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BACKGROUND: Prior studies suggest exposure to oil and gas development (OGD) adversely affects birth outcomes, but no studies have examined flar-
ing—the open combustion of natural gas—from OGD.

OBJECTIVES: We investigated whether residential proximity to flaring from OGD was associated with shorter gestation and reduced fetal growth in
the Eagle Ford Shale of south Texas.
METHODS:We conducted a retrospective cohort study using administrative birth records from 2012 to 2015 (N =23,487) and satellite observations of
flaring activity during pregnancy within 5 km of maternal residence. Multivariate logistic and linear regression models were used to estimate associa-
tions between four outcomes (preterm birth, small-for-gestational age, continuous gestational age, and term birthweight) and exposure to a low (1–9)
or high (≥10) number of nightly flare events, as compared with no exposure, while controlling for known maternal risk factors. We also examined
associations with the number of oil and gas wells within 5 km using data from DrillingInfo (now Enverus).

RESULTS: Exposure to a high number of nightly flare events was associated with a 50% higher odds of preterm birth [odds ratio ðORÞ=1:50 (95%
CI: 1.23, 1.83)] and shorter gestation [mean difference= − 1:9 (95% CI: −2:8, −0:9) d] compared with no exposure. Effect estimates were slightly
reduced after adjustment for the number of wells within 5 km. In stratified models these associations were present only among Hispanic women.
Flaring and fetal growth outcomes were not significantly associated. Women exposed to a high number of wells (fourth quartile, ≥27) vs. no wells
within 5 km had a higher odds of preterm birth [OR=1:31 (95% CI: 1.14, 1.49)], shorter gestation [−1:3 (95% CI: −1:9, −0:8) d], and lower average
birthweight [−19:4 (95% CI: −36:7, −2:0) g].
DISCUSSION: Our study suggests exposure to flaring from OGD is associated with an increased risk of preterm birth. Our findings need to be con-
firmed in other populations. https://doi.org/10.1289/EHP6394

Introduction
Domestic oil production in the United States has nearly doubled
in the last decade, whereas natural gas production has risen
roughly 50% to an all-time historical high (EIA 2019c, 2019b).
Unconventional techniques of directional drilling and hydraulic
fracturing (fracking) have allowed for the exploration and extrac-
tion of oil and gas from areas that were previously inaccessible or
uneconomic and, in many regions, brought oil and gas develop-
ment (OGD) into closer proximity to homes. More than 17 mil-
lion people currently live within 1mi of an oil or gas well in the
United States, increasing the potential for exposure to contami-
nants associated with fossil fuel extraction (Czolowski et al.
2017). The potential health hazards associated with OGD activity
include contamination of air (Adgate et al. 2014; Shonkoff et al.
2014; Werner et al. 2015) and water (Jackson et al. 2013) by haz-
ardous chemicals and increased psychosocial stress as a result of
noise, increased seismic activity, and social hazards associated
with disruptions to the local social fabric (Allshouse et al. 2019;
Richburg and Slagley 2019; Witter et al. 2013; Adgate et al.
2014). Fracking involves the injection of fluids, sands, and chem-
ical additives into wells to reduce friction, decrease drill time, or
stimulate production and include chemicals that are known

carcinogens, mutagens, reproductive and developmental toxins,
or endocrine disruptors (Webb et al. 2014; Kassotis et al. 2016;
Yost et al. 2016; Stringfellow et al. 2017). These compounds can
enter the nearby environment through spills, leaks, and volatiliza-
tion and the disposal of wastewater.

Several recent studies have suggested that living near OGD
during pregnancy may elevate the risk of adverse birth outcomes,
including preterm birth (Casey et al. 2016; Whitworth et al. 2018),
small-for-gestational age (SGA) birth (Stacy et al. 2015; Tran et al.
2020), low birth weight (Hill 2018; Tran et al. 2020), and neural
tube defects (Janitz et al. 2019; Mckenzie et al. 2014). However,
the findings have not been consistent across studies: McKenzie
et al. (2014), Stacy et al. (2015), and Tran et al. (2020) found no
association with preterm birth, and Casey et al. (2016) and
Whitworth et al. (2018) found no association with SGA. Fetuses
are considered to be highly vulnerable to a variety of toxicants
because of their physiologic immaturity and developmental sus-
ceptibility (Perera et al. 1999). Preterm birth—which is a major
predictor of perinatal mortality and may lead to long-term health
problems—remains a major public health concern in the United
States, where nearly 400,000 babies are born prematurely each
year (Martin et al. 2019). Birthweight is also a significant predictor
of later cognitive function and cardiovascular disease, even for
infants within the normal weight range born at term (Barker 2006;
Shenkin et al. 2004).

