Environmental Protection Agency 
(CalEPA) examined various pathways and implications of decarbonizing California’s oil extraction 
and refining sectors (Deschenes et al., 2021). Broad in scope, the study examined 1,440 different 
scenarios related to extractive industries in California, with projections across multiple outcomes 
including greenhouse gas and air pollutant emissions, health benefits, and labor market impacts 
with a specific focus on equity. Most applicable to this report are two policy scenarios related to 
setbacks and a statewide crude oil production quota. First, it was found that a 2,500 ft (762 m) 
setback scenario alone was not sufficient to achieve 80–90% decarbonization by 2045. A 2,500 
ft (762 m) setback between wells and residences, schools, playgrounds, daycare centers, elderly 
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care facilities and hospitals leads to a 49% greenhouse gas reduction between 2019–2045. 
Increasing the setback to 5,280 ft (1 mile, 1,609 m) results in a greenhouse gas reduction of 58%. 
In addition to greenhouse gas reductions, they found that setbacks generate statewide health 
benefits to nearby populations in terms of reductions in air pollution. Specifically, premature 
mortality and the incidence of adverse health outcomes are projected to decline by 17% to 37% 
cumulatively over 2019–2045, depending upon the setback distance promulgated with greater 
health benefits for larger setbacks compared to a scenario without a setback policy. 

The authors also found that a second policy type — a statewide production quota or equivalent 
severance tax on extraction — was found to disproportionately reduce impacts on disadvantaged 
communities. Under this production quota, the authors identified an “equity benefit” whereby a 
greater share of the reduced air pollution exposure occurred in disadvantaged communities. This 
occurs since higher cost extraction activities tend to be co-located in areas with more 
disadvantaged communities. Therefore, under this policy scenario, these more expensive 
extraction activities may be more likely to be attenuated given their relative costs compared to 
less costly production fields that are not located in or near disadvantaged communities. Overall, 
they found that between 27% to 39% of the projected health benefits and between 50% to 59% 
of the reduced population exposure to air toxics accrue to disadvantaged communities. Further 
examining these results showed that a significant share of the health benefits is captured by 
neighborhoods in the city of Bakersfield. 

7.3. Updated California Proximity Analysis: Approach & Methods  
As a basis for understanding potential public health hazards attributable to upstream oil and gas 
development, we evaluated the spatial relationships of active (producing) oil and gas wells and 
wastewater disposal locations to the surrounding population and selected sites considered to be 
sensitive receptors. The analyzed sensitive receptors include schools (pre-K to 12th grade), 
childcare facilities, healthcare facilities, senior care facilities, correctional facilities, parks, and 
residential buildings. We also characterized the demographics, susceptibility factors, and 
socioeconomic profiles of the communities in proximity to areas of increased well densities. Other 
chapters in this report also inform our proximity analysis, including Chapter 2, stressors 
associated with OGD; Chapter 3, epidemiological studies; Chapter 4, air quality risk assessment 
studies; and Chapter 5, produced water management studies. In addition to these chapters, 
methodological considerations were also informed by previous California proximity studies, 
existing surface setback and well siting location regulations in California and throughout the 
United States, and distributional inequities observed within the peer-reviewed literature (Figure 
7.1). 

Overall, the new proximity analysis presented here improves upon previous California proximity 
analyses in three main ways. First, this proximity analysis provides the most spatially precise 
estimates of populations living within California to date. This proximity analysis overcomes 
common issues of downscaling populations to census aerial units (particularly in rural areas) by 
utilizing a combination of census blocks, residential tax parcels, and building footprint data 
depending upon the relative population density at hand. Second, this analysis includes numerous 
demographic and contextual variables and key sensitive receptors at the building footprint and 
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area extent resolutions such as schools, health care facilities, and — unique to this analysis — 
residentially-zoned buildings. And finally, with use of individual building footprint locations, we 
were able to assess hyperlocal proximities between homes and wells at distances less than 500 
ft (152 m) (see Section 7.4.5). This degree of spatial accuracy has not been used before in 
California or elsewhere in performing a similar proximity analysis. 

 
Figure 7.1. Approach to inform the California proximity analysis. 

7.3.1. Methods 
Details concerning data sources and methods used in the proximity analysis are provided in 
Appendices F.1 and F.2, respectively. Briefly, the proximity analysis is organized into four main 
analytical components: 

● Population counts and demographics at the sub-census block level near active-producing 
oil and gas wells and wastewater locations (i.e., active produced water ponds and all-
status water disposal wells). 

● Counts of sensitive land uses and receptors2 near oil and gas wells and wastewater 
locations. 

● An assessment of active well density and population-level factors at the census tract level.  
● An assessment of hyperlocal proximity between wells and sensitive receptors <500 ft 

(<152 m). 

 
2 Spatial resolutions of sensitive receptors ranged from the area extent of the land use parcel to the nearest 
building footprint and are included as footnotes for all relevant tables. Receptor area extents were available 
only for public schools (K–12), universities and community colleges, and parks. Two-dimensional building 
footprints were used for all other sensitive receptors available from Microsoft. Receptors that were only 
available as geographic coordinates such as childcare centers and senior care facilities, were spatially 
joined to the nearest building footprint. 
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The study area encompasses the entire state of California, with some aggregate analyses 
performed at the California air basin level. The most up to date oil and gas well and wastewater 
data were used in the proximity analysis (current up to January 2021). Our well inclusion criteria 
were designed to capture wells capable of producing hydrocarbons as of March 2021 and took 
into account a well’s status and type, resulting in 83,834 “active-producing” wells across 
California. Our well selection criteria is discussed briefly below, with additional detail provided in 
Appendices F.1 and F.2, respectively. 

Oil and gas extraction in California is supported by numerous well types in various operating 
conditional states (i.e., status). Thus, our well inclusion criteria aimed to capture wells that were 
capable of producing hydrocarbons at the time of writing this report and into the near future. To 
capture wells capable of producing hydrocarbons, both well type and well status were considered 
in tandem. Because not all well types produce oil or gas, first we determined which well types 
were capable of producing any oil or gas. We defined “producing” wells as any well type whereby 
at least 1% of the wells within that well type produced oil or gas within the past five years. If this 
1% threshold was met, all wells of that type were deemed capable of producing and were carried 
on to the subsequent stage of filtering — filtering by well status. “Producing” wells were then 
deemed “active”, only if they held one of the following statuses — active, new, or idle — as of 
January 21, 2021. By using these criteria, 83,834 wells were identified and included in this 
proximity analysis. Wells hereafter are referred to as “active-producing.”  

Of the 2,389 pond features in the aggregated produced water disposal pond dataset, only those 
with a status of “active” (n=682) were included and were joined to all wells with a type of “water 
disposal” from the CalGEM “All Wells” dataset (n=2,295). Thus, a total of 2,977 wastewater 
disposal features were considered for the wastewater portion of the statewide proximity analysis. 

7.4. Results 

7.4.1. Socioeconomic disparities and total populations in proximity to oil and gas 
development  

An estimated 3 million, or roughly 1 in 12 (~8%), California residents live within 1 km (3,281 ft) of 
an active-producing oil and gas well (Table 7.3). The 1 km (3,281 ft) radial buffer areas around 
all wells encompass just 1.7% of all land area in California, indicating that wells are 
disproportionately clustered in more densely populated areas. More than 95% of active-producing 
wells included in this analysis are within three California Air Basins — the San Joaquin Valley, 
the South Central Coast, and the South Coast (Figure 7.2). The degree of well clustering in some 
areas has implications for public health. Some schools and healthcare facilities are located within 
1 km (3,281 ft) of hundreds of active oil and gas wells. 

 



 

7-20 

 
Figure 7.2. Active-producing oil and gas wells within each California Air Basin. 

Nearly 15% of the 3 million California residents that live within 1 km (3,281 ft) of OGD are 
susceptible to health risks from exposure to poor air quality due to age alone (i.e., under 5 or over 
64 years old). These age-groups were not found to be overrepresented in areas proximal to wells 
as was observed for certain socio-economic classifications. Across the landscape of oil and gas 
development (OGD) in California, we observed exposure disparities by race and ethnicity, as well 
as disparities for linguistically isolated households, renter status, and educational attainment. We 
evaluated demographic metrics to determine if certain populations were disproportionately 
represented in areas near OGD throughout California (Figure 7.3). Disparities were calculated 
by comparing the proportion of each demographic group living within 1 km (3,281 ft) of OGD to 
the proportion of that group present throughout the state (see Appendix F.2.4). 

Overall, these demographic metrics indicate that non-Hispanic Black populations are 
disproportionately exposed to nearby OGD throughout California — non-Hispanic Black 
populations are about 50% (factor of ~1.5) more likely to have at least one well within 1 km (3,281 
ft) of their residence (Figure 7.3) compared to the California average. Compared to non-Hispanic 
White populations in California, non-Hispanic Black populations are 87% more likely to reside in 
areas that contain OGD within 1 km (3,281 ft). Population-level inequities were also observed for 
populations who identify as Hispanic. White populations are 20% less likely than the average 
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Californian to live in areas with OGD within 1 km (3,281 ft). Overall, these findings indicate that 
environmental justice concerns exist for OGD throughout California. 

 
Figure 7.3. Distributional inequities of demographic groups living within 1 km (3,281 ft) of active-producing 
oil and gas wells as compared to state population totals derived from the 2013–2017 American Community 
Survey (ACS) at the census block scale. Orange markers indicate a population weighted mean greater than 
one, indicating a level of subgroup overrepresentation in areas that contain OGD within 1 km (3,281 ft). 
Blue markers indicate a level of subgroup underrepresentation in areas that contain OGD within 1 km (3,281 
ft).
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Table 7.3. Total counts and associated age, racial, and socioeconomic demographic metrics of populations living in proximity to active-producing 
oil and gas wells in 2021. Percentages are based on state totals. 

  0–500 ft 
(0–152 m) 

0–1,000 ft 
(0–305 m) 

0–1,500 ft 
(0–457 m) 

0–2,000 ft 
(0–610 m) 

0–2,500 ft 
(0–762 m) 

0–3,281 ft 
(0–1,000 m) 

0–5,280 ft 
(0–1,609 m) 

  Count (%) Count (%) Count (%) Count (%) Count (%) Count (%) Count (%) 
 Total Population 219,681 (0.6) 590,116 (1.5) 1,032,255 (2.6) 1,551,743 (4.0) 2,123,961 (5.4) 3,080,713 (7.9) 5,772,699 (14.8) 
Age Based        

 under 5 years old 15,110 (0.6) 39,476 (1.5) 68,909 (2.6) 103,736 (3.8) 141,733 (5.3) 205,027 (7.6) 384,810 (14.3) 
 over 64 years old 30,959 (0.6) 82,984 (1.6) 143,807 (2.7) 212,905 (4.0) 287,705 (5.4) 412,674 (7.7) 760,877 (14.2) 

Race/Ethnicity        
 non-Hispanic White 65,646 (0.4) 183,978 (1.2) 321,774 (2.1) 479,522 (3.2) 650,338 (4.3) 938,185 (6.3) 1,715,501 (11.5) 

 Hispanic 90,842 (0.6) 246,340 (1.6) 438,719 (2.9) 669,110 (4.4) 923,441 (6.0) 1,357,219 (8.9) 2,639,604 (17.2) 
 non-Hispanic Black 17,745 (0.8) 48,233 (2.1) 86,994 (3.8) 134,633 (5.8) 185,633 (8.0) 262,347 (11.3) 458,697 (19.8) 

 non-Hispanic Asian 42,687 (0.8) 99,443 (1.8) 161,873 (2.9) 232,534 (4.1) 313,918 (5.6) 448,648 (8.0) 817,887 (14.6) 
 non-Hispanic 

American Indian 
1,056 (0.5) 2,385 (1.1) 4,001 (1.9) 5,869 (2.8) 7,909 (3.7) 11,299 (5.3) 21,110 (9.9) 

 non-Hispanic other 7,328 (0.5) 18,800 (1.3) 32,142 (2.3) 48,202 (3.4) 65,911 (4.6) 94,843 (6.7) 175,381 (12.4) 
Socioeconomic        

 below 2x federal 
poverty line 

78,089 (0.6) 204,924 (1.5) 361,224 (2.7) 548,096 (4.1) 757,742 (5.6) 1,107,556 (8.2) 2,124,356 (15.8) 

 unemployed 11,905 (0.6) 30,562 (1.4) 53,393 (2.5) 80,136 (3.8) 109,808 (5.1) 160,954 (7.6) 306,800 (14.5) 

 median household 
income  

$77,711 $77,556  $77,542 $77,260 $76,873 $76,266 $74,354 

 no high school 
diploma 

44,978 (0.6) 118,312 (1.6) 208,960 (2.8) 318,387 (4.3) 440,478 (5.9) 648,729 (8.7) 1,259,987 (16.9) 

 voters 143,407 (0.5) 386,717 (1.4) 677,431 (2.5) 1,017,076 (3.7) 1,389,846 (5.1) 2,011,686 (7.4) 3,774,238 (13.9) 

 renters 129,440 (0.7) 325,718 (1.9) 549,488 (3.1) 815,155 (4.6) 1,108,908 (6.3) 1,599,720 (9.1) 3,016,193 (17.2) 
 linguistically isolated 

households 
11,794 (0.9) 27,282 (2.0) 45,417 (3.3) 66,871 (4.9) 89,993 (6.6) 128,834 (9.5) 242,573 (17.8) 
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7.4.2. Socioeconomic disparities and total populations in proximity to wastewater 
An estimated 400,000, or roughly 1 in 100 (1%), California residents live within 1 km (3,281 ft) of 
an active produced water disposal pond, or any water disposal well (Table 7.4). Overall, 
population trends for proximity to wastewater features are generally similar to total population 
trends for active-producing wells. For example, no significant disparities were observed between 
age groups. This is likely due to the significant geographic overlap (at least 70%) between 
wastewater features and active-producing wells (further discussed in Appendix F.4, Table F.5). 
This reflects the nature of OGD, where it is common for other portions of the oil and gas supply 
chain, such as wastewater disposal systems, to be co-located with wells. 
The remaining 30% of land surface area that is unique to wastewater feature buffer areas appears 
to contain populations that are distinct from populations within active-producing well buffer areas. 
Consequently, slightly different population-level disparities are observed within water feature 
buffer areas. Nonetheless, non-Hispanic Black populations are also disproportionately exposed 
to nearby wastewater locations throughout California (Figure 7.4), though slightly less than the 
disparities observed for active-producing wells (Figure 7.3). In contrast to the oil and gas well 
analysis above, here we observe over-representation of non-Hispanic White populations living 
within 1 km (3,281 ft) of wastewater facilities. Populations two times below the poverty line were 
least likely to live near a wastewater feature. Combined, these results indicate that wastewater 
facilities do not completely mimic population-level inequities observed for OGD, suggesting that 
different populations across California may be disproportionately burdened by various sub-
sectors of the oil and gas supply chain. From a policy perspective, these findings have implications 
for understanding which populations will be most and least protected under different regulatory 
scenarios for oil and gas activities in California. 

 
Figure 7.4. Distributional inequities of demographic groups living within 1 km (3,281 ft) of active produced 
water disposal ponds and water disposal wells as compared to total population. Orange markers indicate a 
population weighted mean greater than one indicating a level of subgroup overrepresentation in areas that 
contain OGD within 1 km (3,281 ft). Blue markers indicate a level of subgroup underrepresentation in areas 
that contain OGD within 1 km (3,281 ft).
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Table 7.4. Total counts and associated age, racial, and socioeconomic demographic metrics of populations living in proximity to active produced 
water disposal ponds and any water disposal wells in 2021. Percentages are based on state totals. 

