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ENVIRONMENTAL
EPIDEMIOLOGY

Oil and gas production and spontaneous preterm 
birth in the San Joaquin Valley, CA
A case–control study

David J. X. Gonzaleza, Allison R. Sherrisa, Wei Yangb, David K. Stevensonb, Amy M. Padulac,  
Michael Baiocchid, Marshall Burkee, Mark R. Cullenf, Gary M. Shawb     

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

recently became the leading global producer of petroleum and 
natural gas and drilling activity has correspondingly increased, 
including in California, which is among the most productive 
states for crude oil.2,3 Previous studies have found associations 
between spontaneous preterm birth and exposure to environ-
mental contaminants, as well as other factors, including stress 
psychosocial stress, genetics, infection, and race.4,5 However, the 
relative contribution of each of these factors has not been well 
characterized. Preterm birth, defined as delivery before 37 weeks 
of gestation, increases risk of infant morbidity and mortality.6,7 
Preterm births are described as spontaneous for women who 
present with premature labor with cervical dilation or rupture 
of membranes, and as medically indicated when induced by a 
care provider due to health complications.6

Several recent studies report that women exposed to unconven-
tional hydraulically fractured wells have increased risk of adverse 
birth outcomes, including preterm birth.8–10 There is limited evi-
dence of associations between adverse birth outcomes and con-
ventional oil and gas extraction operations, which comprise the 
majority of wells in California.11 Preproduction and production 

WHAT THIS STUDY ADDS
An estimated 17.6 million US residents live in close proximity to 
oil and gas wells, including 2.1 million Californians. However, 
the health effects of living in proximity to new and active well 
sites are not well characterized. We examined whether expo-
sure to well sites was associated with preterm birth risk. We 
conducted a case–control study in the San Joaquin Valley, CA, 
an area with the most intensive oil and gas production activity 
in California, predominantly with conventional methods. We 
observed an association between preterm birth and exposure 
to oil and gas well sites. In a secondary analysis, we found evi-
dence of higher concentrations of ambient air pollutants at air 
monitoring sites in proximity to drilling sites compared with 
unexposed monitors.
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Background: Recent studies report an association between preterm birth and exposure to unconventional oil and gas wells. 
There has been limited previous study on exposure to conventional wells, which are common in California. Our objective was to 
determine whether exposure to well sites was associated with increased odds of spontaneous preterm birth (delivery at <37 weeks).
Methods: We conducted a case–control study using data on 27,913 preterm birth cases and 197,461 term birth controls. All births 
were without maternal comorbidities and were located in the San Joaquin Valley, CA, between 1998 and 2011. We obtained data 
for 83,559 wells in preproduction or production during the study period. We assessed exposure using inverse distance-squared 
weighting and, for each birth and trimester, we assigned an exposure tertile. Using logistic regression, we estimated adjusted odds 
ratios (ORs) for the association between exposure to well sites and preterm birth at 20–27, 28–31, and 32–36 weeks.
Results: We observed increased ORs for preterm birth with high exposure to wells in the first and second trimesters for births 
delivered at ≤31 weeks (adjusted ORs, 1.08–1.14). In stratified analyses, the associations were confined to births to Hispanic and 
non-Hispanic Black women and to women with ≤12 years of educational attainment. In a secondary analysis, we found evidence 
that exposure to wells in preproduction is associated with higher concentrations of particulate matter.
Conclusions: We found evidence that exposure to oil and gas well sites is associated with increased risk of spontaneous preterm birth.
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activities in both conventional and unconventional wells emit con-
taminants that may impact perinatal health.1,12–14 The preproduc-
tion stage, which typically is completed in several weeks, includes 
preparation of the well pad, road construction, drilling, and well 
completion.1,12–14 The production stage may last as long as several 
decades, though the intensity of production, as well as emissions 
of ambient air pollutants, may vary throughout the life of an active 
well.1 Recent studies have found that wells in preproduction emit 
higher concentrations of air pollutants than wells in the produc-
tion stage per unit time.15,16 In addition to air pollutants, residents 
near well sites may also be exposed to contaminated water, as well 
as higher noise pollution and community disruption, which have 
been associated with increased psychosocial stress.13,17–20

This study investigated the potential association between 
spontaneous preterm birth and exposure to oil and gas wells 
in preproduction or production the San Joaquin Valley, CA. We 
used a case–control design to assess the association between 
exposure to well sites and odds of preterm birth.