The exact exposures through which OGD may elevate the
risk of adverse birth outcomes remain unclear. One pathway of
exposure that has not yet been examined is flaring. Flaring in this
context refers to the intentional, controlled combustion of natural
gas during the exploration, production, and processing of natural
gas, liquids, and oil. Flaring is used for several days or weeks
during well production testing after an oil or gas well is initially
drilled and hydraulically fractured. Flaring is also used while per-
forming well maintenance and equipment repairs and as a safety
measure at processing plants when equipment becomes overpres-
surized. In addition, flaring is commonly used to dispose of the
natural gas that is dissolved in the oil recovered from oil wells. In
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the United States, hydraulic fracturing has enabled the develop-
ment of previously inaccessible oil shale formations, resulting in
the rapid construction of many widely dispersed oil wells in pla-
ces that lack a pipeline and other infrastructure to economically
collect the associated gas. When local opportunities to use the
natural gas are also lacking—for example, for reinjection to
enhance oil recovery or for electricity generation on site—it is ei-
ther vented directly to the atmosphere or combusted in routine
flaring that can operate continuously for days or months. Global
estimates indicate that more than 139 billion m3 of gas are flared
annually, or about 4.6% of the world’s natural gas consumption
(Elvidge et al. 2009). The United States has the largest number of
flare sites globally, burning an estimated 6.5 billion m3 of natural
gas in 2012 (Elvidge et al. 2016). However, regulation and data
on the location and timing of flaring is minimal. Monitoring stud-
ies indicate that incomplete combustion during the flaring process
releases a variety of volatile organic compounds and polycyclic
aromatic hydrocarbons along with carbon monoxide, nitrogen
oxides, heavy metals, and black carbon (Ite and Ibok 2013;
Kindzierski 2000; Leahey et al. 2001; Prenni et al. 2016; Strosher
1996, 2000). Although there have been no studies specifically
examining health effects associated with flaring, several of these
combustion-related pollutants have been associated with a higher
risk of preterm and reduced birthweight in other contexts
(Ballester et al. 2010; Brauer et al. 2008; Dadvand et al. 2013).
Because flaring is very visible and audible and may produce
odors, the practice may also impact fetal growth and development
by adding to the anxiety of nearby residents or interrupting sleep
(Hiller 2016).

In this study, we utilized satellite observations to characterize
exposure to flaring in the Eagle Ford Shale play of south Texas
among pregnant women giving birth between 2012 and 2015.
The Eagle Ford Shale, which encompasses 27 counties in
Southern and Eastern Texas, is one of the most productive oil
and gas regions in the country and has experienced a recent boom
in production (Figure 1). Due to a weakening of state regulations

that previously banned flaring (Willyard 2019), a lack of pipeline
capacity for transporting the volumes of natural gas being pro-
duced, as well as low gas prices, flaring is a routine practice here.
According to the U.S. Energy Information Administration (EIA),
Texas flares more natural gas than any other U.S. state (EIA
2019a). Our prior work identified over 43,000 nightly flare events
in the region between 2012 and 2016, with a peak in flaring in
2014 and an estimated 4.5 billion m3 of gas flared over the 5-y
period (Franklin et al. 2019). Given the high frequency of flaring
in the Eagle Ford Shale, we sought to characterize the effects of
prenatal exposure to flaring on the risk of multiple adverse birth
outcomes among pregnant women as a possible additional mech-
anism through which OGD may negatively impact the health of
nearby communities.

Methods

Study Population
Study protocols were approved by the institutional review boards
of the University of Southern California (#HS-17-00652) and the
Texas Department of State Health Service (#14-044). Geocoded
administrative birth records were obtained from the Texas
Department of State Health Services for the years 2012–2015.
Our study population consisted of all singleton births lacking
birth anomalies and born to women residing within rural areas of
the 27 counties comprising the Texas Eagle Ford Shale play
(Texas Railroad Commission 2019) between 19 July 2012 and 31
December 2015 (Figure 1). Women residing in cities with a pop-
ulation of more than 75,000 people were excluded because their
exposure to other background sources of air pollutants likely dif-
fer from women residing in rural areas. This resulted in the exclu-
sion of residents within the municipal boundaries of Laredo,
College Station, and Bryan, Texas. The study start date was cho-
sen because the satellite data used to characterize exposure to
flaring became available only beginning 1 March 2012. As such,

Figure 1. Density of (A) nightly flare events and (B) oil and gas wells across the 27-county Eagle Ford study area, excluding urban areas. Data sources: VIIRS
Nightfire (https://www.ngdc.noaa.gov/eog/viirs/) and DrillingInfo (2018) (now Enverus). Counties are delineated in yellow. Green boundaries delineate cities
with more than 75,000 people, which were excluded from the analysis. Note: VIIRS, Visible Infrared Imaging Radiometer Suite.
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19 July 2012 was the first possible birth date of an infant born at
≥20 completed weeks (the shortest gestational age in our sample)
and, hence, the earliest birth date for which we could assign com-
plete prenatal exposure. The assembly of our study population is
illustrated in Figure S1. Gestational age in days was calculated
by taking the difference between recorded last menstrual period
(LMP) and date of birth. Records missing the year of LMP,
month of LMP, or both, were excluded (3.2% of observations);
records missing only the day of LMP were recoded using the
15th of the month (2.3% of observations). We excluded a further
1% of births if their gestational age exceeded 44 completed
weeks, they were missing gestational age or birthweight, or if
they had an improbable combination of sex-specific birthweight
for gestational age, following Alexander et al. (1996). Finally, we
excluded 13.9% additional observations by restricting our popula-
tion to women with an LMP between 1 March 2012 and
20 February 2015 to control for truncation or fixed cohort bias
(Strand et al. 2011; Wolf and Armstrong 2012). This restriction
ensured that all women pregnant during the study period were
included in the analysis and resulted in a final sample of
N =23,487 births. Controlling for truncation bias by restricting
on LMP rather than date of birth is particularly important when
the start and end day of the study period are not consecutive dates
(e.g., 1 January and 31 December), as is the case in our study,
and when the exposure of interest is seasonal (as was the case
with flaring during our study period, which exhibited some sea-
sonality and peaked in winter).

