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ABSTRACT: Methane (CH,) enters waters in hydrocarbon-
rich basins because of natural processes and problems related
to oil and gas wells. As a redox-active greenhouse gas, CH,
degrades water or emits to the atmosphere and contributes to
climate change. To detect if methane migrated from
hydrocarbon wells (i.e, anomalous methane), we examined
20751 methane-containing groundwaters from the Upper
Appalachian Basin (AB). We looked for concentrations (mg/
L) that indicated AB brine salts (chloride concentrations
([Cl]) > 30; [Ca]/[Na] < 0.52) to detect natural methane,
and we looked for concentrations of redox-active species
([SO,] > 6; [Fe] > 0.3) to detect anomalous methane. These
indicators highlight natural contamination by methane-
containing brines or recent onset of microbial oxidation of
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methane coupled to iron- or sulfate-reduction. We hypothesized that only waters recently contaminated by methane still exhibit
high iron and sulfate concentrations. Of the AB samples, 17 (0.08%) from 12 sites indicated potential contamination. All were
located in areas with high densities of shale-gas or conventional oil/gas wells. In contrast, in southwestern Pennsylvania where
brines are shallow and coal, oil, and gas all have been extracted extensively, no sites of recent methane migration were
detectable. Such indicators may help screen for contamination in some areas even without predrill measurements.

B INTRODUCTION

The ability to extract natural gas from “tight” reservoirs using
horizontal drilling and hydraulic fracturing has revolutionized
the world economy in the last two decades. For example,
drilling and hydraulic fracturing of the Marcellus shale over the
past 15 years has returned Pennsylvania (PA), a state with a
long history of conventional oil/gas development as well as
coal mining (Figure S1), back to one of the leading areas for
hydrocarbon production in the U.S.A." Like other hydro-
carbon-rich regions, however, the recovery of shale gas has
sometimes contaminated waters in the Marcellus shale area,”™
and the well-publicized response of the public to these
problems has created resistance to such hydrocarbon
extraction in some locations around the world.

The best example of a contaminant that has created public
pushback is methane (CH,), the main constituent of natural
gas. Methane has been measured in homeowner’s water wells
at concentrations that can sometimes be ignited.6 Methane is
also the most common contaminant documented during
Marcellus development since 2004 by the Pennsylvania
Department of Environmental Protection (PA DEP), the
regulator of oil/gas production in PA.” At the same time, many
researchers have pointed out that most methane in PA
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groundwaters is natural.*~'' Recently, a set of chemical
indicators were identified that can accompany the new release
of methane into an aquifer, perhaps allowing a distinction
between new methane and long-standing natural methane.’
Woda et al.® documented that these indicators successfully
diagnosed new methane in groundwater samples from four
sites that the U.S. Environmental Protection Agency (US EPA)
had deemed as contaminated by oil and gas development and
showed evidence of recent invasion into the sites based on the
chemical indicators.'> In this paper, we extend that effort by
looking for evidence of these indicators in a much larger data
set of groundwater quality in the Appalachian Basin (AB). We
hypothesized that most of the methane in the AB waters is
natural and that only a few sites should show chemical
evidence of new methane. The data set allowed us to
investigate the testing protocol in a state where the long
complex history of energy extraction activities could have left
behind myriad sites of contamination (Figure 1 and S1). In
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Figure 1. (A) Location of sites where waters were sampled as part of the validation (n = 14) and test (blue dots; n = 20,751) data sets. Test data
are grouped into three regions: NE PA (red ellipse), SW PA (blue ellipse), and NW PA (black ellipse). The three regional data sets allow
investigation of an area with a high density of unconventional gas wells (NE PA), a high density of conventional gas wells (NW PA), and a high
density of conventional, unconventional, and coal mining (SW PA). Colored symbols show locations of validation data collected from three
putatively contaminated sites in PA that were either compiled from other literature*”~* or collected and analyzed in this study. (B) Location of 17
water well samples from 12 sites (numbered from 1 to 12 in this figure; see also Table SS) that are type 4 (n = 10) and type S (n = 7) identified in
the test data set. Type 4 and 5 samples are shown together as black dots. Areas circled with dashed red curves represent previously identified
hotspots'®***' where methane was inferred to be potentially migrating from a few nearby unconventional gas wells where uncased or uncemented
intervals of the boreholes may cross faults. The dashed blue curve coincides with the location of the Bridge Street and Towanda faults and
Towanda anticline that may act as a natural pathway of methane into shallow aquifers."®

this respect, Pennsylvania is used as a testbed to yield insight occur in settings where gas wells have experienced casing
for other areas of the country with different characteristics of failures or blowouts or where wells lack adequate casing or
hydrocarbon extraction. cement across gas-producing zones. Landfill sites can also leak
We refer to methane that migrates from leaking gas wells as methane'® but we are not considering that phenomenon here.
“anomalous” methane. Human-induced methane migration can Identification of sites of leaking methane is important because
B DOI: 10.1021/acs.est.9502290
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methane can cause deleterious effects in the groundwater such
as the release of metals when concentrations increase rapidly in
an aquifer.” Methane can also degas, resulting in explosion
hazards in confined areas such as basements.'* In addition, if it
is released to the atmosphere, methane is a potent greenhouse
gas that contributes to climate change.15

The identification of anomalous methane is complicated
because of the following: (1) the presence of natural methane
in shallow groundwater is common in many areas including the
Marcellus shale footprints’g_ll’m’17 and (2) methane from
natural and anthropogenic sources is often hard to geochemi-
cally distinguish even using isotopic measurements.'® Thus, the
identification of groundwater that has been impacted by
anomalous methane largely relies on a comparison of water
quality data collected before (i.e., baseline or predrill data) and
after oil/gas wells were drilled or completed. However, such
baseline data have not always been collected, or if samples
were collected, the data are often not accessible to the public.’

Woda et al.” recognized that the deleterious chemical effects
that they observed to accompany anomalous methane in
groundwater samples could also be used to identify waters that
had been recently contaminated by methane. Their work
derived from investigating an aquifer and a stream (Sugar Run)
in Lycoming County, PA that was putatively contaminated by
nearby shale gas drilling.'”*° After identifying a few chemical
indicators that changed most likely because of the invasion of
anomalous methane into the aquifer, Woda et al.” demon-
strated that the indicators were also observed in some
groundwater samples from other areas identified by regulators
and US EPA as impacted by anomalous methane related to
natural gas development. Similar evolution in water chemistry
with respect to the same indicators was also identified in
several other locations as \_/vell.5'12’21_25

Specifically, Woda et al.” observed that the presence of new
methane in the contaminated aquifers was sometimes
accompanied by an increase in dissolved iron for a transient
period, and at the same time or shortly thereafter, a decrease in
sulfate concentration. They inferred that this showed the onset
of anaerobic oxidation of methane (AOM) coupled to iron
reduction and, subsequently, coupled to sulfate reduction.
They also pointed out that salt-related geochemical parameters
were useful in distinguishing anomalous ([Cl] < 30 mg/L,
[Ca]/[Na] > 0.52) from natural methane ([Cl] > 30 mg/L,
[Ca]/[Na] < 0.52). These indicators documented salt
concentrations that often accompany natural methane in the
AB when AB brines (ABB) move upward with dissolved
methane 5202628

The threshold values identified by Woda et al.” were derived
from observations of a data set of groundwater from Lycoming
County in central PA. They assumed that this data set of
groundwater sampled predrill represented background, equili-
brated concentrations that could be used as threshold
indicators of anomalous methane.” They tested the inferred
background values by comparing to S sites that had been
deemed contaminated by regulators. In this paper, we again
explore the approach® to identify groundwaters with
anomalous methane versus those with naturally occurring
methane in the AB where the Marcellus shale is located. We
study waters with methane concentrations above 10 mg/L and
seek to identify if they are likely to contain natural or
anomalous methane. That concentration was used as a
screening threshold because it has been identified as a level
of concern in drinking waters and may thus need immediate

action.''**”**73* While waters with lower methane concen-
trations could still contain anomalous methane, such waters
would not only be harder to identify, but would also not
necessarily require immediate remediation. Furthermore, many
researchers have shown that groundwater sampling for
methane is difficult when methane concentrations are higher
than about 10 mg/L because of ebullition of gas upon
sampling,® so choosing a higher concentration as a screening
level may not be defensible.