  0–500 ft 
(0–152 m) 

0–1,000 ft 
(0–305 m) 

0–1,500 ft 
(0–457 m) 

0–2,000 ft 
(0–610 m) 

0–2,500 ft 
(0–762 m) 

0–3,281 ft 
(0–1,000 m) 

0–5,280 ft 
(0–1,609 m) 

  Count (%) Count (%) Count (%) Count (%) Count (%) Count (%) Count (%) 
 Total Population 7,058 (<0.1) 33,253 (0.1) 80,099 (0.2) 149,654 (0.4) 236,921 (0.6) 402,463 (1.0) 1,023,614 (2.6) 
Age Based        
 under 5 years old 624 (<0.1) 2,411 (0.1) 5,602 (0.2) 10429 (0.4) 16,910 (0.6) 28,706 (1.1) 72,115 (2.7) 
 Over 64 years old 1,147 (<0.1) 5,004 (0.1) 11,645 (0.2) 21357 (0.4) 32,923 (0.6) 55,346 (1.0) 132,782 (2.5) 
Race/Ethnicity        
 non-Hispanic White 2,672 (<0.1) 13,553 (0.1) 33,185 (0.2) 62115 (0.4) 98,754 (0.7) 167,957 (1.1) 398,169 (2.7) 
 Hispanic 2,499 (<0.1) 11,377 (0.1) 27,833 (0.2) 51166 (0.3) 80,604 (0.5) 141,102 (0.9) 405,774 (2.7) 
 non-Hispanic Black 922 (<0.1) 3,348 (0.1) 6,880 (0.3) 12243 (0.5) 18,126 (0.8) 28,323 (1.2) 70,707 (3.0) 
 non-Hispanic Asian 1,031 (<0.1) 4,487 (0.1) 10,464 (0.2) 20450 (0.4) 33,330 (0.6) 54,603 (1.0) 122,999 (2.2) 
 non-Hispanic 

American Indian 
120 (0.1) 281 (0.1) 572 (0.3) 928 (0.4) 1,357 (0.6) 2,165 (1.0) 4,842 (2.3) 

 non-Hispanic other 393 (<0.1) 1,502 (0.1) 3,383 (0.2) 6007 (0.4) 9,312 (0.7) 15,121 (1.1) 34,705 (2.4) 
Socioeconomic        
 below 2x federal 

poverty line 
2,128 (<0.1) 9,471 (0.1) 22,918 (0.2) 4,3093 (0.3) 67,829 (0.5) 117,070 (0.9) 333,441 (2.5) 

 unemployed 533 (<0.1) 1,908 (0.1) 4,298 (0.2) 7,865 (0.4) 12,471 (0.6) 21,140 (1.0) 54,944 (2.6) 
 Median Household 

Income  
$ 80,630 $ 80,356 $ 80,154 $ 80,509 $ 80,129 $ 79,459 $ 75,982 

 no high school diploma 1,215 (<0.1) 5,318 (0.1) 12,656 (0.2) 23,326 (0.3) 37,154 (0.5) 65,144 (0.9) 194,110 (2.6) 
 voters 4,876 (<0.1) 22,619 (0.1) 54,557 (0.2) 102,009 (0.4) 160,832 (0.6) 273,598 (1.0) 680,967 (2.5) 
 renters 3,094 (<0.1) 14,533 (0.1) 35,164 (0.2) 66,949 (0.4) 106,818 (0.6) 181,056 (1.0) 492,002 (2.8) 
 linguistically isolated 

households 
307 (<0.1) 1,178 (0.1) 2,546 (0.2) 4,690 (0.3) 7,293 (0.5) 12,442 (0.9) 34,011 (2.5) 
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7.4.3. Sensitive receptors in proximity to oil and gas development 
Sensitive receptors, defined as schools (pre-K to 12th grade), childcare facilities, healthcare 
facilities, senior care facilities, correctional facilities, parks, and residential buildings, near at least 
one active oil and gas well or wastewater location are summarized in Table 7.5–Table 7.10. Of 
all sensitive receptors analyzed, healthcare facilities exhibited the greatest co-location burden 
with nearby OGD. Nearly 1 in 10 (n=207, 10%) healthcare facilities in California are within 1 km 
(3,281 ft) of at least one active-producing well. Just behind healthcare facilities, 461 parks (9%, 
or approximately 12.8 mi2 [33.2 km2] of park lands) are within 1 km (3,281 ft) of at least one active-
producing well. An estimated 1,749 (~8%) pre-K through 12th grade schools are within 1 km 
(3,281 ft) of at least one active-producing well. There are also a significant number of senior care 
facilities and correctional institutions within 1 km (3,281 ft) of at least one active-producing well — 
both of which may contain large permanent populations that are mostly restricted to the confines 
of those respective spaces. There are also a significant number of senior care facilities and 
correctional institutions within 1 km (3,281 ft) of at least one active-producing well — both of which 
may contain large permanent populations that are mostly restricted to the confines of those 
respective spaces. 

Compared to active-producing oil and gas wells, significantly fewer sensitive receptors are located 
near wastewater disposal features (CalGEM, 2021).3 However, due to the co-location of 
wastewater disposal features and active-producing wells, sensitive receptors in proximity to 
wastewater disposal features are also generally in proximity to active-producing wells. On 
average, producing wells and wastewater disposal features share about 80% of the observed 
land uses with sensitive receptors. In other words, only 20% of the population and OGD co-
locations are unique to wastewater disposal features. A detailed discussion of the overlap of water 
and active-producing well buffer areas can be found in Appendix F.4. Senior care facilities (n=91, 
1% of California senior care facilities) were the sensitive receptor type with the greatest 
percentage of features within 1 km (3,281 ft) of wastewater disposal features (Table 7.7). Parks 
were the sensitive receptor with the next highest count (n=70, or approximately 3.7 mi2 [9.6 km2] 
of park lands) located within 1 km (3,281 ft) of wastewater disposal features (Table 7.7). 
Correctional facilities have the next highest proportion of the state total, with 7 (~2%) of the total 
correctional facilities in the state located within 1 km (3,281 ft) of water disposal features (Table 
7.7). Consequently, the discussion within this section is largely focused on sensitive receptors in 
proximity to active-producing wells. 

It is also important to note that although we considered a sensitive receptor to be impacted by 
OGD if there was one nearby well, many receptors are near multiple wells. Related to potential 
risks of exposures, it is valuable therefore to understand if the relationships are one receptor to 
one well or perhaps one receptor to many wells. For example, each of the sensitive receptors 
counted in Table 7.5 need only have a single nearby well to be counted. What is not reflected in 
Table 7.5 are the total number of wells located nearby those sensitive receptors. In some cases, 
sensitive receptors are located in areas with very high nearby well densities. Therefore, we took 

 
3 Wastewater disposal features include active produced water disposal ponds and wells designated “Water 
Disposal” in the CalGEM “All Wells” dataset (CalGEM, 2021). 
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the sensitive receptors from Table 7.5 and counted the total number of unique nearby wells for 
each distance band. The results of this exercise are shown in Table 7.6. and provide a relative 
sense of the total number of wells driving the observed land use co-locations between sensitive 
receptors and OGD. In addition, the same companion tables for schools and associated wells are 
shown in Table 7.8 and Table 7.9, respectively. 

Only a small proportion of total oil and gas wells in California (2-7% depending on receptor) have 
a school, childcare facility, healthcare facility, senior care facility, correctional facility, or park 
within 1 km (3,281 ft) (with the exception of residential buildings). For example, 2,377 out of 
83,834 (roughly 1 in 35) wells are within 1 km (3,281 ft) of a healthcare facility (Table 7.6). This 
represents just 3% of the total well inventory, with nearly 97% of wells beyond 1 km (3,281 ft) of 
any Californian healthcare facility. Other sensitive receptors (except residential buildings) follow 
the same trend — having a disproportionately small number of wells responsible for co-locations 
with OGD. Another way to consider these findings is by noting that a large proportion of co-
locations between OGD and sensitive receptors could be eliminated by shutting in only about 5% 
of California’s total active-producing well inventory. Overall, these disproportionate well-to-
receptor counts have important implications for informing policy and present an opportunity to 
realize significant risk reductions by addressing only a small proportion of existing well sites. 

While a relatively small proportion of total wells in California are responsible for the sensitive 
receptor co-locations observed here, it is also important to determine if these wells are clustered 
in proximity to sensitive receptor locations. Like the analysis performed to produce Table 7.6 — 
total well counts near all sensitive receptors within certain distances — we further disaggregated 
these data to examine the distribution of wells near individual sensitive receptor locations. Some 
healthcare facilities and schools are surrounded by more than 200 wells within 1 km (3,281 ft) 
(Figure 7.5 and Figure 7.6), suggesting that there is a large range of potential risks of exposure 
if increased OGD density is associated with an increased risks of exposure or impacts. From a 
public health perspective, sensitive receptors that have hundreds of wells located within 1 km 
(3,281 ft) likely represent both areas of greatest risks of exposure to sensitive populations and 
the greatest opportunity to reduce any potential risks of exposure or harms. 
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Figure 7.5. Frequency histogram of the 207 healthcare facilities in 2021 that contain at least one active-
producing well within 1 km (3,281 ft). The number above each bar indicates the number of healthcare 
facilities within that bar. Note: the first bar of 127 healthcare facilities may contain between 1–20 wells within 
1 km (3,281 ft).  

7.4.3.1 Healthcare facilities 
Healthcare facilities and senior care facilities are important to highlight due to the likelihood of 
inherent susceptibilities of individuals present at these facilities. Individuals more than 65 years 
old may be more susceptible to air pollution-related illnesses such as stroke, asthma, heart 
disease, lung cancer, and other respiratory diseases. Similarly, people with medical conditions 
requiring treatment at or admission to hospitals and other healthcare facilities, may suffer from 
exacerbation of their conditions and, further, may have increased risk of developing air pollution-
related illnesses. 

Nearly 1 in 10 (n=207, 10%) healthcare facilities in California are within 1 km (3,281 ft) of at least 
one active-producing well, representing the largest overlapping percentage observed across 
receptors. While only a small number of wells (~3%) are driving the land use co-locations with 
healthcare facilities, these wells are also highly concentrated around some healthcare facilities. 
For example, the 207 exposed healthcare facilities have a total of 2,377 wells within 1 km (3,281 
ft). The frequency histogram of these 207 healthcare facilities and their associated 2,377 wells 
demonstrates a right-skewed, long-tail distribution: most healthcare facilities have fewer than ten 
wells nearby, whereas a few outliers have hundreds of wells within 1 km (3,281 ft) (Figure 7.5). 
Across these 207 healthcare facilities, 69% have multiple wells within 1 km (3,281 ft), with an 
overall median of three wells but a mean and standard deviation of 49, and 79, respectively, 
indicating the long-tailed nature of the distribution. Notably, 21 healthcare facilities have more 
than 100 active producing wells within 1 km (3,281 ft), and 14 facilities have more than 200 — 
each of which is located in Los Angeles. 

7.4.3.2 Schools 
Schools are a particularly important sensitive receptor type, due to the presence of children and 
adolescents and their associated physiological susceptibilities to pollution exposures, particularly 
for younger children (e.g., developing lung structure and immune systems). Additionally, school 
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children are generally confined to the school buildings or school grounds for a substantial portion 
of the day. Outdoor recreation associated with recess, physical education, and extracurricular 
activities may also place students in closer contact to associated exposures from nearby oil and 
gas activity. 

An estimated 1,749 (~8%) pre-K through 12th grade schools are within 1 km (3,281 ft) of at least 
one active-producing well (Table 7.8). Of these, 659 are childcare centers, which include the 
youngest children. Similar to other sensitive receptors, fewer pre-K through 12th grade schools 
are within 1 km (3,281 ft) of wastewater disposal features, with only 239 (~1%) schools residing 
within this buffer distance (Table 7.10). Of those 239 schools, only 42 are unique to a wastewater 
disposal feature. Higher education facilities also exhibited land use co-locations with nearby wells, 
with 9% and 13% of community colleges and California universities, respectively, within 1 km 
(3,281 ft) of an active-producing well. Unlike active-producing wells, equal proportions (n=4) of 
universities (~3% state total) and community colleges (~2% state total) are located near 
wastewater infrastructure (Table 7.10). Only two of these higher education facilities are unique to 
a wastewater disposal feature. 

Compared to other sensitive receptors, a larger proportion of wells are co-located with pre-K 
through 12th grade schools. An estimated 6,006 wells are within 1 km (3,281 ft) of at least one 
school, or 7.2% of active-producing wells in California. This is likely due, in part, to the large 
number of schools throughout California, but also the fact that schools are centered in populated 
areas where we also observe significant land use co-locations with residentially zoned buildings. 

The distribution of unique wells within 1 km (3,281 ft) of schools (i.e., well density), like healthcare 
facilities, also demonstrates a right-skew with a long distributional tail (Figure 7.6). Notably, of 
the 1,749 schools with at least one well within one kilometer, 58% of schools contain multiple 
active-producing wells nearby. Of these multiple-well schools, we observed a median of three 
wells and mean and standard deviation of 38 and 76 wells, respectively. Of the higher end of the 
distribution, 107 schools have over 100 wells within 1 km (3,281 ft) with 33 schools surrounded 
by more than 300 wells within 1 km (3,281 ft) — the majority located in Los Angeles. One Los 
Angeles school is surrounded by 421 wells within 1 km (3,281 ft) — the highest well density near 
a school observed throughout the state. Overall, due to the high degree of well clustering 
observed in California, sensitive receptors located near these areas are likely to have multiple 
wells in their proximity. Hyperlocal proximity was also observed for schools at the 500 ft (152 m) 
buffer distance, with an estimated 226 schools and childcare centers containing at least one 
active-producing well within 500 ft (152 m) of the school building. Likewise, some schools contain 
multiple wells within 500 ft (152 m), as indicated by the associated 865 wells counted around the 
226 schools. We also assessed school-level exposure using building footprints. Consequently, 
students may be exposed to additional wells near outdoor school grounds that is not reflected in 
the proximity analyses to building footprints (e.g., playgrounds, parking lots, recreational fields). 
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Figure 7.6. Frequency histogram of the 1,749 schools that contain at least one active-producing well within 
1 km (3,281 ft). The number above each bar indicates the number of schools within that bar. Note the first 
bin of 1,306 schools may contain between 1–20 wells within 1 km (3,281 ft). An estimated 67 schools have 
at least 200 wells within 1 km (3,281 ft). 

7.4.3.3 Total buildings and homes 
To further verify the spatial relationships observed between populations and nearby oil and gas 
activity (Table 7.3 and Table 7.4), we also include explicit counts of both total buildings and 
residentially-zoned buildings located nearby oil and gas activity (Table 7.5 and Table 7.7). 

In our analysis, we identified approximately 738,000 buildings within 1 km (3,281 ft) of an active-
producing oil and gas well, and approximately 116,000 buildings within 1 km (3,281 ft) of a 
wastewater disposal feature. Only ~19,000 of the buildings near wastewater disposal features are 
not encompassed by the 1 km (3,281 ft) buffer extending from active-producing oil and gas wells, 
further illustrating that active-producing wells impact a substantially larger number of nearby 
receptors than wastewater disposal features. 

The 738,000 buildings within 1 km (3,281 ft) of an active-producing well correspond to roughly 
7% (or 1 in 13) of all buildings in the state of California, representing a substantial overlap. 
Importantly, an estimated 673,000 of the 738,000 total exposed buildings are located in 
residential-type tax parcels, indicating that the majority (over 90%) of these buildings are likely 
homes, not industrial or commercial buildings. We also observed that 37% of the active-producing 
wells (30,775) in California are within 1 km (3,281 ft) of at least one residential building. 

These residential building counts almost certainly underestimate actual residential housing unit 
counts in these well areas, because the building data registers multi-unit residences and 
apartment buildings only as a single building footprint (Microsoft Maps, 2021). This underestimate 
is also supported by the fact that the total population estimated to live within 1 km (3,281 ft) of a 
well (n=~3 million) would result in an average person per household value of 4.57 — a value much 
higher than the actual state estimated average person per household of 2.95. These well-to-
building relationships hold for all other buffer distances, with more than 25,000 wells within 2,500 
ft (0.76 km) of an estimated 461,246 homes, and 6,564 wells responsible for the 500 ft (152 m) 
co-locations observed for nearly 45,000 homes. In sum, this analysis supports the census-based 
population estimates and further highlights California's land use issues where active oil and gas 
production occurs in many residential urban and suburban areas.
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Table 7.5. Sensitive receptors in proximity to at least one of the 83,834 active-producing hydrocarbon wells in California. Percentage (%) represents 
the percent of total receptors within the respective buffer distance. 

Buffer 
Distance 
from Wells 

Correctional 
Facilities1 

Parks1 Park Area1 
(mi2) 

Healthcare 
Facilities2 

Senior Care 
Facilities2 

All Buildings2 Residential 
Buildings2 

Total 
Receptors 

408  4,983  143.3  2,131 7,246  10,988,525   12,577,497 

0–500 ft 
(0–152 m) 

7 (2%) 90 (2%) 0.7 (<1%) 25 (1%) 44 (1%) 55,370 44,994 

0–1,000 ft 
(0–305 m) 

9 (2%) 154 (3%) 2.3 (2%) 59 (3%) 118 (2%) 142,480 123,167 

0–1,500 ft 
(0–457 m) 

15 (4%) 208 (4%)  4.3 (3%) 87 (4%) 176 (2%) 249,779 221,262 

0–2,000 ft 
(0–610 m) 

18 (4%) 276 (6%) 6.5 (5%) 116 (5%) 237 (3%) 373,241 334,816 

0–2,500 ft 
(0–762 m) 

21 (5%) 344 (7%) 8.9 (6%) 156 (7%) 324 (4%) 509,785 461,246 

0–3,281 ft 
(0–1,000 m)  

28 (7%) 461 (9%) 12.8 (9%) 207 (10%) 466 (6%) 738,467 673,068 

0–5,280 ft 
(0–1,609 m) 

55 (13%) 841 (17%) 23.9 (17%) 364 (17%) 832 (11%) 1,373,393 1,260,567 

1Spatial resolution of receptor was the entire area extent of the land use parcel and was the basis for inclusion in the proximity. "Parks" are instances 
where any portion of the park intersects with a well buffer. "Park area" is the land area in square miles that intersects with a well buffer. 
2Spatial resolution of the receptor was the building footprint and was the basis for inclusion in the proximity. Note that the total count for Residential 
Buildings was referenced from tax parcel data, and therefore includes counts of multi-building unit residences.  
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Table 7.6. Counts of unique active-producing wells associated with the sensitive receptors in Table 7.7. 