Oil and Gas Wells
The locations of oil and gas wells were obtained from DrillingInfo
(2018) (now Enverus). Our analysis included any permitted well
location that had an active lease between 1990 and 2016, excluding
inactive wells with a plug date or last reported production date
before 1 March 2012. We calculated the number of oil or gas wells
within a 5-km radius of the maternal residence as recorded in the
birth record and geocoded by the Texas Department of State
Health Services. The number of wells within 5 km was then cate-
gorized as none, low (1–8), medium (9–26), or high (27–954);
these cutoffs corresponded roughly to quartiles of exposure.

Flares
The Nightfire algorithm developed by the National Oceanic and
Atmospheric Administration (https://www.ngdc.noaa.gov/eog/
viirs/) Earth Observation Group (https://payneinstitute.mines.
edu/eog/) detects subpixel (<750-m) combustion sources at night
based on multispectral observations obtained from the Visible
Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi
National Polar Partnership satellite (SNPP) (Elvidge et al. 2013).
To characterize OGD-related flaring from these data we included
only high-temperature observations of >1,600 K, removing
lower temperature observations that are more typical of other
industrial and biomass burning sources (Elvidge et al. 2016).
Furthermore, we applied a hierarchical density-based spatial clus-
tering method to differentiate flares—which tend to persist for
many nights, sometimes for months—from aberrant observations,
which we excluded. Details on the clustering method used to fil-
ter out aberrant observations are provided elsewhere (Franklin
et al. 2019).

In the main analysis, exposure to flaring was estimated for all
women residing within 5 km of an oil or gas well and was defined
as the number of individual nightly flare events occurring during
pregnancy within a 5-km radius of the maternal residence.
Exposure to flaring was further categorized into two exposure lev-
els based on the median of exposure among the exposed: low (1–9

flares) or high (10–562 flares). More fine-grained categorization of
exposure was not possible due to the low prevalence of exposure in
our population (<8%) which would have resulted in a small num-
bers of cases in each category of exposure and zero cells when
including covariates. We also considered the total flared area (in
meters squared) from all flares occurring during pregnancy within
5 km of the maternal residence and categorized this variable simi-
larly based on the median of exposure among the exposed: low
(1–24:0m2) vs. high (24:2–1,563:6m2). We considered flared area
because it may be a better proxy for the volume of gas flared and,
hence, the quantity of air pollutant emissions. Unlike the esti-
mates we previously derived for flared gas volume (Franklin
et al. 2019)—which were derived in aggregate for the study
region and rely upon field-level, monthly self-reported adminis-
trative data from the State of Texas—flared area is available for
individual nightly flare observations directly from VIIRS. Using
flared area thus avoids some of the uncertainty in our flared gas
volume estimates at the individual flare level and also allows our
method to be more easily reproduced in other areas where data
on flared gas volume may not be available. Third, we considered
the inverse squared distance-weighted sum of flares within
5 km, similarly categorized based on the median of exposure
among the exposed: low (4:0× 10−8 to 1:0× 10−6 flares=m2) vs.
high (1:0× 10−6 to 1:0× 10−3flares=m2). The inverse squared
distance-weighted sumwas calculated as follows:

Xn

i=1

1
d2i

,

where i indexes each nightly flare observation within 5 km, d is
the distance between each nightly flare and the maternal residence
in meters, and n is the total number of nightly flares within 5 km.

Finally, we calculated trimester-specific estimates using our
main exposure variable of the number of flares within 5 km.
However, because trimester-specific and pregnancy-long expo-
sure estimates were highly correlated (Spearman correlation coef-
ficients of 0.73–0.79; see Figure S2), we did not conduct further
analysis of trimester-specific exposures.

Outcome Measures
We investigated four outcomes: preterm birth (<37 completed weeks
of gestation), SGA, continuous gestational age in days, and birth-
weight among term births (tBW;≥37 completed weeks of gestation).
SGAwas defined as birthweight below the sex-specific 10th percentile
of birthweight by gestational week based on the smoothed percentiles
for U.S. singleton live births during 2009–2010 (Talge et al. 2014).
SGA status was not determined for births at <22weeks of gestation
because the distributions provided in Talge et al. (2014) included only
gestational ages between 22 and 44weeks.