The specific goal of the research reported in this paper is to
test how often the threshold indicators identified by Woda et
al. (2018)° are exceeded in a larger groundwater data set from
the AB. We hypothesized that if these threshold indicators are
indeed identifying methane contamination then we do not
expect to see them exceeded frequently. We made that
assumption because the rate of leakage of methane from shale
gas wells reported by the PA regulator is very low, i.e., 0.24 to
3%, and each problematic well that is identified is then treated
to solve the leak to the specification of the regulator.”” Where
sites were identified by this screening approach to show
indicators of anomalous methane, we investigated to see if
there might be other evidence of contamination.

Ultimately, this testing protocol was designed to screen and
to preliminarily diagnose groundwaters impacted by anom-
alous methane. We applied this protocol on a newly available,
large data set of groundwater quality closely related to oil/gas
development in PA (Figure 1 and S1). Most of the data in this
study are released here to the public for the first time. The
distribution of the data allowed us to use the geochemical tests
to search for anomalous methane not only in areas of
unconventional oil/gas development but also in areas with
conventional oil/gas development and coal mining. The study
thus also investigates whether the geochemical tests might be
useful in other areas with varying histories of hydrocarbon
extraction. In the following sections, we first examine the
fundamentals behind the geochemical tests. We then exemplify
the tests by using them in three sites that have been identified
as contaminated. Finally, we apply the tests to the large
groundwater data set.

B GEOCHEMICAL RATIONALE FOR THE TESTING
PROTOCOL

Salt-Related Tests for Methane Associated with ABB.
Deeg brines are found at approximately 250 m depth in the
AB*" and are often accompanied by dissolved methane. These
AB brines typically are enriched in Na and CL* In contrast,
shallow aquifers in the AB, typically dominated by fresh
recharge, are often low in concentration with respect to most
brine components but relatively enriched in Ca and SO,.'”*°
However, solutes with the brine salt signature are occasionally
found in shallow aquifers at low concentrations. Two
hypotheses have been described for why this is naturally
observed in PA: (1) deep brine may be migrating now into
shallow aquifers along natural faults, fractures, or bedding
pathways unrelated to drilling or (2) deep brine that previously
migrated into shallow aquifers may have been partially but not
entirely flushed out by circulating meteoric water.'””?7
Either way, shallow groundwaters in the AB can be
characterized as either Ca-rich (high Ca/Na mass ratio)
waters that indicate little contribution of deep brine salts, or
Na-rich (low Ca/Na mass ratio) waters that suggest some
small contribution of deep brine. The latter waters are often
found in valley areas™ in PA.
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These natural waters with brine salt signature in the AB are
often associated with natural thermogenic meth-
ne 21828373940 Thys when methane is found as a dissolved
component in ABB-contaminated shallow groundwater (i.e.,
low Ca/Na ratio and high CI concentration), the methane is
considered here to be likely of natural origin. Given these
observations, Woda et al. (2018)° used the large data set from
one county in central PA to come up with a screening level and
suggested that when waters containing methane above 10 mg/
L also show a [Ca]/[Na] mass ratio > 0.52 and [Cl] < 30 mg/
L, the methane is more likely to be anomalous methane. Here,
we hypothesize elevated methane in groundwaters is mostly of
thermogenic origin.

Redox Tests for Transient Dis-equilibrium. As methane
enters an oxygenated aquifer, oxidation of the methane can
consume dissolved oxygen. Once oxygen is depleted, AOM-
bacteria can oxidize methane by coupling electron transfer to
iron reduction, transiently causing a rise in ferrous iron
concentration. Eventually, when the iron oxide is locally
depleted or a surface coating of ferrous iron armors the ferric
oxide,*" then sulfate reducers can outcompete iron reducers in
oxidizing methane. The production of hydrogen sulfide is then
accompanied by precipitation of metal sulfides so that iron
concentrations that were transiently high drop to low levels in
equilibrium with precipitated iron sulfide. "% Eventually,
after a lag period, O,, Fe, and SO, are all low in concentration
while CH, concentration is high.

These considerations imply that, if the duration of time for
the methane-water system is long enough to achieve
equilibrium with respect to aquifer mineralogy and a high
partial pressure of methane, the water will become not only
enriched in methane but also depleted in aqueous O,, Fe, and
SO,. In contrast, when methane newly invades into an aquifer,
groundwater can be maintained out of equilibrium with respect
to these species for a lag period because of the slow kinetics of
these redox processes.’’ Based on a small data set, Woda et al.
(2018)° suggested that the lag time for one aquifer for the iron
and sulfate indicators was at least 7 months. This conceptual
model requires that the methane influx be steady enough to
maintain the new equilibrium. If the methane influx is seasonal
such that O, and CH, alternately sweep the aquifer,
equilibrium may never be obtained and the aquifer might
switch back and forth between two Eh levels seasonally.

Geochemical Modeling of Redox Equilibration. These
ideas about how water chemistry evolves during a methane
invasion are exemplified here in a simple model run as a series
of equilibrium calculations (with Geochemist’s Workbench
version 9.0 and thermo.dat). We simulated the impact of
anomalous methane on groundwater chemistry averaged from
the large groundwater data set (Table Sla, described further in
the Materials and Methods section). All waters in the data set
that contain high methane (>10 mg/L), elevated sulfate (>6
mg/L), and elevated iron (>0.3 mg/L) concentrations were
used to calculate an average composition. Equilibrium was
then calculated for this composition in the presence of excess
goethite, and then the partial pressure of methane was
increased in the simulation from 1 X 107 to 1 atm (Figure
S2). Simulations with hematite (not shown) differed by less
than 5%. Given that the reduction of iron usually occurs before
sulfate reduction in aquifers, the sulfur redox pair (HS™/SO,)
was not allowed to equilibrate until methane concentrations
reached ~8 mg/L. Supersaturated minerals were allowed to
precipitate. This geochemical model is discussed in detail in

the SI. The intent of the simulation is to explore equilibrium
concentrations that represent the boundary conditions for
aquifers with methane: micro-organisms catalyze reactions that
are out of equilibrium and can maintain open systems close to
equilibrium.

As shown in Figure S2, the values of [Fe?*] were observed to
be equal to ~0.3 mg/L at pCH, = 10* atm (0.005 CH, mg/
L) and [Fe®*] increased to values as high as 10 mg/L as they
equilibrated with methane, as long as sulfate was not reduced
to sulfide. This is roughly consistent with the highest iron
concentrations reported in homeowner wells (3 mg/L) or in
groundwater seeps (17 mg/L) in Sugar Run valley where
anomalous methane is thought to have been present over 8
years up to this year.” Once the sulfide concentration increases
in the simulation by equilibration with CH, (i.e., once the
sulfur redox couple is allowed to equilibrate), pyrite
precipitates, depressing the concentration of Fe*". The extent
of drop in Fe" is controlled to some extent by how much
sulfur is brought into the system in the water. This attribute
was explored in another model described in the next
paragraph.