Buffer Distance 
from Wells 

Counts of wells near 
Correctional Facilities1 

Counts of wells 
near Parks1 

Counts of wells near 
Healthcare Facilities2 

Counts of wells near 
Senior Care Facilities2 

Counts of wells near 
Residential Buildings2 

0–500 ft 
(0–152 m) 24 463 287 82 6,564 

0–1,000 ft 
(0–305 m) 96 1,214 587 337 11,969 

0–1,500 ft 
(0–457 m) 159 2,143 865 730 16,933 

0–2,000 ft 
(0–610 m) 242 3,210 1,218 1,210 21,378 

0–2,500 ft 
(0–762 m) 358 3,905 1,609 1,733 25,632 

0–3,281 ft 
(0–1,000 m) 619 4,957 2,377 2,356 30,775 

0–5,280 ft 
(0–1,609 m) 1,375 7,771 4,319 4,591 46,695 

1Spatial resolution of receptor was the entire area extent of the land use parcel and was the basis for inclusion in the proximity. 
2Spatial resolution of the receptor was the building footprint and was the basis for inclusion in the proximity.  
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Table 7.7. Sensitive receptors in proximity to at least one hydrocarbon extraction-related wastewater location in California. Percentage (%) 
represents the percent of total receptors within the respective buffer distance. 

Buffer Distance 
from Wells 

Correctional 
facilities1 

Parks1 
 

Park Area1 
(mi2) 

Healthcare2 
(ND)a 

Senior Care2 
 

All Buildings2 Residential 
Buildings2 

Total Receptors 408 4,983 143.3 2,131 7,246 10,988,525  12,577,497 

0–500 ft 
(0–152 m) 1 (<1%) 9 (<1%) 0.1 (<1%) 0 (0%) 4 (<1%) 3,574 926 

0–1,000 ft 
(0–305 m) 2 (<1%) 12 (<1%) 0.4 (<1%) 3 (<1%) 12 (<1%) 11,881 4,982 

0–1,500 ft 
(0–457 m) 4 (1%) 19 (<1%) 0.7 (<1%) 6 (<1%) 21 (<1%) 25,622 13,307 

0–2,000 ft 
(0–610 m) 6 (1%) 33 (<1%) 1.1 (<1%) 10 (<1%) 35 (<1%) 45,053 26,476 

0–2,500 ft 
(0–762 m) 7 (2%) 47 (<1%) 1.7 (1%) 10 (<1%) 59 (1%) 68,837 43,643 

0–3,281 ft 
(0–1,000 m) 7 (2%) 70 (1%) 3.7 (3%) 26 (1%) 91 (1%) 116,186 98,667 

0–5,280 ft 
(0–1,609 m) 16 (4%) 172 (3%) 10.2 (7%) 58 (3%) 201 (3%) 274,098 200,848 

aND (No duplicates) indicates that duplicate entities are represented by single feature location. 
1Spatial resolution of receptor was the entire area extent of the land use parcel. "Parks" are instances where any portion of the park intersects with 
a well buffer. "Park area" is the land area in square miles that intersects with a well buffer. 
2Spatial resolution of the receptor was the building footprint. Note that the total count for Residential Buildings was referenced from tax parcel data, 
and therefore includes counts of multi-building unit residences.  
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Table 7.8. Schools and higher education facilities near at least one of the 83,834 active-producing wells in California. The number of wells driving 
the land use co-locations are shown in parentheses next to receptor counts where available. Percentage (%) represents the percent of total receptors 
within the respective buffer distance. 

Buffer 
Distance from 
Wells (feet) 

Total Schools1 

(Pre-K to 12th 
Grade) 
(% total) 

Childcare 
facilities2  

Total Public 
Schools1 

Total Public 
Schools (ND)a,1 

Total 
Private 
Schools2 

Total Private 
Schools 
(ND)a,2 

Universities1  
(250+ Campus 
Housing) 

Community 
Colleges1 

Total 
Receptors 22,452  8,867  10,630  10,076  2,955 2,880  118 // 145b 116 // 266b 

0–500 ft 
(0–152 m) 226 (1%) 68 (1%) 136 (1%) 125 (1%) 22 (1%) 22 (1%) 7 (5%) 3 (1%) 

0–1,000 ft 
(0–305 m) 439 (2%) 122 (1%) 262 (2%) 240 (2%) 55 (2%) 52 (2%) 9 (6%) 8 (3%) 

0–1,500 ft 
(0–457 m) 668 (3%) 218 (2%) 362 (3%) 340 (3%) 88 (3%) 84 (3%) 12 (8%) 12 (5%) 

0–2,000 ft 
(0–610 m) 990 (4%) 336 (4%) 521 (5%) 491 (5%)  133 (5%) 129 (5%) 13 (9%) 14 (5%) 

0–2,500 ft 
(0–762 m) 1,293 (6%) 451 (5%) 657 (6%) 622 (6%) 185 (6%) 178 (6%) 16 (11%) 18 (7%) 

0–3,281 ft 
(0–1,000 m) 1,749 (8%) 659 (7%) 881 (8%) 832 (8%) 269 (9%) 258 (9%) 19 (13%) 23 (9%) 

0–5,280 ft 
(0–1,609 m) 3,245 (14%)  1,262 

(14%)  1,498 (14%)  1,421(14%)  485 (16%) 470 (16%)  28 (19%) 36 (14%) 

aND (No duplicates) indicates that duplicate entities are represented by single feature location. 
bUniversities and community colleges can often entail places and buildings in distinct geographic locations (e.g., off-campus athletic fields or 
administrative buildings); we therefore report the total receptors as individual buildings on a campus as opposed to one campus = one receptor. 
Counts represent any time a well is within the said distance of a building associated with the university or community college.  
1Spatial resolution of receptor was the entire area extent of the land use parcel. 
2Spatial resolution of the receptor was the building footprint. 
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Table 7.9. Counts of unique active-producing wells associated with the sensitive receptor in Table 7.10. 

Buffer 
Distance from 
Wells 

Counts of wells near 
Total Schools1 

(Pre-K to 12th Grade) 

Counts of wells 
near Childcare 
facilities2  

Counts of wells 
near Total Public 
Schools1 

Counts of wells 
near Total Private 
Schools2 

Counts of wells 
near Universities1  

Counts of wells 
near Community 
Colleges1 

0–500 ft 
(0–152 m) 865 350 614 126 16 8 

0–1,000 ft 
(0–305 m) 1,654 867 1,290 425 29 55 

0–1,500 ft 
(0–457 m) 2,571 1,555 2,070 808 53 130 

0–2,000 ft 
(0–610 m) 3,327 2,135 2,780 1,150 98 245 

0–2,500 ft 
(0–762 m) 4,344 2,772 3,823 1,656 119 363 

0–3,281 ft 
(0–1,000 m) 6,006 4,046 5,232 2,380 139 639 

0–5,280 ft 
(0–1,609 m) 11,365 8,121 10,107 5,336 405 1,840 

aND (No duplicates) indicates that duplicate entities are represented by single feature location. 
1Spatial resolution of receptor was the entire area extent of the land use parcel. 
2Spatial resolution of the receptor was the building footprint. 
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Table 7.10. Schools and higher education facilities in proximity to at least one hydrocarbon extraction-related wastewater location in California. 
Percentage (%) represent percent of total receptors within the respective buffer distance. 

Buffer Distance 
from Wells 

Total Schools1 

(Pre-K to 12th 
Grade) 
(% total) 

Childcare 
facilities2 
(% total) 

Total 
Public 
Schools1 

Total Public 
Schools 
(ND)a,1  

Total 
Private 
Schools2 

Total Private 
Schools (ND)a,2  

Universities1 (% 
total) 
(250+ Campus 
Housing) 

Community 
Colleges1 

(% total) 

Total Receptors 22,452 8,867 10,630 10,076 2,955 2,880 118 // 145b 116 // 266b 

0–500 ft 
(0–152 m) 12 (<1%) 2 (<1%) 10 9 (<1%) 0 0 (0%) 1 (<1%) 1 (<1%) 

0–1,000 ft 
(0–305 m) 25 (<1%) 4 (<1%) 18 16 (<1%) 3 3 (<1%) 1 (<1%) 1 (<1%) 

0–1,500 ft 
(0–457 m) 49 (<1%) 13 (<1%) 29 27 (<1%) 7 7 (<1%) 1 (<1%) 3 (1%) 

0–2,000 ft 
(0–610 m) 94 (<1%) 30 (<1%) 49 46 (<1%) 15 15 (<1%) 1 (<1%) 3 (1%) 

0–2,500 ft 
(0–762 m) 149 (<1%) 48 (<1%) 81 75 (<1%) 20 20 (<1%) 2 (1%) 4 (2%) 

0–3,281 ft 
(0–1,000 m) 239 (1%) 84 (<1%) 132 125 (1%) 31 30 (1%) 4 (3%) 4 (2%) 

0–5,280 ft 
(0–1,609 m) 611 (3%) 229 (3%) 302 283 (3%) 80 79 (3%) 9 (6%) 9 (3%) 

aND (No duplicates) indicates that duplicate entities are represented by single feature location. 
bUniversities and community colleges can often entail places and buildings in distinct geographic locations (e.g., disparate athletic field). We therefore 
report both the total number of all merged locations (first number), and the total number of individual parcels and buildings (second number). Counts 
here represent any time a well is within the said distance of any place or building associated with the university or community college.
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7.4.4. Density of oil and gas development 
Studies of health effects associated with oil and gas development commonly employ two related 
organizing principles to characterize potential exposures to populations: distance from, and 
intensity of, oil and gas development (Gonzalez et al., 2020; Johnston et al., 2021; Shamasunder 
et al., 2018; K. V. Tran et al., 2020). More recently, studies have modeled distance and density 
simultaneously to capture both proximity and intensity of operations. For example, Gonzalez et 
al. (2020) used inverse distance-squared weighting of oil and wells in California to study risk of 
adverse birth outcomes. The exposure metrics that result from inverse distance-squared 
weighting account for both distance and well density, where an exposure index of 1 is equivalent 
to having one well located 1 km (3,281 ft) away from the maternal residence or 100 wells located 
10 km (6.2 mi) away. 

To assess well density and associated population-level characteristics, we adopted methods 
similar to Shonkoff and Hill (2019), including counting wells within census tract areas to calculate 
well density (i.e., number of wells per square mile). Shonkoff and Hill (2019) included a 1,000 ft 
(305 m) buffer area around all census tracts before performing the spatial join with well locations 
to account for edge effects. We followed this method, and also reported well counts and density 
without the 1,000 ft buffer areas around each census tract (Table 7.11). 

Shonkoff and Hill (2019) determined areas of relatively higher well density by first enumerating 
wells at the census tract level and then grouping or “clustering” adjacent census tracts that met a 
certain well density threshold (approximately 10 wells/mi2) that was derived by observing a natural 
break in the frequency distribution. Here, 10 wells/mi2 pertains to approximately the 80th 
percentile statewide when considering the distribution frequency of census tracts that contain 
wells. We similarly grouped adjacent census tracts that met the threshold of 10 wells/mi2 to 
support relative comparisons of well density clusters throughout California (Table 7.11). 

Of the 83,834 active-producing wells we assessed, 82,676 fell within a census tract boundary 
because 1,158 wells are located on offshore islands. An estimated 615 census tracts (~8% of 
census tracts) contain at least one active-producing well, resulting in a mean well density of 2.01 
wells/mi2 (0.78 wells/km2) across a total area of over 41,000 mi2 (106,000 km2). These census 
tract areas encompass an estimated population of 2.8 million Californians. This population 
estimate differs from the well-distance estimates because the coincident census tract counting 
method here does not account for nearby populations that are just beyond census tract 
boundaries. 

To identify areas and neighborhoods that exhibit clustering and relatively higher well densities, all 
adjacent census tracts that met the 80th percentile were aggregated together and assigned a 
place name akin to the largest nearby neighborhood or locational identifier. These census tract 
cluster locations were then ranked and presented alongside numerous population-level metrics 
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available from CalEnviroScreen 3.04 (Table 7.11) (OEHHA, 2018). Location names were labeled 
manually by the authors to capture the largest nearby city and note that some neighborhoods 
may be included within these areas but are not labeled. 

Overall, we found that 157 census tracts in 16 areas have a well density of at least 10 wells/ km2 
and 180 census tracts in 23 distinct areas have a well density >10 wells/mi2. These 16 areas 
encompass over 628,000 people, and 64 of these 157 census tracts (~40%) have 
CalEnviroScreen 3.0 scores that designate them as disadvantaged communities with 
disproportionate socioeconomic, health, and environmental burdens, in addition to the burdens 
associated with upstream OGD. Because a quarter of all California census tracts are designated 
as disadvantaged communities based on CalEnviroScreen scores, this finding indicates that 
disadvantaged communities are overrepresented (1.6 times more likely) in census tracts that 
contain ≥10 wells/km2 These communities may include, but are not limited to: 

● Areas disproportionately affected by environmental pollution and other hazards that can 
lead to negative public health effects, exposure, or environmental degradation. 

● Areas with concentrations of people with low income, high unemployment, low levels of 
home ownership, high rent burden, sensitive populations, or low levels of educational 
attainment. 

The highest mean well density was observed in the Los Angeles cluster location, where an area 
just over 5 mi2 (13 km2) contains 866 active-producing wells. This results in a mean well density 
of nearly 200 wells/mi2 (77 wells/km2). The area also has the highest population density in the 
state, with over 112,000 of California’s residents — the majority of which reside in disadvantaged 
communities per CalEnviroScreen 3.0. Notably, the maximum well density value is in a downtown 
Los Angeles census tract, with 51 active producing wells within an area of 0.06 mi2 (0.15 km2). 
These results agree with Shonkoff and Hill (2019) — the population density within Los Angeles is 
significantly higher than most places studied in the peer-reviewed literature of oil and gas activity 
and health outcomes. This suggests that any hazards or emissions from oil and gas activity in 
Los Angeles could impact a relatively large number of people.

 
4 CalEnviroScreen 3.0 was the available version of CalEnviroScreen at the time of analysis (OEHHA, 
2018). Since that time, an updated version, CalEnviroScreen, 4.0, was released. 
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Table 7.11. Analysis of locations with the highest oil and gas well densities within California. 