Statistical Analysis
We used separate multivariate linear or logistic regression models
to estimate the association between flares and our four outcomes
while adjusting for the following known risk factors: maternal age
(in 5-y increments from <20 to ≥35 y), race/ethnicity (Hispanic,
non-Hispanic white, other), nativity (U.S. or foreign born), educa-
tional attainment (<high school, high school or equivalent,
>high school), prepregnancy bodymass index [BMI; underweight
or normal (≤25 kg=m2), overweight (≥25–30 kg=m2), or obese
(≥30 kg=m2)], smoking (ever/never during pregnancy), insurance
based on primary source of expected payment (private vs.
Medicaid, self-pay, or other), parity (nulliparous vs. multiparous),
high-risk pregnancy (any of the following: prepregnancy or gesta-
tional hypertension or diabetes, preeclampsia, or eclampsia), sex
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of infant, adequacy of prenatal care (no care, inadequate, interme-
diate, adequate, >adequate), year of birth (to control for secular
trends), and season of birth. Models of tBW were additionally
adjusted for gestational age (in weeks). Maternal BMI was calcu-
lated from recorded maternal height and weight. Because the prev-
alence of underweight was very low in our population (3.2%), the
categories of underweight and normal BMI were collapsed.
Prenatal care was characterized using the Kotelchuck or Adequacy
of Prenatal Care Utilization Index, which combines the initiation
of prenatal care and the number of prenatal visits to derive a
ratio of observed to expected visits, with the number of expected
visits based on the American College of Obstetricians and
Gynecologists prenatal care standards for uncomplicated pregnan-
cies and adjusted for the gestational age when care began and for
the gestational age at delivery (Kotelchuck 1994). Women with
expected primary sources of payment of self-pay or other were
categorized with the publicly insured due to their low counts and
because they more closely resembled those with public insurance
than they did women with private insurance with respect to educa-
tion, nativity, race/ethnicity, and prenatal care. Of the 23,487 births
in our sample population, 23,158 included nonmissing information
for all covariates and constituted the sample for the multivariate
regression analyses.

Because proximity to wells has been associated with adverse
birth outcomes in prior studies, and flaring does not occur at all
well sites, we conducted a secondary analysis in which we
included the number of wells within 5 km as an additional covari-
ate in our models. Because prior studies suggest that women of
color may be more vulnerable to air pollutant exposures (Ito and
Thurston 1996; Morello-Frosch et al. 2010), we conducted a
stratified analysis to examine the effects of flaring among
Hispanic women and non-Hispanic white women. There were too
few women of other races or ethnicities to enable additional strat-
ification. In a post hoc analysis, we also included an indicator
variable for residence in a census-designated place (in our study
area, a small town or settlement, as opposed to a more rural set-
ting) to see if rurality confounded the association between flaring
and the outcomes. All statistical modeling was conducted using
Stata IC (release 15.1; StataCorp).

Results
The final sample population included 23,487 births, 10.6% of
which were preterm. The majority (55%) of women in the study
population identified as Latina or Hispanic, 37% as non-Hispanic
white, with few women identifying as non-Hispanic black (6.5%)
or Asian or Pacific Islander (0.66%). Nearly 60% of women were
on public health insurance (Medicaid) and 17% were foreign born.
Other characteristics of the sample population are given in Table 1.

Most women (92%) were not exposed to flares within 5 km of
their residence during pregnancy, whereas 74% were exposed to
at least one oil or gas well within 5 km. Women who were
exposed to flaring were slightly younger, less likely to be African
American, less likely to be foreign born, and received lower lev-
els of prenatal care than women who were not exposed to flaring
(Table 1). The unadjusted preterm birth rate, mean gestational
age, and tBW varied between women exposed to flaring and
those who were not (p<0:0005, p=0:02 and p=0:06, respec-
tively, Pearson’s chi-square or F-test), with women exposed to
high levels of flaring having a higher preterm birth rate and lower
mean gestational age and tBW compared with those who were
not exposed (Table 2). Similar patterns were observed with
respect to residential proximity to oil and gas wells (higher pre-
term birth rate, p=0:04; shorter gestational age, p=0:0005; and
lower tBW, p=0:007 compared with the unexposed). As
expected, our outcomes also varied by the risk factors we

identified a priori, including maternal age, education, race/ethnic-
ity, prenatal care, smoking, insurance, high-risk pregnancy status,
and parity (see Table S1).

In multivariate models, exposure to a high level of flaring
was associated with a 50% higher odds of preterm birth
{odds ratio ðORÞ=1:50 [95% confidence interval (CI): 1.23,
1.83]} and shorter gestation [mean difference of −1:9 (95% CI:
−2:8, −0:9) d] compared with no exposure (Figure 2A,C).
Adjusting for the number of wells within 5 km reduced the effect
estimates slightly [OR for preterm birth= 1:41 (95% CI: 1.11,
1.69); mean difference of −1:5 (95% CI: −2:4, −0:5) d] and also
suggested that exposure to low levels of flaring (1–9 flares) was
associated with a reduced odds of preterm birth [OR=0:76 (95%
CI: 0.60, 0.97)] (Figure 2A,C). Associations between flaring and
fetal growth outcomes (SGA and tBW) were not statistically sig-
nificant at p<0:05 (Figure 2B,D). In models that included both the
number of flares and wells within 5 km, the number of wells was a
significant predictor of a higher odds of preterm birth [OR=1:31
(95% CI: 1.14, 1.49) comparing the highest quartile vs. no expo-
sure], shorter gestational age [mean difference of −1:3 (95% CI:
−1:9, −0:8) d comparing the highest quartile vs. no exposure], as
well as reduced tBW [mean difference of −19:4 (95% CI: −36:7,
−2:0) g comparing the highest quartile vs. no exposure and con-
trolling for gestational age] (see Tables S2 and S3). All other cova-
riates generally had effect estimates in the expected direction.