To simulate the intrusion 0>f new methane into ground-
water and to observe the temporal change of groundwater
chemistry in the presence of iron and sulfate reducing bacteria,
we also explored a kinetic simulation for a well-mixed batch
reactor model using CrunchFlow"* for baseline groundwater
chemistry from one impacted homeowner well (HO4) in
Sugar Run® (details in the SI). Two models were run for
different initial sulfate concentrations: one with 0.0002 mol
L' (ie., the measured sulfate concentration in the baseline
chemistry from site HO4) and the other with 0.002 mol L™
(i.e., 10 X the baseline value at site HO4). Modeling results are
presented in Figure S3. We observe that sulfate concentration
decreases as methane is oxidized and sulfide is formed (Figure
S3A and S3B). Sulfide and iron concentrations increase and
then decrease due to precipitation of FeS (am). The initial
increase in Fe concentration is attributed to the reduction of
ferric oxide to more soluble Fe(II) in the absence of reduced
sulfur species while the subsequent decline is attributed to the
eventual precipitation of iron-sulfide as sulfate is reduced to
sulfide.*> When we run the model with the increased initial
sulfate concentration of 0.002 mol/L (Figure S3C and S3D),
the decline of iron and sulfate concentrations occurs more
rapidly (earlier) and the volume of the precipitated FeS (am)
increases more rapidly. The differences between modeling
results using different initial sulfate concentration is because of
limitations in sulfate availability. With a higher concentration
of initial sulfate, dissolved iron decreases earlier. In other
words, the length of the transient period of high Fe
concentration and elevated SO, concentration depends
strongly on the relative concentrations of electron donors
and acceptors which in turn depends upon the methane leak
rate and the groundwater flow velocity, both of which affect
the methane concentration, and the initial chemistry in
aqueous and solid phases.”’ Since most shallow aquifers may
have abundant iron oxide minerals, the most pertinent variable
may be the sulfate concentration in groundwater.

Applying the Geochemical Protocol. Woda et al.’
proposed that when groundwaters with [CH,] > 10 mg/L
violated certain thresholds with respect to four parameters, the
waters deserved further investigation to determine if they
contain anomalous methane (threshold values shown in
parentheses): chloride (<30 mg/L), Ca/Na mass ratio
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Figure 2. (A) Location of five Gregs Run samples (red triangles). Four groundwater samples were derived from the PA DEP database®® and one
groundwater sample was collected and analyzed in this study (Table S4). All of these five samples were collected from homeowner water wells.
Watersheds for Sugar Run and Gregs Run are indicated by areas shaded in light blue and light green, respectively. The small black rectangle
indicates a small zone in a farm field with dead vegetation where methane was detected in the soil gas.”*®> Woda et al.® inferred that the methane
plume identified under Sugar Run prior to 2018 might have migrated updip and westward into Sugar Run from leaking shale gas well(s) because of
the local geologic structure, i.e., the orientation of the Nittany Anticline shown with a blue arrow pointing updip. The circles indicate shale gas well
locations and the colors are related to casing issues identified by the state regulator, i.e.,, PA DEP, between 2008 and 2012. In most wells, the
problems are thought to have been rectified. (B) Satellite images of the dead vegetation zone within the Gregs Run watershed in the years of 2005,
2014, and 2016. These images were accessed and downloaded from Google Earth on 2019/01/03. The dead vegetation zone has grown in size
based on homeowner reports in the area and satellite images from different years as shown in panel (B).

(>0.52), sulfate (=6 mg/L), and iron (>0.3 mg/L). For
example, Woda et al.’ argued that a water with 12 mg/L
methane, 20 mg/L Cl, 0.8 mass ratio of Cl/Na, 10 mg/L
sulfate, and 1 mg/L iron would likely contain anomalous
methane.

We investigate this here for a much larger data set by
defining five water types: type 1 waters have low methane
concentrations (i.e., < 10 mg/L); type 2 waters have high
methane (ie., > 10 mg/L) and geochemical indicators
suggesting they contain salts from ABB (ie, Cl > 30 mg/L
or Ca/Na < 0.52); type 3 waters have little indication of brine
salt addition (i.e., Cl < 30 mg/L and Ca/Na > 0.52) and have
high methane and appear to be equilibrated with respect to
SO, concentrations (i.e., <6 mg/L); type 4 freshwaters have
high methane and appear dis-equilibrated with respect to SO,
concentrations (i.e., >6 mg/L); and type S freshwaters have
high methane with dis-equilibrated SO, concentrations (i..,
>6 mg/L) and evidence of transiently high Fe (ie, 0.3 mg/
L).

In the following sections, we demonstrate implementation of
the protocol through analysis of a “validation data set”
compiled from three putatively impacted sites (see also SI)
that were not previously discussed by Woda et al. (2018).°
Second, we test the geochemical framework on a very large
data set of groundwater quality, i.e., the “test data set”, to test
the hypothesis that very few waters collected in predrill
reconnaissance studies are indicated by the protocol as having
been newly invaded by anomalous methane.

B MATERIALS AND METHODS

Data described in this section include both validation and test
data, for which we report six geochemical analytes including
dissolved methane, Cl, Na, Ca, Fe, and SO,. All groundwater
samples were analyzed by accredited laboratories and details of
sampling techniques and laboratory analyses have been
described previously.'”'***=>! Here, the terms “validation”

and “test” refer to the two steps in the proposed testing
protocol that we used to identify groundwaters containing
anomalous methane, and both are described below.

The validation data set includes water quality data (n = 14)
collected from three presumably contaminated sites in PA
including Gregs Run in Lycoming County,*” Paradise Road in
Bradford County,"” and Chapman State Park in Warren
County™ (see Figure 1; Table S2 for the provenance of these
data). We use these data as derived from contaminated sites to
further validate the proposed testing protocol.

Test data include groundwater quality data (n = 22,652;
only n = 20,751 samples have complete record of measure-
ments)*® collected by private consultants hired by oil and gas
companies from sites near oil/gas wells in PA. These data were
submitted to PA DEP and then shared with us. We cleaned,
checked, and organized these test data. Test data are grouped
into three subsets based on their location and proximity to
different types of hydrocarbon extraction in the three areas:
northeastern (NE), northwestern (NW), and southwestern
(SW) PA (Tables S2 and S3 and Figure 1). Data values below
reporting limit (RL) were assigned the associated RL.

The NE PA subset covers six counties including Bradford,
Susquehanna, Wyoming, Sullivan, Tioga, and Potter counties,
and represents one of the two most heavily drilled and
hydraulically fractured areas in the AB. Within these six
counties, the densities of unconventional and conventional
wells are 0.32 and 0.17 per km?, respectively, while only 0.01%
of the area in NE PA are devoted to coal mining (Table S3).
The NW PA subset spans 9 counties including Erie, Crawford,
Mercer, Lawrence, Butler, Venango, Warren, Clarion, and
Jefferson, while the SW PA subset only covers Beaver,
Washington, and Greene counties (Table S2). NW PA has
experienced minimal development of unconventional (shale)
gas (0.05 per km* Table S3) but was the center of the earliest
known commercial oil well drilling (in the year of 1859) in the
U.S. From the mid-1800s until today, NW PA has been an area
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of intensive conventional oil/gas development (3.01 wells per
km? Table S3). SW PA differs from the other two regions
because it is an area of both heavy unconventional gas
development (0.58 per km?; Table S3) and coal mining where
35.12% of the area is devoted to coal mines (Table S3).
Bradford, Mercer, and Washington counties, as the counties
where most groundwater samples are located for the three
regions, have 5%, 12.4%, and 14.9% of land categorized as
“urban developed”, respectively.