Location Well 
count 

Well count 
(including 
1,000 ft buffer) 

Density (km2) 
(including 
1,000 ft buffer) 

Cluster Area 
Mean Well 
Density (km2) 

Total 
Population 

Census 
Tract 
Counts 

Total 
Disadvantaged 
Communities 

Mean 
CES 3.0 
Percentile 

Maximum 
CES 3.0 
Percentile 

Los Angeles 866 3,463 76.8 73.3 112,464 34 23 81.1 97 
Long Beach 1,317 3,308 32.7 15.6 89,869 25 14 66.6 99 
Signal Hill 594 1,368 30.0 29.1 44,228 11 4 64.1 97 
Baldwin Hills 661 1,352 29.9 25.8 31,790 7 0 53.3 73 
Taft 34,576 35,351 20.6 16.7 15,568 4 2 67.3 80 
Newhall 323 550 20.0 20.0 14,407 3 0 38.7 41 
Beverly Hills 237 692 16.5 16.6 67,860 18 1 43.5 85 
Bakersfield 15,214 15,723 16.0 16.0 32,185 7 4 72.6 81 
Huntington Beach 426 642 15.4 17.2 47,751 9 0 19.9 46 
Coalinga 126 305 13.9 7.7 5,277 1 0 62.0 62 
Seal Beach 153 280 11.8 12.5 15,830 5 0 27.6 65 
Ventura 758 897 11.7 8.3 8,371 2 1 68.0 78 
Brea 1,029 1,578 11.0 10.7 88,458 16 1 38.6 79 
Sante Fe Springs 232 471 10.9 9.4 23,984 6 6 89.5 97 
Montebello 149 244 10.7 11.8 15,098 4 3 77.8 86 
Athens 87 193 10.7 10.1 14,972 5 5 95.4 99 
Total 56,748 66,417 - - 628,112 157 64 - - 
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Figure 7.7. Well density near Los Angeles, Baldwin Hills, and Beverly Hills using the coincident wells within census tract method. Outlined census 
tract areas (black color) indicate areas that exceed 10 wells/km2. Yellow areas represent the 1,000 ft (305 m) buffer areas around census tracts 
used to count wells beyond census tract boundaries to reduce the impact of edge effects. Note: Singular name is shown as representing select 
areas to simplify this visualization; however, these areas are broadly described and include various communities.  
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Figure 7.8. Well density near Long Beach (including Harbor City), Signal Hill, and Seal Beach using the coincident wells within census tract method. 
Outlined census tract areas (black color) indicate areas that exceed 10 wells/km2. Yellow areas represent the 1,000 ft (305 m) buffer areas around 
census tracts used to count wells beyond census tract boundaries to reduce the impact of edge effects. Note: Singular name is shown as representing 
select areas to simplify this visualization; however, these areas are broadly described and include various communities.  
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Figure 7.9. Well density near Taft and Bakersfield using the coincident wells within census tracts method. Note the difference in scale compared to 
Figure 7.7 and Figure 7.8. Also, the Bakersfield location included census tracts that were not directly adjacent. Outlined census tract areas (black 
color) indicate areas that exceed 10 wells/km2. Yellow areas represent the 1,000 ft (305 m) buffer areas around census tracts used to count wells 
beyond census tract boundaries to reduce the impact of edge effects. Note: Singular name is shown as representing select areas to simplify this 
visualization; however, these areas are broadly described and include various communities.
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7.4.5. Hyperlocal proximity: Within 500 feet of oil and gas development 
The peer-reviewed literature suggests that closer population proximities to OGD results in greater 
risks of exposures. While much of the analysis above focuses on providing counts and estimates 
of populations and receptors within a set of distinct distance thresholds away from wells (e.g., 
populations living within 1 km [3,281 ft] of active-producing wells), we know that certain hazards 
follow distinct distance-decays such as noise (Basner & McGuire, 2018; Broner, 2010; Hays et 
al., 2017) and air pollution (see Chapter 4). With the advancement of geospatial mapping and 
satellite imagery we can now pinpoint precise locations of oil and gas wells, land use parcels, and 
even individual buildings. By using both the discrete locations of oil and gas wells and residentially 
zoned buildings, we can determine just how close some California residents live near active oil 
and gas wells. 

Across California, we identified 1,663 active-producing wells (2% of all active-producing wells) 
that are within 100 ft (30 m) of at least one residentially-zoned building (n=3,661). California State 
Fire Code regulation § 5706.3 prohibits location of oil and gas wells within 100 ft of any building 
not necessary to the operation of the well; however, local jurisdictions may amend the regulation 
(24 Cal. Code Regs. § 5706.3). This number likely is an underestimate, because we limited the 
count to residentially zoned buildings only. For example, an active well (yellow marker) 
surrounded by a residential community in Bakersfield (Figure 7.10) illustrates the extent to which 
some Californians live very close to active oil and gas, with one home within 50 ft (15 m) of the 
well and many others within 100 ft (30 m). It also helps to further contextualize the counts of 
populations (Table 7.3) and residential buildings within 500 ft (152 m) of wells (Table 7.5).  
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Figure 7.10. Active-producing well (yellow marker) near Bakersfield depicting the hyperlocal proximity to 
nearby homes (tan color). Radial distances from the well are depicted in red approximately 50 ft and 100 ft 
from the wellhead. Distances between buildings and their nearest well as shown here were used to create 
the frequency histogram as shown in Figure 7.11. 

Thousands of homes in California are located in very close proximity to OGD (Figure 7.11). For 
example, more than 21,000 residential buildings are within 300 ft (91 m) of at least one active-
producing well (Figure 7.11a, blue dashed line). Thus, approximately 2,200 wells technically meet 
California’s “critical well” status, being located with 300 ft (91 m) of a residential building. 
Moreover, in reference to the California Fire Code (24 Cal. Code Regs. § 5706.3.1.3), there are 
~4,100 residential buildings within 100 ft (30 m) of an OGD well (Figure 7.11a, red dashed line); 
however, some jurisdictions have been amended to include exceptions. Note that residential 
buildings are represented once though they may have multiple wells within 500 ft (152 m). From 
a public health standpoint, these hyperlocal co-locations of homes and wells likely represent areas 
of increased risk of adverse exposure from OGD operations and should be priority candidate 
areas for reducing the associated public health and safety burdens faced these communities. 
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Figure 7.11. Frequency histogram of cumulative counts (a) and binned counts (b) of residential buildings 
binned by distance to their nearest active-producing oil and gas well from 0–500 ft (0–152 m). The blue 
dashed line indicates the 300 ft (91 m) distances that demarcates California’s “critical well” status. Note: 
residential buildings are represented once though they may have multiple wells within 500 ft (152 m). 

7.5. Discussion 
The goals of this California proximity analysis were to provide: 

1. Tangible metrics that contextualize the associated public health and safety burdens of 
communities in proximity to existing oil and gas activity.  

2. A comparison of spatial relationships to inform future minimum surface setback 
regulations for new extractive activities, and identify the associated populations benefitted 
by various setback distances.  

3. New information that is particularly unique to California regarding how close some homes 
and residents are to oil and gas development. 

4. Assessment of existing racial and socioeconomic inequities to determine whether oil and 
gas development (OGD) is more likely to be located in proximity to disadvantaged 
communities in California. 

To inform these goals, we first investigated the state of the science related to population allocation 
methodologies and related geospatial techniques. We also incorporated several other content 
areas to inform our OGD proximity analysis. These included the findings and conclusions 
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presented in previous chapters of this report, previous proximity analyses performed in California, 
existing surface setback and well siting location regulations in California and throughout the 
United States, and distributional inequities observed within the peer-reviewed literature across a 
range of disciplines (Figure 7.1). Summation of these topics were presented in the Background 
and Justification section. Our analytical results were structured into four main interrelated 
sections: 

1. Racial and socioeconomic disparities and estimated total populations in proximity to oil 
and gas development; 

2. Sensitive receptors in proximity to oil and gas development;  
3. Density of oil and gas development; and  
4. Hyperlocal proximity: Within 500 (152 m) feet of oil and gas development. 

The proximity analysis we conducted largely overcomes the common areal unit weighting 
problem, particularly for downscaling population data in more rural areas by using novel, highly 
spatially resolved population information in the form of Census blocks, residential tax parcels, and 
building footprints. In the United States, population data are publicly available at aggregated areal 
units (e.g., census blocks, census tracts), and represent “nighttime populations,” that is, areas 
where people reside, not necessarily reflective of daytime exposures related to school, 
occupation, or other activities. However, conducting proximity analyses using area-level 
population estimates, as in the current analysis, necessitates assumptions about the spatial 
distribution of populations within that area. Typically, researchers assume that populations are 
uniformly distributed within aerial units (proportional weighting). This tenuous assumption is a 
form of the modifiable areal unit problem. Studies that rely on census data or similar data to 
estimate populations at sub-census area scales are constrained by the modifiable areal unit 
problem that can lead to bi-directional errors that increase as search areas become smaller 
(Michanowicz et al., 2019). Because the built environment is not homogenous but is highly 
variable, the goal in downscaling aggregated census information (e.g., to the building level) is to 
capture only habitable land uses. This was done using residential parcels from the California Air 
Resources Board (CARB) parcel data, census population at the block group and block-levels 
(from 2013–2017 and 2010, respectively) and building footprints from Microsoft’s U.S. buildings 
dataset. 

Therefore, this proximity analysis is novel in our application of population and sociodemographic 
data resolved at the sub-block level (Depsky et al., 2022). As this assessment utilized a novel 
dasymetric dataset, no other OGD proximity analysis included in our review contained population 
data at this fine of a resolution. Compared to less spatially precise methods, this method is 
particularly helpful for determining more accurate estimates of populations living near OGD.  

Our criteria for identifying active oil and gas locations in California resulted in the inclusion of 
83,834 “active-producing” wells and a total of 2,977 wastewater disposal features. Notably, 95% 
of OGD in California is located within three CARB-defined air basins, and it is clear that the 
clustering of wells in some areas has important implications for public health. This analysis also 
includes numerous demographic and contextual variables and key sensitive receptors at the 
building footprint and area extent resolutions such as schools, healthcare facilities, and 
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residentially zoned buildings. Finally, with use of individual building footprint locations, we 
assessed hyperlocal proximities between homes and wells at distances less than 500 ft (152 m). 

While we attempted to utilize the most spatially accurate data available, healthcare facilities and 
senior care facilities locations were limited to point locations that were later manually joined to 
nearest building locations. This process may have resulted in misclassification of facility locations 
if, for example, the matched building footprints were not accurate. Additionally, using the extent 
of building footprints (the spatial feature we used to determine proximity to wells) may have led to 
underestimates of the physical spaces where people spend time near buildings. For example, 
most schools have outdoor areas, such as playgrounds and athletic fields, where students spend 
time. In the context of regulatory setback distances for sensitive receptors, special consideration 
should be given to these frequently occupied outdoor spaces that extend beyond the building 
walls. Therefore, a more encompassing setback approach would entail a receptor boundary 
defined at a parcel boundary or property line, rather than a building structure to anchor the setback 
distance. 

Across the landscape of OGD in California, we observed proximity disparities by race/ethnicity 
and by indicators of socioeconomic marginalization including residing in linguistically-isolated 
households, living in a renter-occupied residence, and relatively low educational attainment (i.e., 
no high school diploma). Non-Hispanic Black people are 87% more likely to reside in areas that 
contain OGD within 1 km (3,281 ft) compared to non-Hispanic white populations in California. 
These results were supported by the well density analysis where we found that disproportionately 
high well densities exist in previously identified disadvantaged communities throughout California, 
based on assessments in CalEnviroScreen 3.0. 

Inequities in exposure to environmental pollution have been well documented in California 
(Morello-Frosch, 2002; Pastor et al., 2006). Such inequities arise due to historic and current 
development patterns, regulatory frameworks, and environmental racism (Balazs & Ray, 2014; 
Bullard, 2011). While causal links between environmental pollution exposure from individual 
sources and adverse health effects can be difficult to establish due to methodological challenges 
and etiological limitations (Morello-Frosch, 2002), a large body of evidence has demonstrated the 
connection between proximity to significant pollutant sources and health risks (Bergstra et al., 
2018; Linder et al., 2008). Such fence line communities tend to be disproportionately lower income 
and Black, Indigenous, and people of color, and these trends have been previously observed in 
California, further supporting the population-level inequities observed herein (Balazs et al., 2011; 
OEHHA, 2018; Pastor et al., 2006). Most recently, Gonzalez et al. (2022) found that across the 
United States, the siting of oil and gas wells was associated with historic redlining practices, which 
could help explain, in part, the racial and socioeconomic disparities in proximity to wells reported 
in our proximity study. Redlining encompasses the historic and persistent racist policies in 
housing, lending, and urban planning policies. Briefly, following the Great Depression, the U.S. 
federal government established the Home Owners’ Loan Corporation (HOLC) and the Federal 
Housing Administration (FHA), which directed widespread neighborhood appraisals to determine 
investment risk, referred to as “redlining,” that took into account residents’ race. The authors found 
that, across the 33 included cities, redlined D-graded neighborhoods had an average of 12.2 ± 
27.2 wells/km2, which was nearly twice the density of wells in neighborhoods graded A or “Best” 
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(6.8 ± 8.9 wells/km-2). These findings were consistent in Los Angeles and may account for the 
disproportionate siting of OGD in racially marginalized neighborhoods observed in the present 
day. 

A large number of sensitive receptors such as schools, healthcare facilities, senior care facilities, 
parks, etc., are also in proximity to at least one (and often many) active oil and gas wells or 
wastewater locations. However, it is important to note that though counts of sensitive receptors 
require only one nearby well at a certain search distance, a portion of receptors contain multiple 
nearby wells, and in some cases, very high nearby well densities. For example, 21 healthcare 
facilities have more than 100 active-producing wells within 1 km (3,281 ft), and 14 facilities have 
more than 200 — all of which are located in the City of Los Angeles. Similarly,107 schools have 
over 100 wells within 1 km (3,281 ft), with 33 schools surrounded by over 300 wells within 1 km 
(3,281 ft), the majority of which are also located in the City of Los Angeles. From a public health 
standpoint, the Los Angeles area represents a unique combination of higher well density and high 
population density that does not exist in other parts of the United States. 

The other major finding related to OGD and proximity to sensitive receptors is that these land use 
co-locations are driven, in part, by only a small fraction of the total active-producing well inventory 
in California. Even greater disproportionate well-to-receptor distributions were observed at 
increasingly shorter buffer distances. Notably, all schools and well co-locations at the 1 km (3,281 
ft) distance could be eliminated by addressing just 7% of California’s total well inventory. Overall, 
these disproportionate well-to-receptor counts have important implications for informing policy 
and present an opportunity to realize significant risk reductions by addressing only a small 
proportion of existing well sites. 

Considerable land use co-locations between populations and OGD were also observed for 
wastewater locations. An estimated 400,000, or roughly 1 in 100 (1%), California residents live 
within 1 km (3,281 ft) of an active produced water disposal pond and any status water disposal 
well. Within this distance lie an estimated 99,000 residentially zoned buildings, 239 pre-K through 
12th grade schools, 91 senior care facilities, and 26 healthcare facilities. With the relative lack of 
knowledge pertaining to depositional patterns of pond emissions, it is unknown precisely how 
many of these receptors are impacted by potential emissions. Moreover, while we do see 
significant overlap of population dynamics between wastewater and production wells, wastewater 
facilities do not completely mimic population-level inequities observed for OGD. This result 
indicates that different populations across California may be disproportionately burdened by 
various sub sectors of the oil and gas supply chain. From a policy perspective, this observation 
has implications for understanding the protections that will be afforded to certain subgroups 
depending upon how and what portions of oil and gas activity are further regulated.  

Fluxes of organic compounds emitted from produced water ponds also present a public health 
risk, but these hazards are poorly characterized. Specifically, only one study has measured 
organic compound concentrations in emissions from produced water ponds in California (Schmidt 
& Card, 2020). Summary statistics for all detected constituents within this study, and a discussion 
of knowledge gaps of airborne emissions are provided in Chapter 5, Section 5.5.3. Because this 
study did not measure transport distances of these compounds, the exact area affected by these 
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detected emissions is unknown. Similarly, other studies (Lyman et al., 2018; Mansfield et al., 
2018; Thoma, 2009; H.N.Q. Tran et al., 2018) have measured concentrations of organic 
compounds in emissions from produced water ponds in other states, but these studies also do 
not include a distance component to their measurements. As such, the associated exposures to 
proximal populations from these compounds is relatively unknown. 

The scientific consensus from peer-reviewed studies strongly suggests that the public health risks 
and impacts from exposure to upstream oil and gas activity increase as a function of distance 
from oil and gas development and nearby well density. The science is sufficiently clear that the 
development of oil and gas immediately adjacent to places where people live, work, play and 
learn poses hazards and risks to public health, and that a minimum surface setback distance 
between sensitive receptors and oil and gas sources should be considered. While California does 
indeed maintain both a forward- and reverse setback regulation for oil and natural gas wells in 
relation to nearby buildings based upon the California Fire Code, the 100–300 ft setback distances 
are the least stringent of all major oil and gas producing states and therefore has likely contributed 
to the significant numbers of Californians that currently live in proximity to OGD. Existing 
regulatory setback distances from wells to residences, including those established in California, 
may not be adequate to reduce human health risks, and a more robust, statewide setback policy 
is needed. 

7.6. Summary 
An estimated 3 million (8%) California residents live within 1 km (3,281 ft) of at least one active-
producing5 oil and gas well. Based on satellite imagery, an estimated 670,000 residentially zoned 
buildings, or 6% of all California buildings, are within 1 km (3,281 ft) of at least one active-
producing well. Many sensitive receptors, such as schools, childcare facilities, healthcare 
facilities, senior care facilities, correctional facilities, and parks, are also located in close proximity 
to oil and gas development in California (Table 7.12). 

The observed close proximity between active-producing oil and gas wells and sensitive receptors 
like schools and healthcare facilities are driven by a small fraction of the total active-producing 
wells in California. For example, an estimated 6,006 active-producing wells (7.2% of all wells) are 
within 1 km (3,281 ft) of at least one school. Similarly, 2,377 wells (~3% of all wells) are 
responsible for all of the co-location with healthcare facilities at the 1 km (3,281 ft) distance.  