Methods

Study population

We obtained data on live births from eight counties in the San 
Joaquin Valley, CA: Fresno, Kern, Kings, Madera, Merced, San 
Joaquin, Stanislaus, and Tulare (Figure). We chose to focus on 
the San Joaquin valley region because it accounts for the major-
ity of oil and gas production in California. During the study 
period, oil and gas operations in the San Joaquin Valley com-
prised 82.7% of wells in preproduction (new wells) and 74.2% 
of wells in production (active wells), as well as the majority of oil 
production by volume in the state. The region had a population 
of approximately 4 million in the 2010 decennial US Census. We 
obtained data on 892,088 births between 1998 and 2011, com-
prising all births in nonmilitary hospitals in the study region. 
From this population, we compiled a dataset that included 
preterm cases, defined as delivery at fewer than 37 gestational 
weeks, and term birth controls. Inclusion criteria were singleton 
births delivered at 20–41 weeks and with a birthweight between 
500 and 5,000 g. Of the 771,416 births that fit these criteria, 
78,421 were preterm birth cases. We randomly selected 235,263 
term birth controls in a 3:1 ratio of controls to cases.

For all controls and cases, we extracted the residential 
address at time of birth from the birth certificate. The California 
Environmental Health Tracking Program Geocoding Service 
geocoded each address, after standardizing, verifying, and 
correcting addresses. Geocoding was successful for 221,651 
(94.2%) of controls and 73,736 (94.0%) of cases. We linked 
the cases and controls with discharge data from the Office of 
Statewide Health and Planning (OSHPD), with successful link-
age for 220,137 (99%) controls and 72,907 (99%) cases. We 
removed cases where preterm birth may have been medically 
indicated and excluded births with the following maternal 
comorbidities, owing to the assumption of different under-
lying etiologies: pregestational diabetes, gestational diabetes, 
gestational hypertension, preeclampsia/eclampsia, and chronic 
hypertension (except for births at 20–23 weeks, with delivery 
before gestational diabetes is typically diagnosed). This resulted 
in a final dataset comprising 225,374 births, including 27,913 
spontaneous preterm cases and 197,461 term controls (eFigure 
1; http://links.lww.com/EE/A91). We further divided preterm 
birth into three categories based on gestational age: 20–27 
weeks (n = 2,307), 28–31 weeks (n = 3,098), and 32–36 weeks 
(n = 22,508). We considered three categories of preterm births 
as the etiologic pathway may be different for births delivered at 
different gestational ages.21 Maternal covariates were obtained 
for each birth, including age (years), race/ethnicity (Hispanic, 
non-Hispanic Asian, non-Hispanic Black, non-Hispanic White, 
and other), educational attainment (less than high school, high 
school, more than high school), and parity (1 or ≥2).

Exposure assessment

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

Exposure was assessed for each trimester for each birth. The 
first trimester was defined as gestational weeks 1–13, second tri-
mester as weeks 14–26, and third trimester as week 27 to birth. 
For wells in preproduction (new wells), we defined an exposure 
period for each well starting 1 week before spudding and end-
ing 1 week after completion, which allows for oil pad activities 
around the spud and completion dates. For wells in production 
(active wells), we defined the exposure period as the interval 
between production start and end dates provided in the Enverus 
dataset. We estimated exposure to well sites using an inverse 
distance-squared weighted index: 

exposurebt
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where exposure for birth b at trimester t is the sum of the inverse-
squared Euclidean distance, d, to each well, i. The exposure 
assessment was done for all wells, n, that were in preproduction 
or production during trimester t within a 10-km radius of the 
maternal residence. We divided exposed births into exposure 
tertiles for each trimester of exposure, with group 1 comprising 
the lowest tertile exposure and group 3 comprising births in the 
highest exposure tertile. Births without exposure in each trimes-
ter comprised a separate unexposed category (tertile “0”). We 
repeated this procedure to also assess an exposure index only 
for new wells and only for active wells.

Preterm births delivered during the third trimester have a 
shorter opportunity for exposure than term births. To account 
for this potential opportunity bias, we assessed third trimester 
exposure for only the last 30 days before delivery. We included 
only births at 32–36 weeks of gestation for this assessment. The 
majority of births at 20–27 weeks do not have the opportunity 
to be exposed in the third trimester. Similarly, for the majority 
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of births at 28–31 weeks, the last 30 days of gestation cross the 
second and third trimesters.