The vast majority of groundwater samples in the test data set
were collected after 2007 during the period of intense shale gas
development in PA with the exception of a few samples (n =
3187) in the NW PA subset. A subset of the NE PA data (n =
11156) were discussed in a previous study'® where no
evidence was found that indicated contamination for the
majority of sites: only a few sites were highlighted as possibly
contaminated by leaked methane. In that study, a few analytes
showed evidence of possible improvement in water quality
between the 1980s and the 2000s. A subset of the NW PA
samples were also previously evaluated by Wen et al.’* (n =
1,863). They found a slight but statistically significant increase
in concentrations of some solutes (e.g., Cl) in groundwaters in
central Mercer County since the 1980s. The rest of the test
data are newly released here (https://doi.or /10.26208/8ag3-
b743) and in the Shale Network database.*

B RESULTS AND DISCUSSION

Validation Data Set. In this section, we examine the
approach of Woda et al. (2018)” by using it for three new PA
sites that are reputed to have been contaminated. In the
previous work, Woda et al.’ compared groundwater quality
data collected from five presumably contaminated sites in
northcentral and northeastern PA>'” to baseline water quality
data (n = 967) from Lycoming County, PA>* Of 33
groundwater samples reported by Woda et al.’ from several
sites in the Sugar Run valley that were thought to be impacted
by anomalous methane, 32 of 32 had [CH,] > 10 mg/L, 18 of
18 had [Cl] < 30 mg/L, 0 of 19 had [Ca]/[Na] > 0.52, 12 of
20 had [SO,] > 6 mg/L, and 8 of 21 had [Fe] > 0.3 mg/L.
None of the waters displayed all the indicators. Below, we
apply this same screening approach to the three new putatively
contaminated sites (i.e, Gregs Run, Paradise Road, and
Chapman State Park).

Only the results from Gregs Run are explicitly discussed here
(results for Chapman State Park and Paradise Road are
discussed further in SI). Gregs Run is a small stream valley that
lies contiguous to and just west of the Sugar Run valley (Figure
2). Sugar Run is apparently impacted by anomalous methane
that may be continuing to migrate from nearby shale gas
well(s).”'??%5* Woda et al.’ and Heilweil et al."” suggested
that leakage may have started east of Sugar Run since 2011 and
concluded that the observed high methane concentrations in
groundwaters collected within the Sugar Run watershed were
caused by updip and westward migration of a methane plume.
Consistent with ongoing migration of the methane plume
westward as described in the original publication,” gas
emissions have recently been noted in the neighboring valley
of Gregs Run.

In this study, five groundwater samples (all collected from
homeowner water wells) from Gregs Run watershed were
either collected and analyzed by our team or compiled from
the online database of the state reguleltor.49 Four out of these
five Gregs Run samples are categorized as type 4 or type S

(Table S4) indicating the coexistence of methane concen-
trations >10 mg/L, and SO, > 6 mg/L, and/or Fe > 0.3 mg/L
in fresh groundwater. The type 4 or type S categorization is
considered consistent with anomalous methane.

The identification of type 4 and S waters in this site that has
presumably been impacted by anomalous methane is
consistent with other indications of the timing of methane
migration. Specifically, satellite images show the appearance of
zones of dead vegetation in farm fields at Gregs Run (Figure
2B) in 2014 and these dead zones were not observed in 2005.
In addition, homeowners similarly report that the onset of the
dead zones was recent. PA DEP inspections®® also reported
dead zones in farm fields within the Gregs Run watershed in
2015 and stated that soil gas in these dead zones contained
100% methane. Field observations and communication with
the homeowner helped exclude the possibility of pests, disease,
and/or herbicide usage that might cause the zones of dead
vegetation. The presence of methane in soil gas was therefore
inferred to have lowered the level of soil gas oxygen, leading to
vegetation death.” In seven letters that were issued in early
2019 by PA DEP’ to homeowners in Gregs Run and Sugar
Run area, PA DEP determined that these homeowners’ waters
were contaminated by nearby shale gas development. All of
these letters noted the “surface expression” of gas as shown in
Figure 2B in one farm in the Greg Run watershed.

When we combine the previous results from Woda et al.’
with the results for the three new sites discussed here (i.e.,
Gregs Run, Chapman, Paradise Road), we see that our
proposed protocol is effective in identifying presumably
impacted sites. Type 4 and 5 waters defined by the protocol
are considered the most likely sites to be contaminated by
anomalous methane. In the next section, we screen the large
data set of AB groundwater quality from across PA, which we
call the test data set, to look for additional sites that are likely
to have anomalous methane.

Test Data Set. We applied the testing approach to a large
compilation of water quality data across the upper AB in PA
that included data sets from NE PA, NW PA, and SW PA
(Figure 1). The goal was to identify previously unknown
locations of anomalous methane contamination and to explore
the distribution of locations identified by the protocol within
regions of conventional and unconventional oil/gas develop-
ment as well as regions of coal mining. Our hypothesis was that
a very small number of sites would show the chemistry
indicating anomalous methane.

Of all groundwater samples (n = 20751), 418 samples
(2.0%) reported methane concentration above 10 mg/L.
Among the high methane samples, the numbers of samples
showing low Cl concentration (<30 mg/L) or high Ca/Na
ratio are 141 and 103, respectively. Only 79 high methane
samples show both low Cl concentration and a high Ca/Na
ratio, as expected if they contained little evidence of brine salt
signature. Among the high methane samples, 94 samples report
sulfate >6 mg/L while 162 samples show iron >0.3 mg/L.
Only 33 samples show both elevated sulfate and iron
concentrations. For these results, 0.08% (17/20,751) were
characterized as either type 4 (n = 10) or type S (n = 7)
samples (Table SS). This number of identified sites is roughly
consistent with the estimate that between 0.24 and 3% of shale
gas wells have methane migration issues.”® Nonetheless, we
have no way to determine if the identified sites were affected
by anomalous methane. In the next sections, we inspect the
data for different regions to both explore areas impacted by
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different hydrocarbon extraction techniques and to seek
evidence that some of the screened sites were contaminated.

The 17 groundwater samples that were identified as Type 4
or S were grouped into 12 sites (i.e., sites 1 to 12 in Figure 1).
Specifically, if water samples were located within S km from
each other they were treated as one “site”. The time period
over which the 17 waters were sampled ranged from 1/16/
1995 to 11/12/2012 (Table SS). Below we cross-check these
water samples with inspection reports from the PA DEP
database and previous research to ascertain if it is likely that
the detected sites have been impacted by anomalous methane.

High Unconventional Well Density (NE PA). The majority
of the NE PA samples are in Bradford and Susquehanna
counties (Figure 1). Bradford and Susquehanna are the
counties in PA with the second (n = 1385) and third (n =
1384) most unconventional wells drilled, respectively, and are
only behind Washington County (n = 1588; Table $3).> Only
66 and 9 conventional gas wells have been drilled in Bradford
and Susquehanna, respectively.”

A total of 13 groundwater samples (including seven type 4
and six type S samples) from eight sites are found in these two
counties: 12 samples from sites 1—7 in Bradford and one from
site 8 in Susquehanna (Table SS; Figure 1). The water quality
data set we have investigated is typically referred to as “pre-
drill” data because the samples are collected before drilling a
new well. However, given the large number of oil/gas wells in
PA and the history of mineral extraction in the state, each of
these water samples was collected in an area with many
previously drilled wells. An investigation could ascertain if the
sites are still impacted, and if so, could identify the input
source and pathway of the methane. Such work is beyond the
scope of this study; however, an active study of groundwater is
ongoing in this area.’® Nonetheless, below we provide several
lines of evidence supporting the hypothesis that these sites
might have been recently impacted by anomalous methane.