An estimated 1,663 active-producing wells are within 100 ft (30 m) of at least one home (n=3,661 
homes). California State Fire Code regulation 24 C.C.R. § 5706.3 prohibits location of oil and gas 
wells within 100 ft of any building not necessary to the operation of the well; however, local 
jurisdictions may amend the regulation. 

 
5 Active-producing oil or gas wells were defined as active if reported as active, new, or idle and producing. 
i.e., a well that was part of a class where at least 1% of wells of that type produced hydrocarbons, indicating 
that the well was capable of producing. 
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Table 7.12. Residents and sensitive receptors in proximity to at least one of the 83,000 active-producing oil and gas wells in California, January 
2021. 

Buffer 
Distance 

Number of 
Residents 

Under 5 
years old 

Over 64 
years old 

Schools 
(pre-K to 
12th grade)  

Child- 
care 
Facilities  

Health- 
care 
Facilities 

Senior 
care 
Facilities 

Correct- 
ional 
Facilities 

Parks Residential 
Buildings 

Statewide 
Total 38,984,806 2,698,315 5,352,812 22,452 8,867 2,131 7,246 408 4,983 12,577,497 

500 ft 
(152 m) 219,681 15,110 30,959 226  68  25  44  7  90  44,994 

1,000 ft 
(305 m) 590,116 39,476 82,984 439 122  59  118  9  154  123,167 

1,500 ft 
(457 m) 1,032,255 68,909 143,807 668 218  87 176  15  208 221,262 

2,000 ft 
(610 m) 1,551,743 103,736 212,905 990 336 116  237 18  276 334,816 

2,500 ft 
(762 m) 2,123,961 141,733 287,705 1,293 451 156  324 21  344 461,246 

3,281 ft 
(1 km) 3,080,713 205,027 412,674 1,749 659 207 466 28 461 673,068 

5,280 ft 
(1.6 km;  
1 mile) 

5,772,699 384,810 760,877 3,245 1,262 364  832 55 841 1,260,567 
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The statewide analysis of parcel and census data (2015–2019 American Community Survey) 
shows that the proportions of Hispanic, non-Hispanic Black, and non-Hispanic Asian people, 
linguistically isolated households, renters, individuals without a high school diploma, and 
populations with household incomes below two times the federal poverty line were higher in areas 
within 1 km (3,281 ft) of at least one active-producing well compared to the overall proportion of 
each of these groups in California. Additionally, compared to non-Hispanic White Californians, 
non-Hispanic Black Californians are 87% more likely to reside within 1 km (3,281 ft) to at least 
one active-producing oil and gas well. Similarly, the proportion of Hispanic Californians living 
within 1 km (3,281 ft) of at least one active-producing oil and gas well is 42% higher than non-
Hispanic White people.  

Findings indicate that compared to non-Hispanic White and more socioeconomically advantaged 
populations, non-Hispanic Black, non-Hispanic Asian, Hispanic populations, and those of lower 
socioeconomic status were more likely to live near upstream oil and gas development activities 
where exposures to stressors are likely to be higher.  

Many California communities contain a high density of wells, and a disproportionate number of 
these communities are designated as disadvantaged. Among California’s 8,057 census tracts, 
157 (1.9%) contained 10 or more wells per square kilometer. Sixty-four of these 157 census tracts 
(~41%) have a CalEnviroScreen 3.0 (OEHHA, 2018) score that designates them as a 
disadvantaged community with disproportionate socioeconomic, health, and environmental 
burdens, in addition to the burdens associated with upstream oil and gas development. Because 
a quarter of all California census tracts are designated as disadvantaged communities based on 
CalEnviroScreen scores, this finding indicates that disadvantaged communities are 
overrepresented (1.6 times more common) in census tracts that contain 10 or more wells per 
square kilometer. 

Active-producing wells in California are often spatially clustered, with 95% located in just three Air 
Basins. Spatial clustering or high well density suggests that proximity to one well likely means 
proximity to many wells. For example, 21 healthcare facilities have more than 100 active-
producing wells within 1 km (3,281 ft), and 14 facilities have more than 200. Similarly, 107 schools 
have over 100 wells within 1 km (3,281 ft), with 33 schools are surrounded by over 300 wells 
within 1 km (3,281 ft).  

An estimated 400,000 California residents live within 1 km (3,281 ft) of an active produced-water 
disposal pond and any-status water-disposal well.6 Within this distance are an estimated 98,700 
residentially zoned buildings, 239 schools (pre-K through 12th grade), 91 senior care facilities, 
and 26 healthcare facilities. Emissions of volatile organic compounds (VOCs) have been 
measured from produced water ponds in California; however, the distances that these compounds 
travel and their corresponding atmospheric concentrations have not been assessed. Moreover, 
publicly available data on drinking water well spatial locations in California are unreliable. This 

 
6 Wells designated as ‘Water Disposal’ in CalGEM ‘All Wells’ dataset (CalGEM, 2021). 



 

7-51 

hinders the ability to evaluate risk of drinking water contamination from subsurface migration of 
fluids from produced water disposal processes. 

Exemption and conditional exception mechanisms reduce the effectiveness and public health 
protections of minimum surface setbacks between oil and gas development operations and 
receptors. In other states, exemptions, variances, and consent waivers provide opportunities to 
avoid or weaken well-siting requirements, and therefore have resulted in setback distances that 
vary widely in practice. The effectiveness of minimum surface setback policies depends not only 
on the required setback distance, but also on the exemptions that are permitted. 
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Appendix F 

F.1. Proximity Analysis Study Area and Data Sources  

F.1.1. Study area 
The geographic focus of this study is the entire state of California. Using GIS techniques, all 
datasets were limited to the boundaries of the state of California. Some analyses were aggregated 
by air basin, county or by census tract. All geospatial analyses were performed using the 
California Teale Albers projection. 

F.1.2. Oil and gas data 

Oil and gas wells 
The following oil and gas well datasets were provided by CalGEM on January 21, 2021, and were 
used for all analyses: 

1) CalGEM “All Wells” file (current as of January 21, 2021). 
2) CalGEM “2010 Present Production Injection Volumes” — gas, oil, water quarterly 

production (2010–2020).  

These datasets were used to identify wellhead locations and well status, type, and quantitative 
production volumes. While oil and gas extraction in California is supported by numerous well types 
in various operating conditional states (i.e., status), our well inclusion criteria were aimed to 
capture wells that are capable of producing hydrocarbons at the time of writing this report. 
Therefore, to provide these “active-producing” wells and their locations for the proximity analysis, 
the two datasets listed above were first joined by American Petroleum Institute (API) well number 
— a unique identifier allowing for common examination across individual well status, type and 
hydrocarbon production activity over the past ten years. For the “active-producing wells”, data 
were refined so that all wells included in the analysis were, according to CalGEM, active, new, or 
idle statuses as of January 21, 2021 (Table F.1). 

Because not all well types routinely produce oil or gas, we next examined proportions of wells by 
type that have produced any oil or gas within the past six years. We selected a 1% cut-off value 
for the well type inclusion criteria, meaning that at least 1% of wells within a certain well type must 
have produced hydrocarbons over the past five years to be included in the proximity analysis. If 
a well type met these criteria, all wells of that type that were also status new, active, or idle were 
included in the final well dataset. Table F.2 shows these percentages in the far-right column, with 
rows highlighted in green indicating well types that were included in the “active-producing” well 
dataset. Note that the well type “gas” did not meet the 1% threshold but was still included due to 
its likelihood to function as a producing well akin to “dry gas” and “oil and gas” well types.  
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Table F.1. All-type hydrocarbon-related extraction wells by well status as of January 21, 2021. Rows in light 
grey indicate consideration for inclusion in proximity analysis. Note: some wells can produce both oil and 
gas. 
Status Well Count Oil Producing 

Wells 
2015–2020 

Gas Producing 
Wells 2015–2020 

Wells Included 
by Well Status 

Plugged 126,400 1857 988  

Active 60,937 45,041 25,808 60,937 

Idle 38,557 9,435 5,589 38,557 

Canceled 8,991 9 6  

New 5,426 712 347 5,426 

Plugged Only 177 12 6  

Unknown 111 1 0  

Abeyance 1 0 0  

Total 240,600 57,067 32,744 104,920 

The final well selection criteria (Figure F.1) resulted in a final well count of 83,834. Notably, 206 
wells reported duplicate well locations even though no duplicate API numbers were present. In 
some cases only the API number differed. In other cases, well status or well type differed, 
indicating that the same well may have been repurposed to a subsequent operating type. 
However, no well activity dates were provided within this dataset to test this hypothesis. It is also 
possible that two wells exist on the same well pad but were geolocated to the same well pad 
centroid location. Irrespective of cause, duplicate well locations were removed to not double count 
proximate populations or sensitive receptors. 

 
Figure F.1. Well dataset selection criteria and the resulting final count. Note: 206 wells reported duplicate 
well locations. To not double count populations and sensitive receptors, these duplicates were removed 
resulting in a final “active” well count of 83,834.  
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Table F.2. All-status hydrocarbon-related extraction wells by well type with counts and proportion of 
producing wells. Rows in light grey indicate consideration for inclusion in proximity analysis. 

Well Type Well 
Count 

Oil 
Producing 
Wells  
2015–2020 

Gas 
Producing 
Wells 
2015–2020 

Oil or Gas 
Production 
2015–2020 

Percent of 
Producing 
Wells  
2015–2020 

Wells 
Included 
by Type 

Oil & Gas 157,426 39,782 27,702 40,117 25.48 157,426 

Cyclic Steam 21,000 16,529 3,658 16,531 78.72 21,000 

Dry Hole 16,743 0 0 0 0.00  

Steamflood 12,605 71 4 71 0.56  

Waterflood 11,170 86 60 86 0.77  

Dry Gas 5,003 134 1,187 1,187 23.73 5,003 

Observation 4,857 21 11 21 0.43  

Multi-Purpose 2,922 215 73 216 7.39 2,922 

Water Disposal 2,295 7 0 7 0.31  

Injection 1,705 1 0 1 0.06  

Core Hole 1,451 0 0 0 0.00  

Gas 1,418 0 3 3 0.21 1,418 

Unknown 952 84 42 84 8.82 952 

Gas Storage 451 135 3 137 30.38 451 

Water Source 248 1 0 1 0.40  

Pressure 
Maintenance 141 1 1 1 0.71  

Gas Disposal 115 0 0 0 0.00  

Air Injection 92 0 0 0 0.00  

Liquefied Gas 6 0 0 0 0.00  

Total 240,600 57,067 32,744 58,463   189,172 
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Oil and gas wastewater disposal infrastructure 
Locations of produced water were compiled from three sources: 

1. Latest (January 31, 2019) State Water Resources Control Board (SWRCB) Produced 
Water Pond Status Report (SWRCB, 2019), 

2. Pits and sumps dataset in the California Geologic Energy Management Division’s 
(CalGEM) WellSTAR Statewide Tracking and Reporting System (CalGEM, 2018), and  

3. Locations of ponds provided in the SWRCB’s Geotracker system (SWRCB, 2021).  

Occasionally, locations of ponds in Geotracker were provided in the Public Land Survey System 
notation (e.g., section, township, range). In these cases, the California utility of Earth Point in 
Google Earth was used to determine the centroid in latitude and longitude of the section, township, 
and range. Since there was no common shared key between all three of the datasets, ponds in 
each dataset were joined by the latitude and longitude values in R to create a compiled dataset 
(R Core Team, 2020). The compiled dataset was then imported into ArcGIS 10.8.1, and 
duplicated features were joined manually by comparing to multiple years (2009, 2014) of high-
resolution (~1 m, 3.3 ft) aerial imagery (CDFW, 2009, 2014). After the removal of duplications, 
there were a total of 2,389 pond features remaining which were considered in the statewide 
proximity analysis. Of these features, only those with a status of “active” (n=682) were joined to 
all wells with a type of “Water Disposal” (n=2,295) from the CalGEM “All Wells” dataset (CalGEM, 
2021). This combined dataset (2,977 features) was then used in the proximity analysis to 
characterize populations living within proximity to oil and gas wastewater infrastructure. 

F.1.3. Population data 

California statewide parcel data 
Tax assessor real estate land parcel data were obtained from the California Air Resources Board 
(CARB) for the entire state of California. These parcel data included land use types (e.g., single-
family residential) and were used to distinguish between residential and non-residential parcels 
for use in downscaling Census block data to these high-resolution parcel areas. Population data 
available at the census block-level was downscaled to these residential-type parcels using a 
proportional distribution method further described in the “populated areas” methods section 
below. 

Population and demographic data 
U.S. Census blocks were utilized for all population and demographic information. Unfortunately, 
the most recent block-level population information was enumerated from the 2010 decennial 
census. To provide more recent population estimates, block group-level data in the ongoing five-
year American Community Survey (ACS) was utilized. Block-level populations from the 2010 
decennial census were extrapolated forward in time using population estimates from the 2013–
2017 ACS for parent block-groups; proportional distribution of population amongst the blocks 
within each block group was kept constant according to patterns observed in 2010, but with 
updated totals to reflect values in the ACS dataset. 
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F.1.4. Sensitive receptors data 

Building footprint data 
Geospatial building footprint data were available from Microsoft, which provides deep learning 
generated building footprint vectors for the entire United States, representing the built 
environment as of June 2018 (Microsoft Maps, 2021). In addition to supporting the population 
model, building locations were also used to represent sensitive receptors where spatial resolution 
of administration data was available only as single points. This applied to private school locations, 
daycare locations, all healthcare facilities, and senior care facility locations. To assign these point 
data to building geometries, we employed the near function to capture the nearest building 
followed by a spatial join to append the sensitive receptor attributes to the nearest building 
geometry. In some cases, the underlying point data represents multiple entities, such as multiple 
healthcare facilities. This also resulted in duplicate building geometries following the near and join 
functions. Therefore, we present counts of sensitive receptors both with and without duplicates 
as indicated by the “ND” notation, indicating “no duplicates” and any duplicate co-located entities 
equaling n=1. 

CalEnviroScreen 3.0 
CalEnviroScreen 3.07 is a screening tool that identifies communities most affected by and 
vulnerable to the effects of many sources of pollution and population-based disparities (OEHHA, 
2018). It aggregates statewide environmental, health, and socioeconomic information to produce 
scores for every census tract in the state. A census tract with a high score is considered more 
disadvantaged than a community with a low score as a result of pollution burden and population 
characteristics. When overlaid with climate impact and exposure data, CalEnviroScreen can 
provide insight into built and environmental exposure factors that contribute to vulnerability 
(Mohnot et al., 2019; OEHHA, 2018). 

Schools and childcare facilities 
The California School Campus Database provided land parcel location data for all California 
Public Schools kindergarten through 12th grade as well as all California Community College 
campuses and University land parcel locations that are believed to house at least 250 students 
on campus (GreenInfo Network, 2021). Private school locations were available from California 
Department of Education Open Data (CDE, 2021). 

Correctional facilities 
Correctional facilities were available from the Homeland Infrastructure Foundation — a provision 
via the federal Department of Homeland Security (Oak Ridge National Laboratory, 2020). 
Facilities included within this database range from federal (excluding military) jurisdiction to local 

 
7 CalEnviroScreen 3.0 was the available version of CalEnviroScreen at the time of analysis (OEHHA, 
2018). Since that time, an updated version of CalEnviroScreen (4.0) was released. 
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governments. These features are represented by polygon geometry that “describes the extent of 
where the incarcerated population is located (fence lines or building footprints).” 

Parks and playgrounds 
Area locations of parks and playgrounds were derived by combining spatial data from three 
datasets: 

● Real estate tax parcels provided by CARB; park parcels were identified by “use code.” 
● The California Protected Areas Database, a dataset maintained and updated by the 

Greeninfo Network (GreenInfo Network, 2018) that captures open space lands, parks, 
conservation easements, and preserves statewide. 

● USA Parks, a geospatial dataset produced by ESRI in partnership with TomTom, a private 
company specializing in location technologies and digital geodatabase products and 
services (ESRI, 2019). This layer is considered to be ESRI’s “authoritative” data on parks, 
gardens and forests, combined with boundary information for national, state and local 
parks.  

When compared to current (2018) aerial imagery, it is apparent that some parks are represented 
by polygons in two or more of these data layers. It is also apparent that no one dataset is 
sufficiently comprehensive to be used alone to represent parks and sensitive land uses for this 
project. From these three data layers, a single composite and validated dataset was produced by 
using aerial imagery to identify each candidate site (“parks and playgrounds” as defined by CARB 
in their Air Quality and Land Use Handbook) and selecting from each layer the polygon(s) that 
best represent that site visible in the aerial imagery. The aerial imagery was also used to 
determine which of these parks qualify as a site, using the presence of improvements such as 
athletic facilities, play structures, etc. 