Statistical analysis

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

as well as birth year. We also fit models without the adjustment 
for birth year.

To test the robustness of findings, we conducted a set of sensitiv-
ity analyses. We modified assumptions in the exposure assessment, 
using radii of (1) 3 km, (2) 5 km, and (3) 15 km of the maternal 
residence (instead of 10 km); we also used a 10-km radius with 
(4) inverse distance weighting and (5) inverse distance-square root 
weighting (instead of inverse distance-squared weighting). For 
each of these sets of alternative exposure parameters (1–5), we fit 
crude and adjusted logistic regression models as described above. 
In a second set of sensitivity analyses, we conducted analyses strat-
ified on maternal race/ethnicity, educational attainment, and birth 

Figure. Map of the study region showing 10 km buffers around new wells in preproduction during the study period (orange) and active wells in production 
during the study period (purple) in California, as well as the overlap between the two (red). The study counties are (1) San Joaquin, (2) Stanislaus, (3) Merced, 
(4) Madera, (5) Fresno, (6), Kings, (7) Tulare, and (8) Kern.
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year. For the birth year stratification, we stratified the analysis into 
two groups: births from 1998 to 2006 and births from 2007 to 
2011. We chose to stratify this way due to a change in the method 
of estimating gestational age starting in 2007, from last menstrual 
period to obstetric estimate. For each stratum, we again fit crude 
and adjusted logistic regression models as described above. We 
were not able to assess exposure to smoking during pregnancy 
because we did not have a reliable measure for smoking status. To 
account for this limitation, we fit adjusted models for the subset 
of births to Hispanic mothers, a population with low prevalence 
of smoking.22 The prevalence of smoking among Hispanic women 
during pregnancy was 1.8% in 2016, less than the 7.2% smoking 
prevalence among all US women.23

To examine whether the stage of well development conferred 
different risks, we conducted a sensitivity analysis confined to 
the subset of births exposed only to active wells. There were 
insufficient births to do a similar analysis for births exposed 
only to new wells. We accounted for potential spatial autocor-
relation by fitting mixed-effects models with a random intercept 
for census tract. To account for potential residual confounding 
from socioeconomic factors, we fit models adjusted for three 
additional variables: a categorical variable for mother insurance 
payer (Medi-Cal, private, uninsured, or other), an indicator 
for whether prenatal care was initiated before 5 months, and 
an indicator for whether >20% of families in the census block 
group were below the poverty level in the 2000 census.

We also conducted a sensitivity analysis that stratified by 
exposure to traffic-related copollutants: carbon monoxide 
(CO), nitrogen dioxide (NO2), particulate matter with an aero-
dynamic diameter ≤2.5 µm (PM2.5), and particulate matter with 
an aerodynamic diameter ≤10 µm (PM10). For this analysis, 
we assessed exposure to traffic-related pollutants as described 
previously by Padula et al.24 We obtained traffic exposure data 
for 85,290 births in the four most populated counties (Fresno, 
Kern, Stanislaus, and San Joaquin) from 2000 to 2006, which 
were similar to the whole study population on observed covari-
ates. For this analysis, we assigned each birth an exposure quar-
tile for each of the four traffic-related copollutants. We assigned 
each birth to either a “low traffic” group if, for all four pollut-
ants and traffic density, the birth was below the highest expo-
sure quartile, or to a “high traffic” group if the birth was in the 
highest quartile for all five measures.24 Among the 85,290 births 
with traffic data, 32,016 matched either of these criteria, with 
29,679 births in the “low traffic” group and 2,337 in the “high 
traffic” group. These subsets were also similar to the whole 
sample on observed characteristics. We then fit unadjusted and 
adjusted logistic regression models as described above, stratified 
on traffic exposure.

Finally, we conducted a secondary analysis to examine the 
association between air quality and exposure to drilling sites. 
For this analysis, we obtained data from the US Environmental 
Protection Agency (EPA) Air Quality System, which included 
daily observations of NO2, O3, PM10, and PM2.5 from 1998 to 
2018 at 290 stations throughout California (eFigure 3; http://
links.lww.com/EE/A91). Using statewide data on oil and gas 
drilling activity, we assessed exposure to drilling sites for each air 
monitor and for each month from 1998 to 2018, using the same 
method as described above for maternal residences. For each pol-
lutant, we fit linear models with mean monthly concentration 
as the dependent variable and exposure tertile as the indepen-
dent variable. We also fit a model with fixed effects for air basin-
month and air basin-year. Air basins are defined by the California 
Air Resources Board (CARB) with boundaries determined based 
on similarity of geographic and meteorological features.