These eight sites in NE PA are located in areas either
previously identified'®***" as likely to be contaminated by gas
leaking from nearby unconventional wells using spatially
resolved statistical techniques (sites 1-3 and S$5-7), or
surrounded by unconventional wells with cementing/casiq
violations according to PA DEP databases (sites 1-8).5%°
First we discuss the evidence from spatial statistical
approaches. Some of the identified waters (sites 1—3 and S—
7) are located in two hotspots (ie, red curves in Figure 1)
identified by Wen et al.'® where elevated methane in
groundwater cannot be attributed to natural sources related
to faults or anticlines. These geological features were identified
in that work to correlate with zones of high-methane
groundwater that are often natural and geologically controlled
(i.e., blue curves in Figure 1). Wen et al.'® assumed that high
concentrations of methane in zones near faults and anticlines
were always derived from natural sources when no evidence
suggested otherwise. However, our refined geochemical
protocol points out that seven samples at sites 1—3 are type
4 or 5 water show evidence of anomalous methane from
anthropogenic activities even though they are aligned along
geological features. One location, site 1 is a site of particular
interest because it is located near the Bridge Street and
Towanda faults and the Towanda anticline. The geological
features might act as migration pathways for leaked methane
into shallow aquifers if gas wells that are leaking also intersect
pockets of stored methane in the anticline or faults at depth.
Four samples from sites 2 and 3 (located within the left red

curve in Figure 1) are located within S km of previously
identified potentially leaking gas wells (API numbers: 01S-
20116, 015-21353, and 015-20612).°>°" Sites 5—7 include four
samples that are located in the other hotspot (red curve on the
right side in Figure 1) where high-methane groundwater might
have been caused by nearby leaking gas wells.' In particular,
sites S, 6, and 7 are located within 5 or 6 km of four gas wells
that might be problematic as previously implied (API numbers:
015—21181, 015-20960, 015-20871, and 015-21352)."¢ Sites 1,
4, and 8 are not associated with reportedly leaking gas
wells.'****" If leakage did occur during the sampling period
(11/4/2010 to 11/12/2012), and if it is still occurring, time
series data from continuous sampling and monitoring of
groundwater chemistry at these sites would be needed to
distinguish anomalous methane from natural methane.

To determine the likelihood that the anomalous methane
identified in these water samples was caused by shale gas
drilling, we have also reviewed violation reports issued by PA
DEP for all unconventional wells within 10 km of water
samples of types 4 and 5. All unconventional wells with
cementing or casing issues, based on violation codes reported
previously,”” are noted and shown as orange and red
pentagons in Figure 1. Some of these inspection narratives
summarize signs of gas migration (red pentagons in Figure 1).
According to the PA Oil and Gas Act, oil and gas companies
can be held responsible for the degradation of water quality
within 2,500 feet (762 m) of unconventional wells following
drilling if an investigation shows degradation. None of these 13
samples from the eight sites in NE PA are located within 762
m of any of the known problematic gas wells (Figure 1). On
the other hand, 12 of the putatively contaminated groundwater
samples (from seven sites in Bradford) are within $ km of at
least one problematic gas well reported by PA DEP to have
been drilled before sampling. The final sample (site 8 in
Susquehanna County; Figure 1) is likewise located within
10km of two such PA DEP-reported problematic gas wells. If
our protocol has successfully identified contamination by
methane, then these findings could reflect that methane can
migrate beyond 762 m from leaking gas wells or that leakage at
some gas wells was never detected by the regulator. Previous
studies have shown methane might migrate over 3 km in
AB 478

High Conventional Well Density (NW PA). In NW PA, no
water samples collected in the 2010s are classified as type 4 or
S. In contrast, four groundwater samples from sites 9—12
collected in the 1990s from Mercer and Lawrence counties
(Table SS; Figure 1) are identified as likely to be impacted by
anomalous methane (i.e., types 4 and 5). In Mercer and
Lawrence counties, less than 0.01% to 0.01% of the area is
identified respectively as associated with coal mining (Table
S3). In those counties, no unconventional wells were drilled
before 2011 (Table S3).°° Therefore, it is unlikely that
unconventional drilling activities or coal mining itself caused
the potentially anomalous methane that we infer may be
migrating into these four type 4 and S water samples. On the
other hand, many conventional wells (n = 3888) were drilled
in the area of NW PA from which we derive the water quality
data.>> Conventional wells around these four type 4/5
groundwater samples are present in a much higher density
than the average density in NE PA (Table S3; Figure S1). If
the geochemical protocol has successfully identified anomalous
methane, we conclude that conventional oil/gas wells are
responsible for the migration in these samples. These
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presumably impacted samples (all were collected in the 1990s)
might be contaminated either by conventional wells that were
drilled long before water sampling but started to leak recently
(still in 1990s) or by conventional wells that were drilled in
1990s not long before sampling of these groundwaters.

We reviewed PA DEP compliance reports®” in the four
townships where these waters were sampled as well as nearby
townships. However, no well inspections are available online
for the conventional wells that were drilled prior to the
sampling of these four samples. Nonetheless, we cannot
completely exclude the possibility that undocumented
violations associated with conventional wells could have
caused the anomalous methane in these four water samples,
especially because more than 1,500 oil/gas wells that are not
even on the regulator’s maps may be located in these two NW
PA counties and these older undocumented legacy wells have
higher tendency to leak*>**®® A lack of violations for
documented conventional wells and the large number of pre-
existing legacy wells implied that sites 9—12 might be more
likely contaminated by conventional wells that were drilled
long before water sampling but started to leak recently.

High Densities of Conventional and Unconventional Gas
Wells and Coal Mining (SW PA). A total of 2502 groundwater
samples were collected from Beaver, Washington, and Greene
counties in SW PA from 2010 to 2016 (Table S2 and S3).
Among these samples, only 43 samples show methane
concentrations >10 mg/L (1.7%) and none of these high
methane samples are classified as type 4 or 5. Among these 43
water samples with high methane, 38 samples reported Cl
concentrations >30 mg/L, 42 samples had Ca/Na mass ratios
<0.52, 37 samples had SO, concentrations <6 mg/L, and 34
samples had Fe concentrations <0.3 mg/L. As discussed
herein, the prevalence of the salt and low concentrations of the
redox-sensitive analytes Fe and SO, are consistent with the
conclusion that the high methane concentrations in these SW
PA samples are pre-existing and not anomalous. In other
words, where methane is present at high concentrations, it is
likely derived from natural origins and is accompanied by
brines and where Fe and SO, is low, methane’s presence has
been long-standing.

The absence of water samples of types 4 and S in SW PA
could suggest that regional groundwater quality in SW PA has
been well protected from perturbation by development of shale
gas, as suggested in other studies.'®"”

Implications. In this study, we outline a geochemical
approach using only commonly measured geochemical
analytes including methane, Cl, Ca, Na, SO,, and Fe to detect
groundwater samples likely impacted by anomalous methane.
This geochemical testing protocol requires no baseline predrill
data for water quality and is thus, a straightforward screening
tool. When combining with other tools (e.g, satellite image/
remote sensing, hydrocarbon dryness and wetness, methane
isotope, groundwater dating, and noble gas data), this
approach can be helpful to diagnose anomalous methane.
This testing protocol could be readily applied in other areas
within the Marcellus Shale footprint and in other shale plays
around the world with similar hydrogeochemical character-
istics.

The proposed approach could produce false negatives. For
example, the depth of ABB is so shallow in SW PA'” that the
prevalence of brine salts (with some natural methane) may
simply be ubiquitous, and therefore, the salt signature could be
present even in the presence of anomalous methane migration.

Furthermore, the prevalence of impacts from coal mining and
acid mine drainage where high concentrations of Fe and SO,
are common®' "% may also mask the evidence related to the
geochemical protocol, making detection difficult. It is known,
for example, that some new shale gas drilling in the area has
intersected acid mine drainage,67 coal mines,”> and shallow
brines.”® To distinguish new methane caused by shale gas
drilling from the above-mentioned confounding factors,
additional measurements of other geochemical tracers would
be of use. In particular, noble gases that are inert and stable
have been proven effective in determining the source and
migration pathways of stray gas in shallow groundwaters in
varying shale gas plays.”*"*> 2968 In addition, the application
of methane isotope and groundwater dating tools can hel
distinguish thermogenic methane from biogenic methane®
that is not considered in this study.