When we modeled exposure to flaring as flared area within
5 km, rather than counts, results were generally consistent:
Exposure to a high-flared area was associated with a 47% increased
odds of preterm birth [OR=1:47 (95%CI: 1.20, 1.79)] and a reduc-
tion in mean gestational age [−2:0 (95% CI: −3:0, −1:1) d] com-
pared with the unexposed in models that did not adjust for the
number of wells within 5 km (see Tables S4 and S5). Including the
number of wells in the models again reduced these effects estimates
slightly [OR for preterm birth = 1:34 (95% CI: 1.08, 1.65); mean
difference of −1:7 (95%CI: −2:6, −0:7) d] (see Tables S4 and S5).
Associations between exposure to a high-flared area and SGA or
tBWwere not statistically significant. Exposure to a low-flared area
was associatedwith a reduced odds of preterm birth, but the associa-
tion was not statistically significant at p<0:05 in models with or
without adjustment for the number of wells within 5 km. The num-
ber of wells remained a significant predictor of higher odds of pre-
term birth [OR=1:31 (95% CI: 1.14, 1.49) comparing the highest
quartile vs. no exposure], shorter gestational age [mean difference
of −1:3 (95% CI: −1:9, −0:8) d comparing the highest quartile vs.
no exposure], and reduced tBW [mean difference of−19:5 (95%CI:
−36:8, −2:2) g comparing the highest quartile vs. no exposure and
controlling for gestational age] in models of flared area. Multivariate
models using our third exposure metric of inverse squared distance-
weighted sumofflareswithin 5 km also resulted in very similar effect
estimates for the associations between high exposure to flares and our
four outcomes (see Tables S6 and S7).

Stratified models using our primary exposure metric suggested
that the association between thenumber offlareswithin 5 km andpre-
term birth was present only among Hispanic women. Among
Hispanics, exposure to a high level of flaring was associated with a
61% higher odds of preterm birth [OR=1:61 (95% CI: 1.25, 2.08)]
and shorter gestation [mean difference = − 2:2 (95% CI: −3:4,
−0:9) d] in models that controlled for the number of wells within
5 km (Figure 3A,C; see alsoTables S8 andS9).Amongnon-Hispanic
white women, the corresponding OR for preterm birth = 0:78 (95%
CI: 0.50, 1.20); the corresponding mean differences in gestational
age= 0:0 (95%CI:−1:5, 1.5) d (Figure 3A,C; see also Tables S8 and
S9). Associations between flaring and SGA or tBWwere not statisti-
cally significant in stratified models of Hispanic or non-Hispanic
whitewomen (Figure 3B,D).
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Our post hoc sensitivity analysis including residence in a
census-designated place in the main preterm birth model did not
change the magnitude, direction, or statistical significance of
effect estimates. The coefficients for census-designated place was
also not statistically significant (see Table S10).

Discussion
As far as we are aware, this is the first study to examine the
potential effects of flaring from oil and gas extraction on human
health. Our retrospective cohort study of births between 2012 and

2015 in the Eagle Ford Shale region of south Texas suggests that
prenatal exposure to flaring from OGD is associated with a sig-
nificant increase in the risk of preterm birth and a shorter length
of gestation among pregnant women living nearby. Because we
included the number of oil and gas wells in our models, our find-
ings suggest the effects of flaring on the length of gestation are in-
dependent of other potential exposures related to oil and gas
wells.

Our stratified analysis suggested that Hispanic women were
vulnerable to the effects of flaring on preterm birth, whereas non-
Hispanic white women were not. As far as we are aware, this is the

Table 1. Characteristics of the study population by degree of flaring within 5 km of the maternal residence, Eagle Ford Shale, Texas, births between 19 July
2012 and 31 December 2015 (N =23,487).

Variable All (N =23,487) No flaring (n=21,635) Low flaring (n=921) High flaring (n=931) p-Valuea

Age [y (mean±SD)] 26:4± 5:8 26:4± 5:8 26:2± 5:7 25:9± 5:6 0.032
Education [n (%)] 0.15
<High school 5,318 (23) 4,907 (23) 203 (22) 208 (22)
High school diploma/GED 7,776 (33) 7,127 (33) 306 (33) 343 (37)
Some college or more 10,375 (44) 9,583 (44) 412 (45) 380 (41)
Missing 18 (0.1) 18 (0.1) — —
Race/ethnicity [n (%)] <0:0005
Hispanic 12,904 (55) 11,853 (55) 488 (53) 563 (60)
Non-Hispanic white 8,704 (37) 7,992 (37) 388 (42) 324 (35)
Non-Hispanic black 1,535 (6.5) 1,470 (6.8) 36 (3.9) 29 (3.1)
Non-Hispanic Asian/Pacific Islander 156 (0.7) 143 (0.7) <10 <10
Other, including mixed race 160 (0.7) 153 (0.7) <10 <10
Missing 28 (0.1) 24 (0.1) — <10
Foreign born [n (%)] <0:0005
No 19,539 (83) 17,861 (83) 822 (89) 856 (92)
Yes 3,941 (17) 3,768 (17) 98 (11) 75 (8.1)
Missing <10 <10 <10 —
BMI {kg=m2 [n (%)]} 0.33
Underweight/normal 10,026 (43) 9,227 (43) 416 (45) 383 (41)
Overweight 6,185 (26) 5,689 (26) 227 (25) 269 (29)
Obese 7,106 (30) 6,559 (30) 270 (29) 277 (30)
Missing 170 (0.7) 160 (0.7) <10 <10
Prenatal care [n (%)] <0:0005
None 1,858 (7.9) 1,708 (7.9) 62 (6.7) 88 (9.5)
Inadequate 4,227 (18) 3,834 (18) 190 (21) 203 (22)
Intermediate 1,994 (8.5) 1,807 (8.4) 87 (9.5) 100 (11)
Adequate 7,531 (32) 6,951 (32) 291 (32) 289 (31)
>Adequate 7,877 (34) 7,335 (34) 291 (32) 251 (27)