Ethical considerations

The study was approved by the Stanford University Institutional 
Review Board and the California State Committee for the 
Protection of Human Subjects.

Results

The analytic study base included 197,461 term birth controls 
and 27,913 spontaneous preterm birth cases delivered from 
1998 to 2011. Among all births in the analytic dataset, 1.0% 
(2,307) were delivered at 20–27 weeks of gestational age, 1.4% 
(3,098) at 28–31 weeks, and the remaining 10.0% (22,508) 
at 32–36 weeks. The majority of the study population was 
Hispanic and multiparous, with relatively even distributions of 
educational attainment (Table 1). Women with preterm deliv-
eries were disproportionately non-Hispanic Black and had dis-
proportionately low educational attainment, compared with 
women with term births (Table 1). Among all births in the sam-
ple, 78,153 were exposed to new or active wells at some point 
during gestation. The subset with high wells exposure (quantile 
3) were comparable to the unexposed births on observe covari-
ates (eTable 1; http://links.lww.com/EE/A91). This observation 
held when considering exposure separately to new and active 
wells (eTable 2; http://links.lww.com/EE/A91, eTable 3; http://
links.lww.com/EE/A91). Summary statistics for the inverse dis-
tance-squared weighted index, organized by tertile for each tri-
mester, are presented in eTable 4; http://links.lww.com/EE/A91, 
and separately for new wells (eTable 5; http://links.lww.com/EE/
A91) and active wells (eTable 6; http://links.lww.com/EE/A91).

Higher odds of preterm birth were associated with exposure 
to wells in the highest tertile in the first and second trimesters 
for births at 20–27 and 28–31 weeks of gestation, with adjusted 
ORs ranging from 1.08 to 1.14 (Table 2). In unadjusted mod-
els, the association between exposure to wells and preterm 
birth was similar to that observed in adjusted models (eTable 7; 
http://links.lww.com/EE/A91). The results were consistent in an 
analysis where we assessed exposure cumulatively throughout 
gestation (eTable 8; http://links.lww.com/EE/A91). In models 
adjusted for maternal covariates but not birth year, ORs ranged 
from 1.10 to 1.35 for exposure in all trimesters and births in 
all gestational age categories, including births at 32–36 weeks 
(eTable 9; http://links.lww.com/EE/A91).

When we considered exposure separately for new wells 
(eTable 10; http://links.lww.com/EE/A91) and active wells 
(eTable 11; http://links.lww.com/EE/A91), the results were con-
sistent with the primary result of an association for exposure 
in the first and second trimesters confined to births at 20–27 
and 28–31 weeks. The majority of exposed births had expo-
sure to both new and active wells. In an analysis confined to 
the subset of births exposed only to active wells, the association 
between exposure and preterm birth was confined to births at 
20–27 weeks (eTable 12; http://links.lww.com/EE/A91). We also 
observed an association for the second tertile of exposure for 
births at 28–31 weeks, but not the highest tertile of exposure.

Using different parameters to assess exposure did not sub-
stantially change the observed ORs (eTable 13; http://links.lww.
com/EE/A91). In stratified analyses, the observed associations 
were confined to births to Hispanic and non-Hispanic Black 
women, and to women with 12 or fewer years of educational 
attainment (eTable 14; http://links.lww.com/EE/A91). In an 
analysis stratified by birth year (<2007, ≥2007), we observed 
ORs from 1.08 to 1.17 for pre-2007, including births at 32–36 
weeks. The ORs were attenuated for births from 2007 to 2011, 
and there was no association for the 32- to 36-week group. In 
adjusted models for births to Hispanic mothers, a population 
with low prevalence of smoking, we observed stronger associa-
tions than in the entire study population (eTable 15; http://links.
lww.com/EE/A91).

Including a random effect for census tract did not substan-
tially change the ORs or 95% confidence intervals (eTable 16; 
http://links.lww.com/EE/A91). In models that adjusted for addi-
tional socioeconomic variables, we similarly did not observe 
substantial changes in the ORs (eTable 17; http://links.lww.
com/EE/A91). When we stratified on traffic-related air pollut-
ant coexposures, the association between exposure to wells and 
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preterm birth (defined in this case as a binary outcome for births 
at 20–36 weeks) appeared to be persistent for births with low 
traffic coexposures in the second trimester and for births with 
high traffic-related coexposures, though these associations were 
not statistically significant (eTable 18; http://links.lww.com/EE/
A91).