On the other hand, when testing groundwater data collected
from long-screened water wells (well with relatively long
screen interval allowing the mixing of different types of waters
from varying depths), the mixing of waters (e.g., briny water
with high natural methane and freshwater with high sulfate but
low methane) could lead to false positives. Thus, it is
preferable to sample short-screened water wells when possible.
In addition, if to-be-tested sampling sites are located along the
edges of plumes of naturally occurring methane, the
occurrence of methane in groundwater along the plume
edges could be ephemeral and pulse-like that might lead to the
redox dis-equilibrium in collected water. However, the
presence of natural methane is likely accompanied by briny
water, and thus our testing protocol will categorize such
shallow groundwater as type 2.

When applying this protocol in shale plays with different
geology/soil chemistry, land use, land cover, land management,
topography, and/or climate pattern that define the regional
baseline of groundwater chemistry,”® the thresholds used in the
protocol are best determined if large data sets of regional
groundwater quality are available. If so, for a given test site,
predrill baseline sample from this site is not necessary. The
large data set of groundwater chemistry can teach us the
geochemical characteristics of an aquifer with long-standing
methane. The groundwater chemistry at a given site that
deviates from the regional baseline warrants further inves-
tigation.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.9b02290.

Supporting Text S1—S2, Figures S1—S4, and Tables
S1-SS (PDF)

H AUTHOR INFORMATION

Corresponding Author

*Phone: 734-730-8814. E-mail: tzw138@psu.edu.
ORCID

Tao Wen: 0000-0002-6113-7532

Xianzeng Niu: 0000-0002-1702-5381

Notes

The authors declare no competing financial interest.

DOI: 10.1021/acs.est.9b02290
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02290/suppl_file/es9b02290_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.9b02290
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02290/suppl_file/es9b02290_si_001.pdf
mailto:tzw138@psu.edu
http://orcid.org/0000-0002-6113-7532
http://orcid.org/0000-0002-1702-5381
http://dx.doi.org/10.1021/acs.est.9b02290

Environmental Science & Technology

B ACKNOWLEDGMENTS

Funding was derived from the National Science Foundation
1IS-16-39150 to S.L.B. and Z.L. We thank Alison Herman,
Marcus Guarnieri, and Li Li for technical support, Bruce
Lindsey (U.S. Geological Survey), and Seth Pelepko and Stew
Beattie (PA DEP) for access and help with data, Maurie Kelly
and James Spayd (Penn State University) for help with data
publishing and data storage. We would also like to thank the
editor for handling this article and the constructive reviews of
Zunli Lu and two other anonymous reviewers.

B REFERENCES

(1) U.S. Energy Information Administration; Annual Energy Outlook
2018, 2018.

(2) Brantley, S. L.; Yoxtheimer, D.; Arjmand, S.; Grieve, P.; Vidic,
R; Pollak, J; Llewellyn, G. T.; Abad, J.; Simon, C. Water Resource
Impacts during Unconventional Shale Gas Development: The
Pennsylvania Experience. Int. J. Coal Geol. 2014, 126, 140—156.

(3) Vidic, R. D.; Brantley, S. L.; Vandenbossche, J. M.; Yoxtheimer,
D.; Abad, J. D. Impact of Shale Gas Development on Regional Water
Quality. Science (Washington, DC, U. S.) 2013, 340 (6134), 1235009—
1235009.

(4) Darrah, T. H; Vengosh, A; Jackson, R. B; Warner, N. R;;
Poreda, R. J. Noble Gases Identify the Mechanisms of Fugitive Gas
Contamination in Drinking-Water Wells Overlying the Marcellus and
Barnett Shales. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (39), 14076—
14081.

(5) Woda, J.; Wen, T.; Oakley, D.; Yoxtheimer, D.; Engelder, T.;
Castro, M. C,; Brantley, S. L. Detecting and Explaining Why Aquifers
Occasionally Become Degraded near Hydraulically Fractured Shale
Gas Wells. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (49), 12349—
12358.

(6) Brantley, S. L.; Vidic, R. D.; Brasier, K.; Yoxtheimer, D.; Pollak,
J; Wilderman, C.; Wen, T. Engaging over Data on Fracking and
Water Quality. Science (Washington, DC, U. S.) 2018, 359 (6374),
395-397.

(7) Pennsylvania Department of Environmental Protection; PA DEP
Water Supply Determination Letters http://files.dep.state.pa.us/
0ilGas/BOGM/BOGMPortalFiles/OilGasReports/Determination_
Letters/Regional Determination_Letters.pdf (accessed Jan 1, 2018).

(8) Molofsky, L. J.; Connor, J. A; Farhat, S. K,; Wylie, A. S., Jr
Methane in Pennsylvania Water Wells Unrelated to Marcellus Shale
Fracturing. Oil Gas J. 2011, December S, 54—67.

(9) Molofsky, L. J.; Connor, J. A.;; McHugh, T. E.; Richardson, S. D.;
Woroszylo, C.; Alvarez, P. J. Environmental Factors Associated With
Natural Methane Occurrence in the Appalachian Basin. Groundwater
2016, 54 (5), 656—668.

(10) Molofsky, L. J.; Connor, J. A.; Wylie, A. S.; Wagner, T.; Farhat,
S. K. Evaluation of Methane Sources in Groundwater in Northeastern
Pennsylvania. Groundwater 2013, S1 (3), 333—349.

(11) Siegel, D. I; Azzolina, N. A.; Smith, B. J.; Perry, A. E.; Bothun,
R. L. Methane Concentrations in Water Wells Unrelated to Proximity
to Existing Oil and Gas Wells in Northeastern Pennsylvania. Environ.
Sci. Technol. 2015, 49 (7), 4106—4112.

(12) U.S. Environmental Protection Agency; Retrospective Case Study
in Northeastern Pennsylvania Study of the Potential Impacts of Hydraulic
Fracturing on Drinking Water Resources, 2015.

(13) Wendt, A. K; Sowers, T.; Hynek, S.; Lemon, J.; Beddings, E.;
Zheng, G.; Li, Z.; Williams, J. Z.; Brantley, S. L. Scientist-Nonscientist
Teams Explore Methane Sources in Streams Near Oil/Gas Develop-
ment. J. Contemp. Water Res. Educ. 2018, 164 (1), 80—111.

(14) Eltschlager, K. K.; Hawkins, J. W.; Ehler, W. C.; Baldassare, F.;
Dep, P. Technical Measures for the Investigation and Mitigation of
Fugitive Methane Hazards in Areas of Coal Mining; Department of the
Interior Office of Surface Mining, 2001.

(15) U.S. National Academy of Sciences; Improving Characterization
of Anthropogenic Methane Emissions in the United States, 2018.

(16) Wen, T.; Niu, X; Gonzales, M.; Zheng, G; Li, Z.; Brantley, S.
L. Big Groundwater Data Sets Reveal Possible Rare Contamination
Amid Otherwise Improved Water Quality for Some Analytes in a
Region of Marcellus Shale Development. Environ. Sci. Technol. 2018,
52 (12), 7149—7159.

(17) Siegel, D. L; Smith, B.; Perry, E.; Bothun, R.; Hollingsworth, M.
Pre-Drilling Water-Quality Data of Groundwater Prior to Shale Gas
Drilling in the Appalachian Basin: Analysis of the Chesapeake Energy
Corporation Dataset. Appl. Geochem. 2018, 63, 37—57.

(18) Baldassare, F. J; McCaffrey, M. A.; Harper, J. A. A
Geochemical Context for Stray Gas Investigations in the Northern
Appalachian Basin: Implications of Analyses of Natural Gases from
Neogene-through Devonian-Age Strata. Am. Assoc. Pet. Geol. Bull.
2014, 98 (2), 341-372.

(19) Heilweil, V. M.; Grieve, P. L.; Hynek, S. A.; Brantley, S. L.
Solomon, D. K, Risser, D. W. Stream Measurements Locate
Thermogenic Methane Fluxes in Groundwater Discharge in an Area
of Shale-Gas Development. Environ. Sci. Technol. 2015, 49 (7), 4057—
4065.