Health care facilities  
Individuals with pre-existing medical conditions, such as people admitted in hospitals and other 
healthcare facilities, are more prone to developing air pollution-related illnesses (CARB, 2005). 
Point locations for health care facilities were available from California Health and Human 
Services, updated as of March 12, 2021, and accessed March 27, 2021, (CalHHS, 2021). 
Facilities include California’s licensed/certified facilities that are currently operating as per the 
most recent update. The source of the data is provided via the State of California Electronic 
Licensing Management System (ELMS). Point locations were spatially joined to the nearest 
building footprint (Microsoft Maps, 2021) to provide representation at the building boundary.  

Senior care facilities 
Senior care facilities, such as nursing homes, are considered sensitive land uses, as individuals 
within these types of facilities are the most vulnerable to health risks from exposure to harmful air 
pollutants (CARB, 2005). Individuals older than 64 years of age are more susceptible to air 
pollution-related illnesses such as stroke, asthma, heart disease, lung cancer, and other 
respiratory diseases. Point locations for elder care facilities were available from the California 
Department of Social Services, updated as of December 2020 and accessed March 27, 2021 
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(CDSS, 2020). Point locations were spatially joined to the nearest building footprint (Microsoft 
Maps, 2021) to provide representation at the building boundary.  

F.2. Methods to Determine Populations and Sensitive Receptors in Proximity to 
Oil and Gas Activity  

F.2.1. Search-area buffer distances 
To quantify populations and sensitive receptors in proximity to oil and gas development (OGD), 
search areas around OGD sites must be defined at the outset. Selection of radial buffer distances 
were informed by epidemiological studies of adverse health effects associated with living in 
proximity to active OGD and previous proximity analyses performed in the U.S. Within these 
considerations, a range of radial distances around wells were selected to both fully characterize 
spatial relationships and to support comparison across distances. The selected buffer distances 
are listed below and represent the radial areas around oil and gas features (i.e., active-producing 
oil and gas wells, and active produced water ponds and all-status water disposal wells): 

● 500 ft (152 m) 
● 1,000 ft (305 m) 
● 1,500 ft (457 m) 
● 2,000 ft (610 m) 
● 2,500 ft (762 m)  
● 3,281 ft (1 km)  
● 5,280 ft (1 mile, 1,609 m) 

Geodesic buffers were created in ArcGIS 10.8.1. Individual buffers around features were 
dissolved to produce one buffer encompassing all features (e.g., the 500 ft [152 m] buffer around 
wells encompasses all of the area in the state of California within 500 ft [152 m] of an active-
producing oil and gas well). These buffers were then intersected with the population area 
polygons in ArcGIS 10.8.1, to determine the proportion (ranging from 0–1) of each population 
area polygon falling within the examined buffer distance. Details of how these proportions were 
calculated are provided in the following area-weighted metrics section. 

F.2.2. Downscaling Census population data 
In the United States, population data are publicly available at aggregated aerial units (e.g., census 
blocks), and represent “nighttime populations.'' This population data type is useful, as census 
surveys capture where respondents reside, rather than time spent working and traveling. 
Unfortunately, when these data are used for analyses like counting populations, the nature of 
these spatially aggregated data can lead to bi-directional errors and decreasing accuracy with 
decreasing search areas (Michanowicz et al., 2019). Studies that rely on census data or similar 
data to estimate populations at sub-census area scales are constrained by the modifiable areal 
unit problem and therefore are required to make assumptions about the spatial structure of 
populations — typically the assumption that populations are homogeneously distributed within 
aerial units (i.e., proportional weighting).  
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In essence, the goal in downscaling aggregated census information is to capture only habitable 
land uses. This was done using residential parcels from the CARB parcel data, census population 
at the block group and block-levels (from 2013–2017 and 2010, respectively) and building 
footprints from Microsoft’s U.S. buildings dataset. The final map of population using these data 
was made in the following steps: 

1. Extrapolate block-level populations from the 2010 decennial census forward in time using 
population estimates from the 2013–2017 ACS for parent block-groups. Proportional 
distribution of population amongst the blocks within each block group was kept constant 
according to patterns observed in 2010, but with their totals updated to reflect values in 
the ACS dataset. 

2. Identify residential parcels from the CARB parcel data using the “USE_CODE_2” 
classification, which has some 278 unique land use types, of which 30 were identified as 
being residential (e.g., “Single Family Residential” and “Apartment House (5+units)”). We 
also included “planned residential unit developments” because many of these parcels 
have already been developed, as evidenced by recent satellite imagery. 

3. Create a spatial polygon layer of only residential parcels. 
4. Of this parcel subset, identify those residential parcels that likely contain a large amount 

of open, unpopulated space. This was defined as individual parcels with an area of more 
than 1 acre (0.4 hectares) for low-density residential classes (e.g., “single-family 
residential”) or with more than 50 acres (20 hectares) for high-density residence classes 
(e.g., “apartment house (100+ units)”). The distinction in thresholds between low- and 
high-density residence types was made due to the observation that for most low-density 
uses, parcels may be large but only contain a small portion where a home is located and 
for which people likely are present., leading to the 1-acre (0.4-hectares) cutoff. However, 
in densely populated regions, it is common to see single parcels encompass large 
apartment or condominium developments that can span large areas of urban space, 
leading to the 50-acre (20-hectares) area cutoff for these parcels. 

5. Assume that all parcels not excluded in step 4 (<1 acre or <50 acre areas, <0.4 or <20 
hectares), are populated areas, with population distribution assumed to be uniform within 
each individual parcel. These parcel areas account for roughly 91.8% of the state’s total 
population. 

6. For those parcels excluded in step 4 (>1-acre or >50-acres, >0.4 or >20 hectares), identify 
the buildings within these parcels using the Microsoft U.S. buildings layer, and assume 
that the population within these large parcels is distributed only amongst the building areas 
within it. These areas account for roughly 4.9% of the population. 

7. For any blocks with a non-zero population but containing no residential parcels, identify 
buildings within them and assume population is distributed in these buildings. These areas 
represent roughly 3.0% of the population. 

8. Finally, for any blocks with non-zero population but which contain neither residential 
parcels nor buildings, simply assume that its population is uniformly distributed across the 
entire block area. This pertains to blocks containing only roughly 0.3% of the population. 

9. Using a combination of these four polygon geometries: 1) small residential parcels; 2) 
buildings within large residential parcels; 3) buildings within populated blocks with no 
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residential parcels; and 4) boundaries of populated blocks with no residential parcels or 
buildings); create a polygon layer representing the union of all of them and assign the 
block level population totals only to these areas within each block, assuming uniform 
population density throughout the block. 

 
Table F.3. Geographic scales of population data used in proximity analysis (Source: Depsky, University of 
California, personal communication, 2021). 

Step Data Used for Residential “Footprint” Share of CA Pop. 

1 
Residential parcels less than 1 acre (0.4 hectares) in area, or less 
than 50 acres (20 hectares) for parcels with high-density residential 
use codes (e.g., apartment complexes, condos, etc.). 

91.8% 

2 
Building areas within residential parcels excluded in Step 1 (area >1 
acre [0.4 hectares] or area >50 acre [20 hectares] for high-density 
parcels). Located generally in sparsely populated or mixed-use areas. 

4.9% 

3 Building areas within populated blocks with no residential parcels 
present. Located generally in sparsely populated or mixed-use areas. 3.0% 

4 
Entire block areas for blocks with no residential parcels nor buildings 
detected. Located generally on small street segments or rural/open 
areas. 

0.3% 

Resulting from this process, the geographic scale of the population data used in this analysis was 
primarily (>90%) at the tax assessor real estate parcel level, with the remainder primarily at 
building-level (Table F.3). 

F.2.3. Area-weighted metrics to determine proportions of populated areas and 
populations in proximity to oil and gas activity  
To determine the demographic makeup of populations living within the selected well-area buffer 
distances, we weighted all metrics of interest by the intersection area of the well-area buffer and 
the population area polygon (Figure F.2). 

 
Figure F.2. A visual representation of area-weighting. 
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In this example, 100% of the population within polygon A2 would be assigned to the well-area 
buffer, and portions of the population corresponding to the ratio of the shaded area to the total 
polygon area for polygons A3 and A1 would be assigned to the well-area buffer. Mathematically 
this corresponds to: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑤𝑤𝐴𝐴𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝐴𝐴𝑡𝑡 𝑀𝑀𝐴𝐴𝑡𝑡𝐴𝐴𝑤𝑤𝑀𝑀 =  (𝐼𝐼𝐼𝐼𝑡𝑡𝐴𝐴𝐴𝐴𝐼𝐼𝐴𝐴𝑀𝑀𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴/𝑇𝑇𝐼𝐼𝑡𝑡𝐴𝐴𝑇𝑇 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) 𝑥𝑥 𝑀𝑀𝐴𝐴𝑡𝑡𝐴𝐴𝑤𝑤𝑀𝑀 𝐼𝐼𝑜𝑜 𝐼𝐼𝐼𝐼𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝑡𝑡 

where 𝐼𝐼𝐼𝐼𝑡𝑡𝐴𝐴𝐴𝐴𝐼𝐼𝐴𝐴𝑀𝑀𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is the area of the well-area buffer that intersects a population area 
polygon, 𝑇𝑇𝐼𝐼𝑡𝑡𝐴𝐴𝑇𝑇 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is the total area of a population area polygon, and 𝑀𝑀𝐴𝐴𝑡𝑡𝐴𝐴𝑤𝑤𝑀𝑀 𝐼𝐼𝑜𝑜 𝐼𝐼𝐼𝐼𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝑡𝑡 is the 
metric of interest (e.g., proportion of people over 64 years old).  

For demographic metrics only, the area-weighted population was multiplied by the demographic 
metric of interest (e.g., percent of people aged younger than five years old). After calculating the 
individual area weighted value for each intersection area, values were aggregated over the entire 
buffer distance by taking either the sum or mean of all values. Different aggregating functions 
were applied on a per demographic indicator basis in R (Table F.4) (R Core Team, 2020). 

While area-weighting functions likely introduce bias to population aggregation calculations via 
their inherent assumptions (i.e., populations are uniformly distributed over the spatial units of 
interest), the high-resolution population area data we use in our analyses should greatly minimize 
these biases. Specifically, as previously discussed, non-habitable areas (e.g., roadways, 
industrial areas) have been painstakingly eliminated from the population area polygons dataset 
we use for our analyses, and thus edge effects should be greatly reduced, if not eliminated 
completely. 

Table F.4. Functions used to aggregate values for each demographic metric. 
Demographic Metric Aggregation Function Demographic Metric Aggregation Function 
Under 5 years old Sum non-Hispanic White Sum 

Over 64 years old Sum Hispanic Sum 

No high school diploma Sum non-Hispanic Black Sum 

Voters  Sum non-Hispanic Asian Sum 

Linguistically isolated 
households 

Sum non-Hispanic American 
Indian 

Sum 

Unemployed Sum non-Hispanic other Sum 

Below 2x federal poverty 
line 

Sum non-Hispanic people of 
color 

Sum 

Renter Sum Median Household Income  Mean 

  



7-70

F.2.4. Calculating demographic group risk ratios
Population weighted demographic group specific risk ratios were calculated to compare the
relative risk for each examined demographic group where:

𝐺𝐺𝐴𝐴𝐼𝐼𝐺𝐺𝐺𝐺 𝑅𝑅 𝑤𝑤𝐼𝐼𝑅𝑅 𝑅𝑅 𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼 = 

𝛴𝛴 𝛴𝛴𝐼𝐼𝐺𝐺𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼𝑔𝑔 𝑔𝑔 𝑔𝑔 𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝑏𝑏 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏 𝑔𝑔 𝑎𝑎𝑔𝑔 𝑏𝑏𝑎𝑎
𝛴𝛴𝛴𝛴𝐼𝐼𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴 𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼𝑔𝑔 𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝐶𝐶𝐶𝐶 

𝛴𝛴𝛴𝛴𝐼𝐼 𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼𝑤𝑤𝑔𝑔 𝑤𝑤𝑎𝑎𝑡𝑡 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝑏𝑏 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏 𝑔𝑔 𝑎𝑎𝑔𝑔 𝑏𝑏𝑎𝑎
𝛴𝛴𝛴𝛴𝐼𝐼 𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼𝑤𝑤𝑔𝑔 𝑤𝑤𝑎𝑎𝑡𝑡 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝐶𝐶𝐶𝐶 

Where 𝛴𝛴𝛴𝛴𝐼𝐼 𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼 𝐼𝐼𝑔𝑔 𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝑏𝑏 𝑔𝑔𝑏𝑏 𝑏𝑏 𝑏𝑏 𝑔𝑔 𝑎𝑎𝑔𝑔 𝑏𝑏𝑎𝑎 is the total population of a demographic group living 
within a buffer area (e.g., total number of Californians over 64 living within 3,281 ft (1 km) of an 
active-producing well), 𝛴𝛴𝛴𝛴𝐼𝐼 𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼 𝐼𝐼𝑔𝑔 𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝐶𝐶𝐶𝐶 is the total population of a demographic group 
within the entire state of California (e.g., total number of Californians over 64), 
𝛴𝛴𝛴𝛴𝐼𝐼 𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼𝑔𝑔𝑔𝑔 𝑔𝑔 𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝐶𝐶𝐶𝐶 is the total population living within a buffer area, and 
𝛴𝛴𝛴𝛴𝐼𝐼 𝐺𝐺 𝐺𝐺𝑇𝑇𝐴𝐴𝑡𝑡𝑤𝑤𝐼𝐼𝐼𝐼𝑤𝑤𝑔𝑔 𝑤𝑤𝑎𝑎𝑡𝑡 𝑤𝑤𝑤𝑤 𝑤𝑤ℎ𝑤𝑤𝑖𝑖 𝐶𝐶𝐶𝐶 is the total population of California (~39 million people). Risk ratios 
provide a way to quantify the relative risk of any group. Groups who experience a relatively higher 
amount of risk will have risk ratios greater than 1, and those that experience the same amount of 
risk as the general population will have ratios equal to 1. 

F.2.5. Counts of sensitive land uses  
Sensitive land uses in proximity to oil and gas wells and wastewater systems were enumerated
using the same well-area buffer distances to determine intersection or overlap between well-areas
and a sensitive land use.  

F.3. Community Vulnerability Metrics and Justification for Inclusion

F.3.1. CalEnviroScreen 3.0 (CES 3.0)8 

This statewide tool provides information regarding environmental health indicators at the census
tract levels across the entire state. Commissioned and maintained by the California Environmental
Protection Agency (CalEPA) and, more specifically, the Office of Environmental Health Hazard
Assessment (OEHHA), this database serves as a tool for information transfer and environmental
screening at the community level. The newest iteration of this product, version 3.0, incorporates
a wide array of pollution, demographic and socioeconomic metrics to estimate cumulative
environmental burdens facing communities. This product is widely used both by policymakers,
practitioners, academics, and community organizations in order to identify and implement policies
that are sensitive and responsive to environmental inequities.

Cumulative burdens are reported in terms of raw scores (ranging from roughly 0 to 95.0), which 
are calculated via a multi-step algorithm that incorporates the multiple factors considered, as well 
as in percentile terms (ranging from 0–100), which provides a relative measure of burden 
experienced by a given community compared to the rest of the state. Both the raw scores and 

8 CalEnviroScreen 3.0 was the available version of CalEnviroScreen at the time of analysis (OEHHA, 
2018). Since that time, an updated version of CalEnviroScreen (4.0) was released.   
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percentiles were provided in this analysis and may each be appropriate for use in assessing 
community vulnerability, depending on the context of the research being done or questions being 
asked. Using the raw scores will provide a true reflection of the actual cumulative burden 
experienced by each census tract, while using percentiles will only provide a relative measure. 
Using a simplified example, suppose there are only ten tracts in the state, three of which have a 
score of 30.0, one of which has a raw score of 80.0, and the remaining six with scores of 95.0. 

F.3.2. Racial Composition 
Analysis of racial and ethnicity-based metrics is commonly done when assessing issues of 
community vulnerability and environmental equity/justice more broadly. Given the legacy of 
segregation, inequality, and marginalization of communities of color in the United States, they are 
often disproportionately exposed to hazards, environmental and otherwise. There is a very strong 
precedent for including such metrics in environmental health and community vulnerability studies, 
especially in the last three to four decades. 

F.3.3. Healthcare and senior care facilities  
Senior centers and medical facilities such as hospitals, health clinics, and nursing homes are all 
considered sensitive land uses, as individuals within these types of facilities are the most 
susceptible to health risks from exposure to poor air quality. Individuals older than 64 years of 
age are more susceptible to air pollution-related illnesses such as stroke, asthma, heart disease, 
lung cancer, and other respiratory diseases. Similarly, those individuals with pre-existing medical 
conditions, such as those people admitted in hospitals and other healthcare facilities, are more 
prone to developing air pollution-related illnesses (CARB, 2005). 