Smoking during pregnancy [n (%)] 0.69
No 22,226 (95) 20,479 (95) 867 (94) 880 (95)
Yes 1,183 (5.0) 1,082 (5.0) 51 (5.5) 50 (5.4)
Missing 78 (0.3) 74 (0.3) <10 <10
Insurance [n (%)] 0.02
Public 13,808 (59) 12,695 (59) 566 (61) 547 (59)
Private 7,690 (33) 7,068 (33) 296 (32) 326 (35)
Self-pay 963 (4.1) 910 (4.2) 23 (2.5) 30 (3.2)
Other 994 (4.2) 931 (4.3) 36 (3.9) 27 (2.9)
Missing 32 (0.1) 31 (0.1) — <10
High-risk pregnancy [n (%)] 2,240 (10) 2,045 (9.5) 99 (11) 96 (10) 0.32
Parity 0.56
Nulliparous 8,243 (35) 7,611 (35) 320 (35) 312 (34)
Multiparous 15,237 (65) 14,017 (65) 601 (65) 619 (65)
Missing <10 <10 — —
Year of birth [n (%)] <0:0005
2012 698 (3.0) 655 (3.0) 14 (1.5) 29 (3.1)
2013 7,471 (32) 6,765 (31) 444 (48) 262 (28)
2014 8,088 (34) 7,474 (35) 316 (34) 298 (32)
2015 7,230 (31) 6,741 (31) 147 (16) 342 (37)
Season of birth [n (%)] 0.38
Spring (MAM) 5,443 (23) 5,002 (23) 218 (24) 223 (24)
Summer (JJA) 6,229 (27) 5,727 (26) 268 (29) 234 (25)
Fall (SON) 5,974 (25) 5,505 (25) 218 (24) 251 (27)
Winter (DJF) 5,841 (25) 5,401 (25) 217 (24) 223 (24)
Residence in census-designated place [n (%)] 11,883 (51) 10,809 (50) 475 (52) 599 (64) <0:0005

Note: Cells with counts <10 have been suppressed. Percents may not sum to 100 due to rounding. Exposure to flaring was defined based on the median number of flares within 5 km
during pregnancy among the exposed (low: 1–9, high: ≥10). —, No data; BMI, body mass index; DJF, December, January, February; GED, general education development; JJA, June,
July, August; MAM, March, April, May; SD, standard deviation; SON, September, October, November.
aPearson’s chi-square test or F-test by level of flaring exposure.
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first study to document greater health impacts associated with
OGD among women of color. A history of government-sanctioned
discrimination in housing, employment, and education have led
Hispanics in Texas to be socioeconomically disadvantaged, with a
2014 median household income of $41,177 compared with
$65,786 for non-Hispanic whites and with a greater proportion liv-
ing below the federal poverty level (23% vs. 9.3% among non-
Hispanic whites) (Texas Health and Human Services Commission
2014). Reasons whywomen of color and lower socioeconomic sta-
tus may experience greater vulnerability to flaring could relate to
differences in preexisting health status (because income and educa-
tion are directly related to health); greater co-exposures to other
pollutants (e.g., because pollution sources are disproportionately
located in communities of color); a compromised ability to cope
with the adverse effects of pollution due to poor nutrition or limited
access to health care, preventative or social services; and modify-
ing effects of psychosocial stress associated with living in poverty
or experiencing discrimination. Belonging to a racial or ethnic