In a secondary analysis, ambient air quality monitor-months 
with high exposure to drilling sites had higher concentrations 
of PM10 and PM2.5, compared with unexposed monitor-months 
(eTable 19; http://links.lww.com/EE/A91). These results were 
consistent when we added a fixed effects for air basin-month 
and air-basin year but were attenuated with an additional fixed 
effect for monitoring station.

Discussion

We found evidence that exposure to oil and gas well sites in 
the first and second trimesters is associated with increased odds 
of spontaneous preterm birth at 20–31 weeks. The association 
was confined to women who were Hispanic and non-Hispanic 
Black, and those with 12 or fewer years of educational attain-
ment. Residents near well sites may be exposed to a range of 

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

Table 1.

Characteristics of the study population stratified by gestational age category, San Joaquin Valley, CA, 1998–2011

Gestational age category

Characteristic 20–27 weeks 28–31 weeks 32–36 weeks 37–41 weeks
n 2,307 3,098 22,508 197,461
Age, years (mean ± SD) 26.0 ± 6.7 25.7 ± 6.6 26.1 ± 6.3 26.0 ± 5.9
Race/ethnicity (%)     
 Hispanic 57.9 54.9 54.8 57.0
 Non-Hispanic Asian 8.3 8.8 8.3 7.1
 Non-Hispanic Black 9.5 9.6 6.3 4.5
 Non-Hispanic White 22.1 24.1 28.4 29.4
 Other 1.7 1.9 1.8 1.5
 Missing 0.8 0.6 0.6 0.6
Education (%)     
 <12 years 34.6 37.1 33.7 32.6
 12 years 33.9 33.8 31.0 31.8
 >12 years 29.0 26.8 33.6 34.0
 Missing 3.1 2.3 1.8 1.6
Parity (%)     
 1 44.3 38.1 35.8 34.8
 2 or more 55.5 61.8 64.1 65.2
 Missing 0.1 0.2 0.1 0.1
Infant sex (% female) 43.0 41.5 44.9 49.4

Table 2.

Results for all quantiles of exposure to both new and active wells, compared with unexposed term births, stratified by gestational 
age category and adjusted for maternal age, race, race/ethnicity, education, and birth year

Trimester

  aORa (95% CI)  

Exposure quantile 20–27 weeks 28–31 weeks 32–36 weeks

1 0 (unexposed) 1.0 [1,491] 1.0 [2,022] 1.0 [15,021]
 1 1.01 (0.88, 1.15) [265] 0.93 (0.83, 1.05) [334] 0.93 (0.89, 0.97) [2,396]
 2 1.00 (0.88, 1.13) [271] 0.95 (0.84, 1.07) [345] 0.96 (0.92, 1.01) [2,551]
 3 1.09 (0.95, 1.24) [280] 1.14 (1.01, 1.27) [397] 0.99 (0.95, 1.04) [2,540]
2 0 1.0 [1,499] 1.0 [2,018] 1.0 [15,025]
 1 0.98 (0.85, 1.12) [258] 0.94 (0.83, 0.96) [336] 0.93 (0.88, 0.97) [2,385]
 2 0.99 (0.87, 1.13) [270] 0.96 (0.85, 1.07) [347] 0.96 (0.92, 1.01) [2,554]
 3 1.08 (0.95, 1.23) [280] 1.14 (1.01, 1.27) [397] 0.99 (0.95, 1.04) [2,554]
3 0 – – 1.0 [15,051]
 1 – – 0.93 (0.89, 0.97) [2,374]
 2 – – 0.96 (0.92, 1.01) [2,540]
 3 – – 1.00 (0.95, 1.04) [2,543]

The results are presented as odds ratio (95% CI) [n births in the respective quantile]. Exposure in the third trimester was assessed for the last 30 days before for delivery.
aOdds ratios adjusted for maternal age, race/ethnicity, educational attainment, parity, and birth year.
aOR indicates adjusted odds ratio; CI, confidence interval.
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In the current study, we found evidence that proximity to 
wells in preproduction is associated with higher exposure to 
PM10 and PM2.5, which supports our hypothesis that proxim-
ity to wells in preproduction confers risk. In this analysis, we 
compared concentrations of ambient air pollutants between 
exposed and unexposed monitor-months and controlled for sea-
sonal and temporal trends at the air basin level. The results were 
attenuated, however, when we included a fixed effect for the 
air monitoring station, though it is unclear which is the correct 
specification. Further assessments of the air quality impacts of 
oil and gas operations should consider differences in the fate 
and transport of ambient air pollutants, account for meteoro-
logical factors, consider how the timing of production activities 
and active wells may affect emissions, and carefully select and 
specify appropriate statistical models.26