(20) Grieve, P. L.; Hynek, S. A.; Heilweil, V.; Sowers, T.; Llewellyn,
G.; Yoxtheimer, D.; Solomon, D. K, Brantley, S. L. Using
Environmental Tracers and Modelling to Identify Natural and Gas
Well-Induced Emissions of Methane into Streams. Appl. Geochem.
2018, 91, 107—121.

(21) Schout, G; Hartog, N.; Hassanizadeh, S. M.; Griffioen, J.
Impact of an Historic Underground Gas Well Blowout on the Current
Methane Chemistry in a Shallow Groundwater System. Proc. Natl.
Acad. Sci. U. S. A. 2018, 115 (2), 296—301.

(22) Alawattegama, S. K.; Kondratyuk, T.; Krynock, R.; Bricker, M.;
Rutter, J. K; Bain, D. J.; Stolz, J. F. Well Water Contamination in a
Rural Community in Southwestern Pennsylvania near Unconven-
tional Shale Gas Extraction. J. Environ. Sci. Health, Part A: Towxic/
Hazard. Subst. Environ. Eng. 2015, S0 (), 516—528.

(23) Amos, R. T.; Bekins, B. A;; Cozzarelli, I. M; Voytek, M. A;
Kirshtein, J. D.; Jones, E. J. P.; Blowes, D. W. Evidence for Iron-
Mediated Anaerobic Methane Oxidation in a Crude Oil-Contami-
nated Aquifer. Geobiology 2012, 10 (6), S06—517.

(24) Van Stempvoort, D.; Maathuis, H.; Jaworski, E.; Mayer, B.;
Rich, K. Oxidation of Fugitive Methane in Ground Water Linked to
Bacterial Sulfate Reduction. Groundwater 2005, 43 (2), 187—199.

(25) Kelly, W. R;; Matisoff, G.; Fisher, J. B. The Effects of a Gas Well
Blow out on Groundwater Chemistry. Environ. Geol. 1985, 7 (4),
205-213.

(26) Wen, T.; Castro, M. C.; Nicot, J.-P.; Hall, C. M.; Larson, T.;
MicKler, P.; Darvari, R. Methane Sources and Migration Mechanisms
in Shallow Groundwaters in Parker and Hood Counties, Texas—A
Heavy Noble Gas Analysis. Environ. Sci. Technol. 2016, S0 (21),
12012—12021.

(27) Wen, T.; Castro, M. C.; Nicot, J. P.; Hall, C. M.; Pinti, D. L.;
Mickler, P.; Darvari, R;; Larson, T. Characterizing the Noble Gas
Isotopic Composition of the Barnett Shale and Strawn Group and
Constraining the Source of Stray Gas in the Trinity Aquifer, North-
Central Texas. Environ. Sci. Technol. 2017, 51 (11), 6533—6541.

(28) Llewellyn, G. T. Evidence and Mechanisms for Appalachian
Basin Brine Migration into Shallow Aquifers in NE Pennsylvania,
USA. Hydrogeol. J. 2014, 22 (5), 1055—1066.

(29) Larson, T. E.; Nicot, J.-P.; Mickler, P.; Castro, M. C.; Darvari,
R; Wen, T,; Hall, C. M. Monitoring Stray Natural Gas in
Groundwater With Dissolved Nitrogen. An Example From Parker
County, Texas. Water Resour. Res. 2018, 54 (9), 6024—6041.

(30) Wen, T.; Agarwal, A,; Xue, L,; Chen, A,; Herman, A,; Li, Z;
Brantley, S. L. Assessing Changes in Groundwater Chemistry in
Landscapes with More than 100 Years of Oil and Gas Development.
Environ. Sci. Process. Impacts 2019, 21 (2), 384—396.

(31) Nicot, J.-P.; Mickler, P.; Larson, T.; Clara Castro, M.; Darvari,
R; Uhlman, K; Costley, R. Methane Occurrences in Agquifers
Overlying the Barnett Shale Play with a Focus on Parker County,
Texas. Ground Water 2017, 55 (2), 469—481.

DOI: 10.1021/acs.est.9b02290
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/OilGasReports/Determination_Letters/Regional_Determination_Letters.pdf
http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/OilGasReports/Determination_Letters/Regional_Determination_Letters.pdf
http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/OilGasReports/Determination_Letters/Regional_Determination_Letters.pdf
http://dx.doi.org/10.1021/acs.est.9b02290

Environmental Science & Technology

(32) Jackson, R. B.; Vengosh, A,; Darrah, T. H.; Warner, N. R;;
Down, A,; Poreda, R. J.; Osborn, S. G.; Zhao, K,; Karr, J. D. Increased
Stray Gas Abundance in a Subset of Drinking Water Wells near
Marcellus Shale Gas Extraction. Proc. Natl. Acad. Sci. U. S. A. 2013,
110 (28), 11250—1125S.

(33) Molofsky, L. J.; Richardson, S. D.; Gorody, A. W.; Baldassare,
F.; Black, J. A;; McHugh, T. E.; Connor, J. A. Effect of Different
Sampling Methodologies on Measured Methane Concentrations in
Groundwater Samples. Groundwater 2016, 54 (S), 669—680.

(34) Ferguson, G.; Mclntosh, J. C.; Perrone, D.; Jasechko, S.
Competition for Shrinking Window of Low Salinity Groundwater.
Environ. Res. Lett. 2018, 13 (11), 114013.

(35) Dresel, P.; Rose, A. Chemistry and Origin of Oil and Gas Well
Brines in Western Pennsylvania. Pennsylvania Geol. Surv., 4th Ser.
Open 2010, 48.

(36) Gross, E. L; Cravotta, C. A. Groundwater Quality for 75
Domestic Wells in Lycoming County, Pennsylvania, 2014 Scientific
Investigations Report 2016 — 5143; U.S. Geological Survey: Reston,
VA, 2017.

(37) Warner, N. R;; Jackson, R. B.; Darrah, T. H.; Osborn, S. G.;
Down, A,; Zhao, K.; White, A.; Vengosh, A. Geochemical Evidence
for Possible Natural Migration of Marcellus Formation Brine to
Shallow Aquifers in Pennsylvania. Proc. Natl. Acad. Sci. U. S. A. 2012,
109 (30), 11961—11966.

(38) Poth, C. Geology and Hydrology of the Mercer Quadrangle,
Mercer, Lawrence, and Butler Counties, Pennsylvania; Harrisburg, PA,
1963.

(39) Harkness, J. S.; Darrah, T. H.; Warner, N. R,; Whyte, C. J.;
Moore, M. T.; Millot, R.; Kloppmann, W.; Jackson, R. B.; Vengosh, A.
The Geochemistry of Naturally Occurring Methane and Saline
Groundwater in an Area of Unconventional Shale Gas Development.
Geochim. Cosmochim. Acta 2017, 208, 302—334.

(40) Kreuzer, R. L.; Darrah, T. H,; Grove, B. S.; Moore, M. T.;
Warner, N. R;; Eymold, W. K; Whyte, C. J.; Mitra, G.; Jackson, R. B;
Vengosh, A.; Poreda, R. J. Structural and Hydrogeological Controls
on Hydrocarbon and Brine Migration into Drinking Water Aquifers in
Southern New York. Groundwater 2018, 56 (2), 225—244.

(41) Christensen, T. H.; Bjerg, P. L.; Banwart, S. a; Jakobsen, R;;
Heron, G.; Albrechtsen, H.-J. Characterization of Redox Conditions
in Pollution Plumes. J. Contam. Hydrol. 2000, 45, 165—241.

(42) McMahon, P. B.; Belitz, K; Barlow, J. R. B.; Jurgens, B. C.
Methane in Aquifers Used for Public Supply in the United States.
Appl. Geochem. 2017, 84, 337—347.

(43) Darvari, R;; Nicot, J.-P.; Scanlon, B. R;; Mickler, P.; Uhlman, K.
Trace Element Behavior in Methane-Rich and Methane-Free
Groundwater in North and East Texas. Groundwater 2018, 56, 705.