group that experiences systemic discrimination may confer greater
vulnerability due to the physiological effects of chronic psychoso-
cial stress (Geronimus 1992). Evidence suggests that chronic stress
can result in physiological wear and tear on the body that can
increase vulnerability to environmental stressors by impairing
immune function, increasing the absorption of toxicants (McEwen
1998), by compromising the body’s defense systems, or by directly
causing illness or affecting the same physiological process as the
environmental toxicant (Clougherty and Kubzansky 2009; Gee
and Payne-Sturges 2004; Gordon 2003; Morello-Frosch and
Shenassa 2006). Although we were not able to directly examine
stress or say whyHispanic women in our studyweremore vulnera-
ble, our findings are consistent with prior studies that found
socially disadvantagedwomen—including AfricanAmericans and
residents of socioeconomically disadvantaged neighborhoods—
are more vulnerable to the impacts of ambient air pollution, includ-
ing larger reductions in birth weight associated with exposure to
particulate matter (Erickson et al. 2016; Morello-Frosch et al.
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Figure 2. Estimated associations between the number of flares within 5 km of maternal residence and (A) the odds of preterm birth, (B) the odds of small-for-
gestational age birth, (C) gestational age, and (D) term birthweight, Eagle Ford Shale, Texas, 2012–2015 (N =23,158). Full numeric data for models that are
unadjusted (Model 1) and adjusted (Model 2) for the number of oil and gas wells within 5 km are provided in Tables S2 and S3. Figures show effect estimate
and 95% CIs comparing infants with prenatal exposure to a low (1–9) and high (10–562) number of nightly flare events within 5 km of the maternal residence
to unexposed infants. All estimates are adjusted for maternal age, race/ethnicity, nativity, education, prepregnancy BMI, smoking, insurance, parity, high-risk
pregnancy, infant sex, prenatal care, year of birth, and season of birth. Models of term birthweight additionally controlled for gestational age. Red lines indicate
the null. Note: BMI, body mass index; CI, confidence interval; OR, odds ratio.

Table 2. Birth outcomes by degree of flaring during pregnancy and number of oil and gas wells within 5 km of the maternal residence, Eagle Ford Shale,
Texas, 2012–2015 (N =23,487).

Flares within 5 km

p-Valuea

Wells within 5 km

p-Valuea
0

(n=21,634)
Low

(n=921)
High

(n=931)
0

(n=6,176)
Low

(n=6,215)
Medium

(n=5,482)
High

(n=5,614)

Preterm birth [n (%)] 2,269 (10.5) 81 (8.8) 131 (14.1) <0:0005 598 (9.7) 656 (10.6) 618 (11.3) 609 (10.9) 0.04
Small for gestational age

[n (%)]
2,224 (10.3) 86 (9.3) 94 (10.1) 0.65 635 (10.3) 648 (10.4) 574 (10.5) 547 (9.7) 0.56

Gestational age
[weeks (mean±SD)]

38:5± 2:1 38:6± 1:9 38:3± 2:2 0.02 38:6± 2:1 38:5± 2:2 38:5± 2:2 38:5± 2:1 0.0005

Term birthweight
[g (mean±SD)]

3,284± 543 3,288± 509 3,241± 529 0.06 3,301± 545 3,282± 548 3,268± 540 3,276± 529 0.007

Note: Exposure to flaring was defined based on the number of nightly flares (low: 1–9, high: 10–562), with the cutoff corresponding to the median of exposure among the exposed.
The number of wells was categorized as zero, low (1–8), medium (9–26), or high (27–524), with cutoffs corresponding roughly to quartiles of exposure. SD, standard deviation.
aPearson’s chi-square test or F-test by level of exposure.
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2010; Westergaard et al. 2017). In addition, it is possible there is a
threshold effect of flaring and that the lack of an association among
non-Hispanic white women that we observed may have been the
result of the fact that they were exposed to a lower average number
of nightly flare events than Hispanic women (mean of 24.1 vs. 36.3
among the exposed).

We found no evidence of an association between flaring and
SGA or reduced birthweight among term infants when control-
ling for gestational age. The lack of strong associations with these
outcomes may be due to a lack of a true effect on fetal growth in-
dependent of gestational age or to power limitations resulting
from the low prevalence of exposure to flaring in our study popu-
lation. For example, given the prevalence of SGA (10.2%) and
exposure to flaring (7.9%) in our study population, we estimate
that we had power of only 0.52 to detect a true OR of 1.2 at
a=0:05.

We found that women exposed to low levels of flaring had a
reduced odds of preterm birth comparedwithwomenwith no expo-
sure in models that controlled for well density. This counterintui-
tive finding was no longer statistically significant when we
measured exposure to flaring on the basis of flared area or the
inverse squared distance-weighted sum of nightly flare events,
which may better approximate the quantity and proximity of flared
gas than the number of flares, suggesting the association may have
been spurious, or the result of a threshold or nonlinear effect that
we were not able to estimate given the small number of exposed
women in our sample (<8%). It is also possible that low levels of

flaring may appear protective because women exposed to low lev-
els of flaring live in more rural settings than those exposed to no
flaring [median (mean) population density = 180 (699) people per
square kilometer for the low-flare group vs. 452 (1,063) for the no-
flare group] and are, therefore, less exposed to other pollutants
such as traffic-related air pollution, resulting in residual confound-
ing. However, a lack of regulatory air pollution monitoring in our
study region prohibits us from being able to further assess this
potential source of bias. Adding an indicator variable for residence
in a census-designated place (in our study area, a small town, as
opposed to amore rural setting) to ourmodels in a post hoc analysis
did not change the magnitude, direction, or statistical significance
of effect estimate for the association between low levels of flaring
and preterm birth (see Table S9).