There are several possible biological mechanisms for the 
effect of oil and gas extraction-related environmental exposures 
on preterm birth. The etiology of preterm birth is suspected to 
include dysregulated inflammation, which may be a response 
to infection or oxidative stress associated with air pollution, 
including particulates and nitrous oxides.27,28 The release of 
proinflammatory mediators, such as cytokines, is associated 
with exposure to particulates.4,27 Psychosocial stress from activi-
ties associated with oil and gas preproduction, such as increased 
noise and traffic, could be an additional contributing factor to 
preterm birth.12,29,30 Recent study has found that exposure to 
drilling sites in the Marcellus Shale region of central and north-
western Pennsylvania adversely affected mental health, but that 
increased anxiety and depression did not mediate adverse birth 
outcomes.17,31 There may be additional, unexamined pathways 
associated with exposure to the chemical additives of unknown 
toxicity applied in oil and gas extraction.25

The current study considers exposure to oil and gas oper-
ations in California, where the majority of wells are drilled 
using conventional methods.32 Previous studies of the associa-
tion between oil and gas development and spontaneous preterm 
birth have focused on unconventional natural gas extraction in 
Pennsylvania, Texas, and Colorado. Casey et al.8 found an asso-
ciation between preterm birth and exposure to unconventional 
natural gas wells in the Marcellus Shale of Pennsylvania, with 
elevated odds ratios for the most exposed tertile of births com-
pared with unexposed. In a quasiexperimental study, Currie et 
al.9 found lower birthweight and poorer overall infant health 
outcomes for births in areas where unconventional wells were 
drilled. Whitworth et al.10 examined exposure to unconven-
tional natural gas wells in Texas, assessing exposure to wells 
in the preproduction and production stages. These investigators 
also found higher odds of preterm birth with exposure to both 
preproduction and production stages. Null and protective asso-
ciations between exposure to wells and adverse birth outcomes 
have been reported by other investigators.11,33

This study had several limitations. Exposure was estimated 
based on proximity and not directly measured. We were not 
able to account for women who moved between conception and 
delivery or for exposure at sites other than the residence, which 
could result in exposure misclassification. This misclassification 
could bias the results toward the null if moving was not related 
to preterm birth status, or, conversely, bias in an unpredictable 
direction if movement was related to preterm birth status. We 
were not able to account for births to the same mother, which 
may lead to misestimation of standard errors. The sensitivity 
analysis for that considered traffic-related coexposures was 
confined to four counties for which exposure was previously 
assessed by Padula et al.24 We were not able to account other 
sources of ambient air pollution in the study region. There may 
be missing observations of well preproduction and production 
in the data, which could also lead to exposure misclassification. 
We expect this would produce a bias toward the null. Wells 
classified as active were assumed to have constant production 

throughout the study period. If possible, future studies should 
more carefully consider temporal variations in ambient air pol-
lutant emissions from active wells. In the birth cohort data we 
used, the method of assessing gestational age shifted in 2007 
from last menstrual period to obstetric estimate, which incorpo-
rates data from multiple sources and is considered more accu-
rate.34,35 With the shift to best obstetric estimate, the defined 
occurrence of preterm birth is expected to decrease, as the births 
that may have been misclassified as preterm based on last men-
strual period would be more accurately classified as term.6 We 
do not expect misclassification for births at fewer than 31 weeks. 
Births delivered at 32-36 weeks prior, however, may have been 
misclassified as preterm if using last menstrual period to assess 
gestational age. This may explain the result from the analysis 
stratified on birth year, where the association between exposure 
and preterm birth was attenuated for late preterm births (32–36 
weeks) after 2007. Notably, we still observed an association 
between exposure to wells and preterm births delivered at fewer 
than 31 weeks before and after 2007. The current study consid-
ers exposure to oil and gas operations in California, where most 
wells are drilled using conventional methods.