F.3.4. Parks 
Park are sensitive land uses in which populations uniquely susceptible to environmental hazard 
exposures, including children and older adults, are likely to spend time. While parks bring health 
benefits through facilitating outdoor physical activities, performing physical activities in polluted 
environments also has adverse health effects. Therefore, reducing potentially hazardous 
exposures to pollution in parks can ensure their net health benefits. 

F.3.5. Correctional Facilities 
Compared with the general population, individuals in correctional facilities tend to have higher 
rates of underlying health conditions, including higher odds of chronic (e.g., asthma, 
cardiovascular disease, arthritis, and cancer) and infectious diseases (e.g., HIV, hepatitis, and 
tuberculosis), and mental disorders. By virtue of being incarcerated, individuals in correctional 
facilities have little to no control over their living conditions and are also likely to have inadequate 
access to health care. Furthermore, individuals in correctional facilities are faced with poorer living 
conditions such as overcrowding, which in turn leads to the prevalence of infectious diseases and 
mental disorders. These conditions can make this community uniquely susceptible to the adverse 
health effects of environmental hazard exposures. 
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F.3.6. Schools and Daycares 
Children are sensitive to pollution given their small size, high metabolic rates, and developing lung 
structure and immune systems. In addition to health consequences, air pollution may cause some 
students to be absent from school, leading to other social cost (e.g., school dropout, parents 
missing work, and cuts in attendance-based school funding). For children with respiratory issues, 
not going to school on a heavily polluted day is either a result of respiratory problems triggered 
by air pollution or a preventive measure. Since children spend more time indoors, their exposures 
are strongly correlated with pollution concentration in schools and home environments and during 
transportation. 

F.4. Comparison of Buffer Areas 
In general, most water disposal infrastructure is sited relatively close to active-producing oil and 
gas wells. Consequently, buffers extended from active produced water ponds and/or disposal 
wells overlap with buffers extended from active-producing wells. This overlap ranges from roughly 
70% to 90% of the total area encompassed by a water feature buffer, and the overlap area 
generally increases with increasing buffer distance (Table F.5). As such, at best, only 30% of the 
area of any water feature buffer is unique to produced water disposal infrastructure. 

The relatively large amount of overlap between water infrastructure buffers and active-producing 
well buffers means that a relatively large amount of sensitive receptors in proximity to water 
disposal infrastructure are already encompassed by buffers extended from active-producing oil 
and gas wells. For example, 611 schools in California are within one mile (1,609 m) of a water 
disposal feature. However, only 79 of these schools do not fall within the area encompassed by 
the one-mile buffer extended from active-producing wells (Table F.6). This number corresponds 
to less than 0.5% of the schools in California. Similarly, this trend exists at the smallest buffer 
distance (500 ft, 152 m), albeit less pronounced. Specifically, 12 schools are located within 500 ft 
(152 m) of a water feature, and 10 (<0.1% of the state total) of them are not located within the 
500 ft (152 m) buffer extended from active-producing wells (Table F.6). As a result, the discussion 
of sensitive receptors in proximity to oil and gas related features is largely focused on those in 
proximity to active-producing wells, whose buffers largely encompass areas covered by buffers 
extended from wastewater disposal features. 
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Table F.5. Comparison of overlap between water disposal infrastructure and active-producing well buffer 
areas. 
Buffer Distance Area of water disposal 

infrastructure buffer 
(mi2) 

Area of water disposal 
infrastructure buffer 
intersecting well buffer 
(mi2) 

% Overlap 

500 ft (152 m) 56.0 41.1 73% 

1,000 ft (305 m) 167 115 69% 

1,500 ft (457 m) 307 235 77% 

2,000 ft (610 m) 465 375 81% 

2,500 ft (762 m) 636 530 83% 

3,281 ft (1,000 m) 918 789 86% 

5,280 ft (1,609 m) 1,689 1,506 89% 

 

Table F.6. Count and percentage of the state total of sensitive receptors unique to water disposal 
infrastructure for each buffer distance. 
Receptor 500 ft 

(152 m) 
1,000 ft 
(305 m) 

1,500 ft 
(457 m) 

2,000 ft 
(610 m) 

2,500 ft 
(762 m) 

3,281 ft 
(1,000 m) 

5,280 ft 
(1,609 m) State Total 

Correctional 
Facilities 

1  
(0.25%) 

1 
(0.25%) 

0  
(0%) 

1  
(0.25%) 

1  
(0.25%) 

1  
(0.25%) 

4  
(0.98%) 408 

Parks 6  
(0.12%) 

6 
(0.12%) 

12  
(0.24%) 

14  
(0.28%) 

19  
(0.38%) 

20  
(0.4%) 

21  
(0.42%) 4,983 

Healthcare 
Facilities 

0  
(0%) 

0  
(0%) 

1  
(0.05%) 

2  
(0.09%) 

2  
(0.09%) 

3  
(0.14%) 

1  
(0.05%) 2,131 

Senior Care 1  
(0.01%) 

5 
(0.07%) 

7  
(0.1%) 

10  
(0.14%) 

18  
(0.25%) 

25  
(0.35%) 

21  
(0.29%) 7,246 

All Buildings 1,535 
(0.01%) 

3,193 
(0.03%) 

5,778 
(0.05%) 

9,113 
(0.08%) 

12,440 
(0.11%) 

18,551 
(0.17%) 

32,808 
(0.3%) 10,988,525 

Total 
Schools 

10  
(0.04%) 

13 
(0.06%) 

16  
(0.07%) 

21  
(0.09%) 

35  
(0.16%) 

42  
(0.19%) 

79  
(0.35%) 22,452 

Community 
Colleges 

1  
(0.38%) 

1 
(0.38%) 

2  
(0.75%) 

2  
(0.75%) 

2  
(0.75%) 

1  
(0.38%) 

0  
(0%) 266 

Universities 1  
(0.69%) 

1 
(0.69%) 

1  
(0.69%) 

0  
(0%) 

0  
(0%) 

2  
(1.38%) 

2  
(1.38%) 145 
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F.5. Population and Demographic Counts Within Between-Buffer Areas 
Table F.7. Between-buffer area specific total counts and associated demographic metrics of populations living in proximity to active-producing wells. 

 0–500 ft 
(0–152 m) 

501–1,000 ft 
(153–305 m) 

1,001–1,500 ft 
(306–457 m) 

1,501–2,000 ft 
(458–610 m) 

2,001–2,500 ft 
(611–762 m) 

2,501–3,281 ft 
(763–1,000 m) 

3,281–5,280 ft 
(1,001–1,609 m) 

Total Population 219,700 370,400 442,155 519,488 572,218 956,752 2,691,986 

Age Based 

under 5 years old 15,110 24,366 29,433 34,827 37,997 63,294 179,783 

over 64 years old 30,959 52,025 60,823 69,098 74,800 124,969 348,203 

Racial 

non-Hispanic White 65,646 118,332 137,796 157,748 170,816 287,847 777,316 

Hispanic 90,842 155,498 192,379 230,391 254,331 433,778 1,282,385 

non-Hispanic Black 17,745 30,488 38,761 47,639 51,000 76,714 196,350 

non-Hispanic Asian 42,687 56,756 62,430 70,661 81,384 134,730 369,239 

non-Hispanic American Indian 1,056 1,329 1,616 1,868 2,040 3,390 9,811 

non-Hispanic other 7,238 11,562 13,342 16,060 17,709 28,932 80,538 

Economic 

below 2x federal poverty line 78,089 126,835 156,300 186,872 209,646 349,814 1,016,800 

unemployed 11,905 18,657 22,831 26,743 29,672 51,146 145,846 

Education 

no high school diploma 44,978 73,334 90,648 109,427 122,091 208,251 611,258 

Miscellaneous 

voters 143,407 243,310 290,714 339,645 372,770 621,840 1,762,552 

renters 129,440 196,278 223,770 265,667 293,753 490,812 1,416,473 

linguistically isolated households 11,794 15,488 18,135 21,454 23,122 38,841 113,739 
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Table F.8. Between-buffer area specific total counts and associated demographic metrics of populations living in proximity to active produced water 
disposal ponds and any water disposal wells. 
 0–500 ft 

(0–152 m) 
501–1,000 ft 
(153–305 m) 

1,001–1,500 ft 
(306–457 m) 

1,501–2,000 ft 
(458–610 m) 

2,001–2,500 ft 
(611–762 m) 

2,501–3,281 ft 
(763–1,000 m) 

3,281–5,280 ft 
(1,001–1,609 m) 

Total Population 7,058 26,195 46,846 69,555 87,267 165,542 621,151 

Age Based 

under 5 years old 624 1,787 3,191 4,827 6,481 11,796 43,409 

over 64 years old 1,147 3,857 6,641 9,712 11,566 22,423 77,436 

Racial 

non-Hispanic White 2,672 10,881 19,632 28,930 36,639 69,203 230,212 

Hispanic 2,499 8,878 16,456 23,333 29,438 60,498 264,672 

non-Hispanic Black 922 2,426 3,532 5,363 5,883 10,197 42,384 

non-Hispanic Asian 1,031 3,456 5,977 9,986 12,880 21,273 68,396 

non-Hispanic American Indian 120 161 291 356 429 808 2,677 

non-Hispanic other 393 1,109 1,881 2,624 3,305 5,809 19,584 

Economic 

below 2x federal poverty line 2,128 7,343 13,447 20,175 24,736 49,241 216,371 

unemployed 533 1,375 2,390 3,567 4,606 8,669 33,804 

Education 

no high school diploma 1,215 4,103 7,338 10,670 13,828 27,990 128,966 

Miscellaneous 

voters 4,876 17,743 31,938 47,452 58,823 112,766 407,369 

renters 3,094 11,439 20,631 31,785 39,869 74,238 310,946 

linguistically isolated households 307 871 1,368 2,144 2,603 5,149 21,569 
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F.6. Residential Parcels  
We utilized a comprehensive, statewide shapefile of all California parcels obtained from CARB. 
Each parcel in this dataset has a number of attributes pertaining to various use code 
classifications which were used to distinguish between residential and non-residential parcels.  

The following residential type classifications were included in the final population allocation model 
and to distinguish residential type buildings as listed in the sensitive receptor counts: 

● Apartment house (100+ units) 
● Apartment house (5+ units) 
● Apartments (generic) 
● Cluster home (Residential) 
● Comm/OFC/Res mixed use 
● Condominium (Residential) 
● Cooperative (Residential) 
● Dormitory, group quarters (Residential) 
● Duplex (2 units, any combination) 
● Fraternity house, Sorority house 
● Garden Apt, Court Apt (5+ units) 
● Highrise apartments 
● Homes (retired, handicap, rest; convalescent; nursing) 
● Manufactured, modular, pre-fabricated homes 
● Misc residential improvement 
● Mobile home 
● Mobile home park, Trailer park 
● Multi-family dwellings (Generic, any combination 2+) 
● Planned unit development (PUD) (Residential) 
● Quadruplex (4 units, any combination) 
● Residential (general) (single) 
● Residential common area (Condo/PUD/etc.) 
● Residential income (General) (Multi-family) 
● Rural residence (Agricultural) 
● Single family residential 
● Stores & Apartments 
● Timeshare (Residential) 
● Townhouse (Residential) 
● Triplex (3 units, any combination) 
● Zero lot line (Residential) 
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Figure F.3. Residential parcels shown in red utilized to construct the downscaled population model and to 
determine residential buildings counts.
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F.7. Previous California Proximity Analyses 
Table F.9. Analyses that have quantified and/or characterized proximity of receptors to oil and gas development in California. Assessments are 
organized in chronological order of publication. 

Proximity 
Analysis 

O&G 
Sources 

Geographic Scope 
& Receptors  Distance Data Sources & Years Key findings 

Srebotnjak & 
Rotkin-
Ellman 
(2014) 

Active and 
new oil and 
gas wells 

California (statewide) 
 
Individual residents 
(no age limitation)  

~5,280 ft 
(1.6 km) 

Well data 
(1) DOGGR “All Wells” and “Well Stimulation 
Treatment Notices Index”  
(2) SCAQMD “Oil and Gas Wells Activity 
Notification”  
(3) the chemicals disclosure registry database 
FracFocus.org (July 2014)  
 
Demographic data 
(4) CalEnviroscreen 2.0 

~5.4 million people (14% of CA population) live 
within 5,280 ft (1.6 km) of one, or more than 
84,000 existing oil and gas wells. 
~1.8 million people also live in areas most 
burdened by environmental pollution; ~1.65 
million of these people (92%) are people of color.  

Shonkoff 
and Gautier 
(2015) 
 

Active oil 
and gas 
wells, 
including 
stimulated 
wells     

Los Angeles Basin  
 
Individuals (total 
population, under five 
y.o, over 75 y.o., 
children attending 
school) 
 
Demographics 
(race/ethnicity, 
education, income, 
employment) 
 
Buildings or zones 
(number of schools, 
elderly care facilities, 
daycare facilities) 

328–
6,562 ft 
 
(100–
2,000 m) 

Well data 
DOGGR (All Wells database, SB 4 Well 
Stimulation Notices, Well Production database); 
SCAQMD (Rule 1148.2 Oil and Gas Well 
Electronic Notification and Reporting); 
FracFocus 1.0 & 2.0 — Accessed 12/14/14, 
included 2013 and 2014 production wells 
 
Demographic data 
U.S. Census (2010) 
American Community Survey (2013 five-year 
estimates) 
 
Building/zone data 
State of California Geoportal (2014); CA 
Department of Education (2013/2014 
enrollment); CA Dept of Social Services (2014); 
GreenInfo Network (2012) 

In the Los Angeles Basin: 
● “approximately 1.7 million people live within 

one mile [5,280 ft, 1.6 km] of an active oil 
and gas well”  

● “130 schools, 184 day care facilities, 213 
residential elderly homes and nearly 628,000 
residents” are located within 800 m [2,625 
ft] of an active oil and gas well.  

● “>32,000 people live within 100 m [328 ft] of 
an active oil and gas well.” 
 

● “while it is clear that oil and gas is being 
developed in low-income communities and 
communities of color, there does not appear 
to be a disproportionate burden of oil and 
gas development on any one 
demographic...” 

Czolowski et 
al. (2017) 

Active oil 
and gas 
wells that 
produced in 
2014 

Nationwide;  
Demographics 
(race/ethnicity, 
education, income, 
employment) 

328–
6,562 ft 
 
(100–
2,000 m) 

Well data: 
Drillinginfo (now Enverus) 
Demographic data: 
U.S. Census (2010) 
American Community Survey (2013 five-year 
estimates) 

“...an estimated 2.09 million Californians living 
within one mile (5,280 ft, 1.6 km) of an oil and 
gas well” 
On a national level, California was found to have 
the third highest amount of people (2.1 million) 
living within one mile (5,280 ft, 1.6 km) of an 
active oil and/or gas well. 
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Earthworks 
(2016) 

Oil and gas 
wells, 
compressors 
and 
processors 

Nationwide;  
Population estimates, 
medical facilities, 
schools and daycares 

2,640 ft 
(805 m) 

Population: 2010 Census 
Schools/Medical: US Department of Homeland 
Security’s Homeland Infrastructure Foundation-
Level Data 
Oil and Gas Wells: Fractracker Alliance, 2016 
and 2017 
Compressors and Processors: EPA 
Greenhouse Gas Reporting Program, EIA, Oil 
And Gas Journal, Marchese et al. (2015), EDF, 
EPA’s National Emissions Inventory by the 
Clean Air Task Force 

1,126,071 people live within threat radius (2,640 
ft, 805 m) in California.  
309,135 students in threat radius, 678 schools 
and daycares within the threat radius. 
12,344 childhood asthma attacks. 9,010 lost 
school days due to oil and gas ozone smog. 
1,281 square miles (3,318 square km) of land 
within the threat radius (2,640 ft, 805 m) 

Shonkoff 
and Hill 
(2019) 

Active, 
inactive, and 
new oil and 
gas wells 

Greater Los Angeles 
area; City of Los 
Angeles 
Population density, 
well density 

1,000 ft 
(305 m) 
(well 
density) 

Demographic data: ACS five-year data (2009–
2017); 
Well data: California Division of Oil, Gas, and 
Geothermal Resources (DOGGR) well data - 
accessed March 2019 

Greater Los Angeles: “The highest well density 
in/near the City of Los Angeles is in the Baldwin 
Hills neighborhood which has 216 wells per 
square mile (83 wells per square kilometer)” 
City of Los Angeles: “The highest well density 
within the City of Los Angeles is in the LA City 
Neighborhood (Koreatown, Westlake and 
Chinatown) with 162 wells per square mile (63 
wells per square kilometer).” 
“Population density is approximately 8,940 
people per square mile (3,430 per square 
kilometer) throughout the City of Los Angeles and 
surrounding areas.” 
“The three highest population densities in high 
well density areas are found in the Jefferson 
(22,257 per square mile), University Park 
(22,237 per square mile) and LA City 
(Koreatown, Westlake, and Chinatown) (21,803 
per square mile) neighborhoods.” 
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Ferrar 
(2020) 

Active oil 
and gas 
wells 

California (statewide) 
Individuals, 
residences, schools, 
licensed child 
daycare centers, & 
healthcare facilities 

2,500–
5,280 ft 
(762–
1,609 m) 

Well data: CalGEM “AllWells” file - updated 
10/1/2020; CalGEM annual production data; 
Demographic data: American Community 
Survey (2018 five-year estimates); 
CalEnviroScreen 3.0; 
Building data: California Health & Human 
Services; California Department of Education 

“approximately 2.17 million Californians live 
within 2,500 of an operational oil and gas well, 
and about 7.37 million Californians live within 1 
mile” 
“California’s Frontline Communities living closest 
to oil and gas extraction sites with high densities 
of wells are predominantly low-income 
households with non-white and Latinx 
demographics.”  
“The majority of oil and gas wells are located in 
environmental justice communities most 
impacted by contaminated groundwater and air 
quality degradation resulting from oil and gas 
extraction, with high risks of low-birth weight 
pregnancy outcomes.” 
“Adequate Setbacks for permitting new oil and 
gas wells will reduce health risks for Frontline 
Communities.” 