In addition to flaring, we also found that living within 5 km
of oil and gas wells was independently associated with adverse
birth outcomes, including a higher odds of preterm birth, reduced
gestational age, and reduced tBW, controlling for gestational age.
The association with preterm birth is consistent with previous
studies from Pennsylvania and Northern Texas in areas of
OGD but absent of significant flaring activity (Casey et al. 2016;
Whitworth et al. 2018). Other studies from Southwest
Pennsylvania, Colorado, and California have found no evidence
of such an association with preterm birth (Mckenzie et al. 2014;
Stacy et al. 2015; Tran et al. 2020). In contrast to our findings,
the majority of previous studies have found little evidence of an
association between residential proximity to OGD and birth-
weight, with the exception of Stacy et al. (2015) and Tran et al.
(2020). Our contrasting findings could be related to differences in
our study design and the nature of OGD in the Eagle Ford Shale,
which includes significant oil as well as gas production and con-
ventionally drilled as well as unconventionally drilled wells.
(With the exception of the California study, prior studies have
focused on natural gas wells that were unconventionally drilled.)

Our findings hold broader implications for other populations
exposed to flaring from OGD. Flaring activity has increased dra-
matically in the United States over the last five years, spiking by
nearly 50% in 2018 from the previous year, the largest absolute
gains of any country (World Bank 2019). Beyond the Eagle Ford
Shale, flaring is common in the Permian Basin of West Texas and
Eastern New Mexico as well as the Bakken Shale of North Dakota
and Western Montana. In fact, a recent study suggests that as of
2015, the Permian Basin has had more flare activity and appears to
flare larger volumes, on average, than the Eagle Ford play
(Willyard and Schade 2019). In the Bakken Shale play, it is esti-
mated that 28% of North Dakota’s total produced natural gas was
flared (Gvakharia et al. 2017). The health impacts of flaring there-
fore warrant additional study, and our findings require replication
in other populations. Prior work has demonstrated associations
between flaring and increased risk of stillbirth among cattle as
well as increased risk of calf mortality (Bamberger and Oswald
2012). However, we are unaware of any previous studies assessing
the health impacts of flaring from OGD among humans.

We utilized a novel exposure metric derived from infrared sat-
ellite observations that provides an objective, highly spatially and
temporally resolved measure of flaring activity. In places such as
our study region, where industrial activity is minimal, combustion
sources detected using this method are unlikely to come from sour-
ces other than flaring. This approach provides distinct advantages
over alternative available measures of flaring, including self-
reported regulatory data, which is likely to underestimate the mag-
nitude of flaring and is provided only in the aggregate (monthly,
lease-level). However, our measure only indirectly reflects poten-
tial exposures, including air pollutant emissions.We are, therefore,
unable to determine the mechanism(s) through which flaring may
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Figure 3. Estimated associations from models stratified by ethnicity between
the number of flares within 5 km of maternal residence and (A) the odds of
preterm birth, (B) the odds of small-for-gestational age birth, (C) gestational
age, and (D) term birthweight, Eagle Ford Shale, Texas, 2012–2015
(N =12,781, Hispanic women and N =8,566 non-Hispanic white women).
Full numeric data are provided in Tables S8 and S9. Figures show effect
estimates and 95% CIs comparing infants with prenatal exposure to a low
(1–9) and high (10–562) number of nightly flare events within 5 km of the
maternal residence to unexposed infants. All estimates are adjusted for the
number of oil and gas wells within 5 km, maternal age, nativity, education,
prepregnancy BMI, smoking, insurance, parity, high-risk pregnancy, infant
sex, prenatal care, year of birth, and season of birth. Models of term birth-
weight additionally control for gestational age. Red lines indicate the null.
Note: BMI, body mass index; CI, confidence interval; OR, odds ratio.
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adversely affect birth outcomes. Monitoring studies have indicated
that incomplete combustion during the flaring process can release a
variety of air pollutants, including particulate matter, which has
been linked to preterm birth and reduced fetal growth in other con-
texts (Ballester et al. 2010; Brauer et al. 2008; Dadvand et al.
2013). However, there is a lack of air pollutant monitoring data in
areas with flaring due to OGD,which are primarily rural.

Because we relied on live birth records, we were unable to
assess potential effects of flaring on the risk of miscarriage. We
were also unable to examine critical windows of exposure due to
the high correlation between pregnancy-long and trimester-
specific estimates of exposure to flaring in our population.
Another limitation of our study is that we were unable to capture
maternal mobility because only the birth mother’s place of resi-
dence at the time of birth is recorded in the birth records. Prior
studies have suggested that ignoring residential mobility may
bias associations toward the null due to nondifferential exposure
misclassification, and that moving distances during pregnancy
are typically relatively short and within the same county (Bell
and Belanger 2012; Chen et al. 2010; Hodgson et al. 2015; Lupo
et al. 2010; Miller et al. 2010; Pennington et al. 2017).

Together, our findings suggest that living within 5 km of
OGD wells and flaring activity may have had a significant
adverse effect on birth outcomes among pregnant women in the
Eagle Ford region. The fact that much of the region is low
income and approximately 50% of residents living within 5 km
of an oil or gas well are people of color raises environmental jus-
tice concerns about the potential health impacts of the oil and gas
boom in south Texas (Johnston et al. 2016). Measures to mini-
mize flaring—such as more stringent regulation of flaring or
investments in renewable energy and energy efficiency measures
that reduce reliance on fossil fuels overall—could protect the
health of infants.
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