In the future, researchers should consider investigating 
whether exposure to oil and gas wells may also be associated 
with medically indicated preterm births, possibly through 
maternal comorbidities. The findings suggest that future 
research should consider the reproductive health impacts of 
both conventional and unconventional drilling. Additional peri-
natal health outcomes previously associated with exposure to 
unconventional drilling sites should also be considered, as well 
as exposure to wells at other stages of development (idle wells 
and wells in postproduction).

We found an association between exposure to oil and gas well 
sites and odds of spontaneous preterm birth at 20–31 weeks in 
the San Joaquin Valley, CA. This study adds to limited evidence 
that oil and gas extraction activities have adverse impacts on 
reproductive health.

Conflict of interest statement

The authors declare that they have no conflicts of interest with 
regard to the content of this report.

Acknowledgments

We thank John Oehlert for computational support.

References
1. Czolowski ED, Santoro RL, Srebotnjak T, Shonkoff SBC. Toward con-

sistent methodology to quantify populations in proximity to oil and gas 
development: a national spatial analysis and review. Environ Health 
Perspect. 2017:1–11.

2. U.S. Energy Information Agency. Crude Oil Production. Available 
at: https://www.eia.gov/dnav/pet/pet_crd_crpdn_adc_mbbl_a.htm. 
Published 2019. Accessed 10 June 2019.

3. U.S. Energy Information Administration. United States remains the 
world’s top producer of petroleum and natural gas hydrocarbons. 
Today in Energy. Available at: https://www.eia.gov/todayinenergy/detail.
php?id=36292. Published 2018. Accessed 10 June 2019.

4. Muglia LJ, Katz M. The enigma of spontaneous preterm birth. N Engl J 
Med. 2010;362:529–535.

5. Benmarhnia T, Huang J, Basu R, Wu J, Bruckner TA. Decomposition 
analysis of black-white disparities in birth outcomes: the relative contri-
bution of air pollution and social factors in California. Environ Health 
Perspect. 2017;125:107003.

6. Frey HA, Klebanoff MA. The epidemiology, etiology, and costs of 
preterm birth. Semin Fetal Neonatal Med. 2016;21:68–73.

7. Marlow N, Wolke D, Bracewell MA, Samara M. Neurologic and 
Developmental Disability at Six Years of Age after Extremely Preterm 
Birth. Vol 352; 2005. Available at: www.nejm.org. Accessed June 4, 
2019.

https://www.eia.gov/dnav/pet/pet_crd_crpdn_adc_mbbl_a.htm
https://www.eia.gov/todayinenergy/detail.php?id=36292
https://www.eia.gov/todayinenergy/detail.php?id=36292
www.nejm.org


Gonzalez et al. • Environmental Epidemiology (2020) 4:e099 www.environmentalepidemiology.com

7

8. Casey JA, Savitz DA, Rasmussen SG, Ogburn EL, Mercer DG, Schwartz 
BS. Unconventional natural gas development and birth outcomes in 
Pennsylvania, USA. Epidemiology. 2016;27:163–172.

9. Currie J, Greenstone M, Meckel K. Hydraulic fracturing and infant 
health: new evidence from Pennsylvania. Sci Adv. 2017;3:e1603021.

10. Whitworth KW, Marshall AK, Symanski E. Drilling and production 
activity related to unconventional gas development and severity of 
preterm birth. Environ Health Perspect. 2018; 126:1–10.

11. McKenzie LM, Guo R, Witter RZ, Savitz DA, Newman LS, Adgate JL. 
Birth outcomes and natural gas development: McKenzie et al. respond. 
Environ Health Perspect. 2014;122:A232–A233.

12. Adgate JL, Goldstein BD, McKenzie LM. Potential public health haz-
ards, exposures and health effects from unconventional natural gas 
development. Environ Sci Technol. 2014;48:8307–8320.

13. Jackson RB, Vengosh A, Carey JW, et al. The environmental costs and 
benefits of fracking. Annu Rev Environ Resour. 2014;39:327–362.

14. Moore CW, Zielinska B, Pétron G, Jackson RB. Air impacts of increased 
natural gas acquisition, processing, and use: a critical review. Environ 
Sci Technol. 2014;48:8349–8359.

15. Brown DR, Lewis C, Weinberger BI. Human exposure to unconven-
tional natural gas development: a public health demonstration of peri-
odic high exposure to chemical mixtures in ambient air. J Environ Sci 
Health A Tox Hazard Subst Environ Eng. 2015;50:460–472.