Shonkoff et 
al. (2017) 

Active 
underground 
gas storage 
(UGS) wells 
and facilities 
2006–2015  

Statewide (California) 
Individuals (total 
population, under five 
y.o, over 75 y.o., 
children attending 
school) 
Demographics 
(race/ethnicity, 
education, income, 
employment) 
Buildings or zones 
(number of schools, 
elderly care facilities, 
daycare facilities) 

0–5 miles 
(0–8 km) 

Well data  
Underground gas storage facilities in California 
by considering storage wells from the 2015 
California Division of Oil, Gas, and Geothermal 
Resources (DOGGR) “All Wells” dataset. 
Demographic data 
U.S. Census (2010) 
American Community Survey (2013 five-year 
estimates) 
Sensitive Receptors These locations consisted 
of schools (CDE, 2017a; CDE, 2017b; CDE, 
2017c), daycare centers (CDE, 2017c; CDSS, 
2017a; CDSS, 2017b), residential elderly care 
locations (CDSS, 2017a), and hospitals 
(California OSHPD, 2017). 

Nearly 1.9 million Californians were estimated to 
live within ~5 miles (8 km) of an underground 
storage facility 
A total of 5,585 people were found to be living 
within a 0 m buffer distance of an underground 
storage facility. 
Of these Californians, 115,125 are children under 
the age of five, and 103,085 are adults aged 75 
and older 
Additionally, there were an estimated 1,358 
daycare centers, 556 schools, and 359 residential 
elderly care facilities located within ~5 miles (8 
km) of an active underground storage facility. 
55.9% of the buffer facility combinations had 
population densities of ≤100 people/km2 
“ Population Exposures to Toxic Air Pollutants 
Increase with Higher Emissions, Closer 
Community Proximity and Higher Population 
Density” 
“UGS facilities pose more elevated health risks 
when located in areas of high population density, 
such as the Los Angeles Basin, because of the 
larger numbers of people nearby that can be 
exposed to toxic air pollutants.” 
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Michanowicz 
et al. (2019) 

Active UGS 
wells 

Six states: PA, OH, 
WV, MI, NY, CA 
Individuals & housing 
units 

656 ft 
(200m) 
(length of 
city 
block) 

Well data 
April 2016 Energy Information Administration-
191 M Monthly Underground Gas Storage 
Report 
Demographic data 
U.S. Census (2010) 
Building data 
Housing unit counts, U.S. Census (2010); 
US Department of Transportation’s National 
Address Database (NAD) (NY, OH) and 
OpenAddressess.io (PA, WV, MI) originally 
sourced from state geographic information 
systems departments, the U.S. Postal Service, 
and county property parcel datasets (current as 
of October 23, 2017).  
Geospatial building footprints and centroids 
were available via academic use waiver for 
various parts of the country from 
BuildingFootprintUSA (BFUSA, Albany, NY). 

~65% of underground natural gas storage wells 
(over 6,000) in the United States are located in 
residential suburban areas - not commercial, 
industrial, or even rural areas like many new 
unconventional wells. 
53,000 people across six states are living within 
656 ft (200 m) of UGS wells. 
41% of the active UGS wells assessed had at 
least one home within 656 ft (200 m). 
California: 
Only 41 of CA’s 346 UGS wells (12%) contained 
a residential housing unit within 656 ft (200 m) 
— the lowest percentage of the six states 
assessed. This may be an indication that results 
are not generalizable at the state level, as two 
wells in the Playa Del Rey field ranked first and 
third respectively in the number of residential 
units and population within 200 m (656 ft). 
Of the over 9,000 UGS wells examined in the 6 
states, a well in the Playa Del Rey storage field 
has the most nearby homes and people — 150 
homes and 341 people within 200 m (656 ft). 

Ferrar 
(2021) 

Active oil 
and gas 
wells 

California (statewide) 
Prisons/detention 
centers 

2,500 ft 
(762 m) 

Well data: CalGEM “AllWells” file - updated 
10/1/2020 
Sensitive receptors  
California Prison Boundaries from California 
Office of Emergency Services   

Two-thirds (67%) of California prisons (federal, 
state, county and local) are located within census 
tracts ranked in the upper 50th percentile of 
pollution impacted areas. 
90% of California’s federal prisons are located 
within census tracts ranked in the upper 50th 
percentile of pollution impacted areas. 
Three-quarters (73%) of federal prisons in 
California are located within census tracts ranked 
in the upper 30th percentile of pollution impacted 
areas. 

 



  
 

  
 
 
 

  
  
    

 
 

   
   

 
 

  
    

   
 

 
   
    

     
       

 
 

 
     

 
 

 

     
 

 
 
 
 

 

  
  

    
     

  
 
 

 

   
    

 
 

 
 

  
    
    
    
  

   
    

   
     

  
    
     

 
  

      
         

Acronyms and abbreviations 
AB Assembly Bill 
ACS American Community Survey 
AEC annual emissions concentrations 
ALAN artificial lights at night 
ALBL acute lymphoblastic leukemia 
ALL acute lymphocytic leukemia 
ANCA antineutrophil cytoplasmic antibody 
APCD Air Pollution Control District 
API American Petroleum Institute 
AQI air quality index 
AQMD Air Quality Management District 
AQMP air quality management plan 
ATSDR Agency for Toxic Substances and Disease Registry 
B boron 
BACT best available control technology 
BARCT best available retrofit control technology 
bbls barrels 
BC black carbon 
BCF billions of cubic feet 
BMI body mass index 
BOE barrels of oil equivalent 
BOPD barrels of oil per day 
Bq becquerel 
BPD barrels per day 
BTEX benzene, toluene, ethylbenzene, and xylenes 
°C Celsius 
C carbon 
CAA Clean Air Act 
CAAQS California Ambient Air Quality Standards 
CalEPA California Environmental Protection Agency 
CalGEM California Geologic Energy Management Division 
CalOES California Office of Emergency Services 
CalWIMS California Well Information Management System 
CAP criteria air pollutant 
CARB California Air Resources Board 
CASRN Chemical Abstract Service Registry Number 
CBM coalbed methane 
CCR California Code of Regulations 
CCST California Council on Science and Technology 
CERCLA Comprehensive Environmental Response Compensation and Liability Act 
CDPHE AQCC Colorado Department of Public Health and the Environment Air Quality 



  
  

   
  

 
 

 
 

 
  

    
 

  
         

    
 

 
    

  
 

 
   

       
   
  

 
 

 

 
  

    
 

 
 

 

 

      
   

  
   

  
   

  
 

 
  

      
    
   
 

 
   

 
 
 

  
    

 
 

 
  

 
 

 
        

 
 

  
   

  
    

    

Control Commission 
CH4 methane 
CIWQS California Integrated Water Quality System 
Cl chloride 
CM Congenital malformations 
CNG Compressed natural gas 
CNGD conventional natural gas drilling 
CO carbon monoxide 
CO2 carbon dioxide 
CO2e carbon dioxide equivalents (methane, carbon dioxide, and nitrous oxide) 
COGCC Colorado Oil and Gas Conservation Commission 
COPD chronic obstructive pulmonary disease 
CRC California Resources Corporation 
CWD Cumulative well density 
CVRWQCB Central Valley Regional Water Quality Control Board 
dBA A-weighted decibels 
dBC C-weighted decibels 
DBNPA 2,2-dibromo-3-nitriloprionamide 
DBP disinfection byproduct 
DNDW distance to nearest drilled well 
DOGGR Division of Oil, Gas and Geothermal Resources 
DORV double outlet right ventricle 
DPM diesel particulate matter 
DPM2.5 fine-diesel particulate matter 
DRB Delaware River Basin 
DWSHA Drinking Water Standards and Health Advisories 
EC electrical conductivity 
ED emergency department 
EGDB Energy Resources Program Geochemistry Laboratory Database 
ELG Effluent Limitation Guideline 
EOR enhanced oil recovery 
ESL effects screening level 
°F Fahrenheit 
FEV1 first second of exhalation 
FONSI Finding of No Significant Impact 
ft feet 
FVC forced vital capacity 
GHG greenhouse gas 
GHS Globally Harmonized System of Classification and Labelling of Chemicals 
g/s grams per second 
GWPC Ground Water Protection Council 
H2S hydrogen sulfide 
HAP hazardous air pollutant 
HDAP health-damaging air pollutant 



 
 

 
 

 
 

 
 

 
 
 
 

 

 
   

  
  

     
  

    
    

  
 

 
 

 
       

 
 

  
   

 
 

 
 

  
    
   

  
 

 
 
 

 
  

  
  

 
 

 
  

 
 
 

   
  

 
  
 

 
   

 
 
 

  
  

    
 

 
 

    
      

 
   

   
 

 
 
 

   
    
      

  

HF hydraulic fracturing 
HI hazard index 
HQ hazard quotient 
HSC Health and Safety Code 
IA-IDW Intensity-adjusted inverse distance weighted 
IAA interrupted aortic arch 
IARC International Agency for Research on Cancer 
IDW inverse distance weighted 
ICRP International Commission on Radiological Protection 
ISOR Initial Statement of Reasons 
kg/yr kilograms per year 
km kilometer 
L liter 
LACDPH Los Angeles County Department of Public Health 
LAER lowest achievable emission rate 
lbs/day pounds per day 
LBW low birthweight 
LDAR leak detection and repair 
LEL lower explosive limit 
LRTP long-range transport potential 
m meter 
MATES IV Multiple Air Toxics Exposure Study IV 
Mcf thousand cubic feet 
MCL maximum contaminant level 
mg milligram 
mg/L milligrams per liter 
MMbbl millions of barrels 
MPA migraine probability algorithm 
MPO myeloperoxidase 
mSv millisievert 
MRL minimum risk level 
MT metric tons 
N/A not applicable 
N2O nitrous oxide 
NAAQS National Ambient Air Quality Standard 
NATA National Air Toxics Assessment 
NCATS National Center for Advancing Translational Science 
ND non detection 
NESTAC National Emission Standards for TACs 
NHL Non-Hodgkin’s lymphoma 
NIEHS National Institute of Environmental Health Sciences 
NIH National Institutes fo Health 
NIOSH National Institute for Occupational Safety and Health 
NMVOC non-methane volatile organic compound 



  
  

    
 
 

  
 

   
 

 
 

 

   
  

  
  

    
 
 

 
  

 

 
 

        
     

    
 

 
 
 

 

  
   

     
    

   
 
 

  
 

 
 
 

 
  

   
      

   
 

 
 

 

    
  

        
         

 
 

  
   

 
 

   
   

   
   

 
 

 

   
    

    
        

NMHC non-methane hydrocarbons 
NO2 nitrogen dioxide 
NORM naturally occurring radioactive materials 
NOV Notice of Violation 
NOX nitrogen oxides 
NPDES National Pollutant Discharge Elimination System 
NRDC Natural Resources Defense Council 
NSF National Science Foundation 
NSPS new source performance standards 
NSR new source review 
NTO Notice to Operator 
NTP National Toxicology Program 
O&G oil and gas 
O3 ozone 
OAQPS (U.S. EPA) Office of Air Quality Planning and Standards 
OEHHA Office of Environmental Health Hazard Assessment 
OGD oil and gas development 
OH hydroxyl radicals 
OSHPD California Office of Statewide Health and Planning 
PADEP Pennsylvania Department of Environmental Protection 
PADOH Pennsylvania Department of Health 
PAH polycyclic aromatic hydrocarbons 
PCB polychlorinated biphenyl 
PCE tetrachloroethene 
pCi picocurie 
pCi/L picocurie per liter 
PFAS per- and polyfluoroalkyl substances 
PHMSA Pipeline and Hazardous Materials Safety Administration 
PI principal investigator 
PLSS Public Land Survey System 
PM particulate matter 
PM2.5 fine particulate matter with a diameter of 2.5 microns or less 
PM10 fine particulate matter with a diameter of 10 microns or less 
PMF positive matrix factorization 
POTW publicly owned treatment works 
ppb parts per billion 
ppbv parts per billion volume 
ppm parts per million 
ppmv parts per million volume 
PR3 Persistent proteinase 3 
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
PSD prevention of significant deterioration 
PSE Physicians, Scientists, and Engineers for Healthy Energy 



 
 

 

 
    

    
     

 
 

 

    
  

 
     
    

       
 

 
 

    
  

  
       

 
 

 

     
  

   
 

 
 
 

  
    

  
   

   
       

       
   
    
   

      
 

 
 

  
     
  

     
   

 
 
 

   
   
   

    
     

   
 
 

 

 

 
   
    
  

  

PTFE polytetrafluoroethylene 
QA/QC quality assurance and quality control 
RACT reasonably available control technology 
RCRA Resource Conservation and Recovery Act 
REACH European Regulation on Registration, Evaluation, Authorisation and 

Restriction of Chemicals 
REL reference exposure level 
RMP Regional Groundwater Monitoring Program 
ROG reactive organic gas 
ROGER Repository for Oil and Gas Energy Research 
SAGE-IGERT Systems Approach to Green Energy-Integrative Graduate Education and 

Research Traineeship 
SB Senate Bill 
SCAQMD South Coast Air Quality Management District 
scfh standard cubic feet per hour 
SD standard deviation 
SDWA Safe Drinking Water Act 
SE standard error 
SGA small for gestational age 
SIP state implementation plan 
SIR standardized incidence ratios 
SJV San Joaquin Valley 
SJVAPCD San Joaquin Valley Unified Air Pollution Control District 
SNAPS Study of Neighborhood Air Near Petroleum Sources 
SO2 sulfur dioxide 
SOF Solar Occultation Flux 
SOX sulfur oxides 
SWRCB California State Water Resources Control Board 
TAC toxic air contaminant 
TAPVC total anomalous pulmonary venous connection 
T-BACT Toxic Best Available Control Technology 
TCEQ Texas Commission on Environmental Quality 
TDS total dissolved solids 
TENORM technologically enhanced naturally occurring radioactive materials 
tpd tons per day 
tpy tons per year 
TRI Toxic Release Inventory 
TSCA Toxic Substances Control Act 
UGS underground gas storage 
µg microgram 
µg/l microgram per liter 
µg/m3 microgram per cubic meter 
µmhos/cm micromhos per centimeter 
µR microroentgen 



 
 

 
  

 
 

  
   

     
     

  
   

 
 

   
   

 
 

  
        

 
       

   
    
 
 
 

  
  
    

  

 

µSv microsievert 
UGS underground gas storage facility 
UIC underground injection control 
UNG unconventional natural gas 
UNGD unconventional natural gas development 
UOGD unconventional oil and gas development 
U.S. United States 
US EPA United States Environmental Protection Agency 
USDA United States Department of Agriculture 
USDW Underground Sources of Drinking Water 
USGS United States Geological Survey 
USGS EGDB US Geological Survey Energy Resources Program Geochemistry Laboratory 

Database 
VCAPCD Ventura County Air Pollution Control District 
VOC volatile organic compound 
WDR water discharge requirements 
WHO World Health Organization 
WOS Web of Science 
WSPA Western States Petroleum Association 
WST well stimulation treatment 
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