16. Colborn T, Schultz K, Herrick L, Kwiatkowski C. An exploratory 
study of air quality near natural gas operations. Hum Ecol Risk Assess. 
2014;20:86–105.

17. Casey JA, Wilcox HC, Hirsch AG, Pollak J, Schwartz BS. Associations of 
unconventional natural gas development with depression symptoms and 
disordered sleep in Pennsylvania. Sci Rep. 2018;8:11375.

18. Evans GW, Hygge S, Bullinger M. Chronic noise and psychological 
stress. Psychol Sci. 1995;6:333–338.

19. Maguire K, Winters J V. Energy boom and gloom? Local effects of 
oil and natural gas drilling on subjective well-being. Growth Change. 
2017;48:590–610.

20. Navara KJ, Nelson RJ. The dark side of light at night: physiolog-
ical, epidemiological, and ecological consequences. J Pineal Res. 
2007;43:215–224.

21. Shaw GM, Yang W, Roberts EM, et al. Residential agricultural pesti-
cide exposures and risks of spontaneous preterm birth. Epidemiology. 
2018;29:8–21.

22. U.S. Surgeon General. Women and smoking: a report of the surgeon 
general. Nicotine Tob Res. 2002;4:7–20.

23. Martin JA, Hamilton BE, Osterman MJK, Driscoll AK, Drake P. 
National Vital Statistics Reports Volume 67, Number 8, November 7, 

2018. Vol 67; 2017. Available at: https://www.cdc.gov/nchs/data_access/
Vitalstatsonline.htm. Accessed 21 January 2019.

24. Padula AM, Mortimer KM, Tager IB, et al. Traffic-related air pollution 
and risk of preterm birth in the San Joaquin Valley of California. Ann 
Epidemiol. 2014;24:888–95e4.

25. Stringfellow WT, Camarillo MK, Domen JK, Shonkoff SBC. Comparison 
of chemical-use between hydraulic fracturing, acidizing, and routine oil 
and gas development. PLoS One. 2017;12:e0175344.

26. Buonocore JJ, Casey JA, Croy R, Spengler JD, McKenzie LM. Air mon-
itoring stations far removed from drilling activities do not represent 
residential exposures to Marcellus shale air pollutants. Response to the 
Paper by Hess et al. on proximity-based unconventional natural gas 
exposure metrics. Int J Environ Res Public Health. 2020;17:504.

27. Buxton MA, Meraz-Cruz N, Sanchez BN, et al. Air pollution and inflam-
mation: Findings from concurrent repeated measures of systemic and 
reproductive tract cytokines during term pregnancy in Mexico City. Sci 
Total Environ. 2019;681:235–241.

28. Bobak M. Outdoor air pollution, low birth weight, and prematurity. 
Environ Health Perspect. 2000;108:173–176.

29. Fernández-Somoano A, Llop S, Aguilera I, et al. Annoyance caused by 
noise and air pollution during pregnancy: associated factors and cor-
relation with outdoor NO2 and benzene estimations. Int J Environ Res 
Public Health. 2015;12:7044–7058.

30. Yang TC, Matthews SA. The role of social and built environments in 
predicting self-rated stress: a multilevel analysis in Philadelphia. Health 
Place. 2010;16:803–810.

31. Casey JA, Goin DE, Rudolph KE, et al. Unconventional natural gas 
development and adverse birth outcomes in Pennsylvania: the poten-
tial mediating role of antenatal anxiety and depression. Environ Res. 
2019;177:108598.

32. California Council on Science and Technology. An Independent Scientific 
Assessment of Well Stimulation in California: Summary Report. An 
Examination of Hydraulic Fracturing and Acid Stimulations in the Oil 
and Gas Industry. 2015. Available at: www.ccst.us. Accessed 14 June 
2019.

33. Stacy SL, Brink LL, Larkin JC, et al. Perinatal outcomes and uncon-
ventional natural gas operations in Southwest Pennsylvania. PLoS One. 
2015;10:e0126425.

34. American College Obstetricians Gynecologists. Committee opin-
ion no. 611: method for estimating due date. Obstet Gynecol. 
2014;124:863–866.

35. Kalish RB, Thaler HT, Chasen ST, et al. First- and second-trimes-
ter ultrasound assessment of gestational age. Am J Obstet Gynecol. 
2004;191:975–978.

https://www.cdc.gov/nchs/data_access/Vitalstatsonline.htm
https://www.cdc.gov/nchs/data_access/Vitalstatsonline.htm
www.ccst.us