(44) Steefel, C. L; DePaolo, D. J.; Lichtner, P. C. Reactive Transport
Modeling: An Essential Tool and a New Research Approach for the
Earth Sciences. Earth Planet. Sci. Lett. 2005, 240 (3—4), 539—558.

(45) Wolfe, A. L; Wilkin, R. T. Evidence of Sulfate-Dependent
Anaerobic Methane Oxidation within an Area Impacted by Coalbed
Methane-Related Gas Migration. Environ. Sci. Technol. 2017, S1 (3),
1901—-19009.

(46) Shale Network. DOI: DOI: 10.4211/his-data-shalenetwork.

(47) Llewellyn, G. T.; Dorman, F.; Westland, J. L.; Yoxtheimer, D.;
Grieve, P.; Sowers, T.; Humston-Fulmer, E.; Brantley, S. L. Evaluating
a Groundwater Supply Contamination Incident Attributed to
Marcellus Shale Gas Development. Proc. Natl. Acad. Sci. U. S. A.
2015, 112 (20), 6325—6330.

(48) Moore, M. E.; Buckwalter, T. F. Ground-Water Resources Data
for Warren County, Pennsylvania; 1996.

(49) Pennsylvania Department of Environmental Protection. PA
DEP eMAP http://www.depgis.state.pa.us/emappa/ (accessed Jan 1,
2018).

(50) Li, Z.; You, C.; Gonzales, M.; Wendt, A. K.; Wu, F.; Brantley, S.
L. Corrigendum to “Searching for Anomalous Methane in Shallow
Groundwater near Shale Gas Wells” (J. Contam. Hydrol. (2016) 195
(23—30) (S0169772216300985) (10.1016/j.Jconhyd.2016.10.005)).
J. Contam. Hydrol. 2017, 207, 50—S1.

(51) Li, Z.; You, C.; Gonzales, M.; Wendt, A. K.; Wy, F.; Brantley, S.
L. Searching for Anomalous Methane in Shallow Groundwater near
Shale Gas Wells. J. Contam. Hydrol. 2016, 195, 23—30.

(52) Heilweil, V. M; Risser, D. W.; Conger, R. W.; Grieve, P. L,;
USGS; Heilweil, V. M.; Risser, D. W.; Conger, R. W.; Grieve, P. L.
Estimation of Methane Concentrations and Loads in Groundwater
Discharge to Sugar Run, Lycoming County, Pennsylvania. Open-File
Rep. 2014, 2014—1126.

(53) The Pennsylvania Environmental Hearing Board. Common-
wealth of Pennsylvania Department of Environmental Protection vs
Range Resources http://ehb.courtapps.com/public/document_
shower pub.php?csNameID=5093 (accessed May 1, 2018).

(54) Spencer, D. H. The Effect of Natural Gas on Trees and Other
Vegetation. J. Arboric. 1977, 3 (8), 153—154.

(55) Pennsylvania Department of Environmental Protection. PA Oil
and Gas Mapping http://www.depgis.state.pa.us/
PaOilAndGasMapping (accessed Jan 1, 2018).

(56) Gutchess, K. M; Plata, D.; Siegel, H,; Soriano, M.; Barth-
Naftilan, E.; Ryan, E.; Clark, C.; Xiong, B.; Brenneis, R. J.; Deziel, N.
C.; Saiers, J. E. Evaluating the Impacts of Unconventional Oil and Gas
Development on Domestic Water Wells in Northeastern Pennsylvania
Using Pre- and Post-Drill Measurements. In Abstract HI14B-06
presented at 2018 Fall Meeting, AGU, Washington, D.C,, 10—14 Dec.;
American Geophysical Union: Washington, D.C., 2018.

(57) Pennsylvania Department of Environmental Protection. PA
DEP Oil&Gas Compliance Report http://www.depreportingservices.
state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/OG_
Compliance (accessed Jan 1, 2018).

(58) Reese, S. O.; Neboga, V. V; Pelepko, S.; Kosmer, W. J.; Beattie,
S. Groundwater and Petroleum Resources of Sullivan County,
Pennsylvania; Water Resource Report, 2014.

(59) Pennsylvania Department of Environmental Protection.
Abandoned, Orphan & DEP Plugged Wells Listing http://www.
depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.
aspx?/Oil_Gas/Abandoned Orphan Web (accessed Jan 28, 2019).

(60) Kang, M.; Kanno, C. M.; Reid, M. C.; Zhang, X.; Mauzerall, D.
L.; Celia, M. A,; Chen, Y.; Onstott, T. C. Direct Measurements of
Methane Emissions from Abandoned Oil and Gas Wells in
Pennsylvania. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (S1),
18173—18177.

(61) Cravotta, C. A. Dissolved Metals and Associated Constituents
in Abandoned Coal-Mine Discharges, Pennsylvania, USA. Part 1:
Constituent Quantities and Correlations. Appl. Geochem. 2008, 23
(2), 166—202.

(62) Cravotta, C. A. Dissolved Metals and Associated Constituents
in Abandoned Coal-Mine Discharges, Pennsylvania, USA. Part 2:
Geochemical Controls on Constituent Concentrations. Appl. Geo-
chem. 2008, 23 (2), 203—226.

(63) Raymond, P. A;; Oh, N. H. Long Term Changes of Chemical
Weathering Products in Rivers Heavily Impacted from Acid Mine
Drainage: Insights on the Impact of Coal Mining on Regional and
Global Carbon and Sulfur Budgets. Earth Planet. Sci. Lett. 2009, 284
(1-2), 50-56.

(64) Niu, X.; Wendt, A,; Li, Z.; Agarwal, A.; Xue, L.; Gonzales, M.;
Brantley, S. L. Detecting the Effects of Coal Mining, Acid Rain, and
Natural Gas Extraction in Appalachian Basin Streams in Pennsylvania
(USA) through Analysis of Barium and Sulfate Concentrations.
Environ. Geochem. Health 2018, 40 (2), 865—885.

(65) Blowes, D. W.; Ptacek, C. J.; Jambor, J. L.; Weisener, C. G.;
Paktunc, D.; Gould, W. D.; Johnson, D. B. The Geochemistry of Acid
Mine Drainage. In Treatise on Geochemistry; Elsevier, 2014; Vol. 11,
pp 131-190.

(66) Rose, A. W.; Cravotta, C. A. Geochemistry of Coal Mine
Drainage. Coal Mine Drainage Prediction and Pollution Prevention in
Pennsylvania 1998, 1-1—1-22.

(67) Pelak, A. J.; Sharma, S. Surface Water Geochemical and
Isotopic Variations in an Area of Accelerating Marcellus Shale Gas
Development. Environ. Pollut. 2014, 195, 91—100.

DOI: 10.1021/acs.est.9b02290
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.4211/his-data-shalenetwork
http://www.depgis.state.pa.us/emappa/
http://ehb.courtapps.com/public/document_shower_pub.php?csNameID=5093
http://ehb.courtapps.com/public/document_shower_pub.php?csNameID=5093
http://www.depgis.state.pa.us/PaOilAndGasMapping
http://www.depgis.state.pa.us/PaOilAndGasMapping
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/OG_Compliance
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/OG_Compliance
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/OG_Compliance
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/Abandoned_Orphan_Web
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/Abandoned_Orphan_Web
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/Abandoned_Orphan_Web
http://dx.doi.org/10.1021/acs.est.9b02290

Environmental Science & Technology

(68) Darrah, T. H; Jackson, R. B.; Vengosh, A.;; Warner, N. R;;
Whyte, C. J.; Walsh, T. B.; Kondash, A. J.; Poreda, R. J. The Evolution
of Devonian Hydrocarbon Gases in Shallow Aquifers of the Northern
Appalachian Basin: Insights from Integrating Noble Gas and
Hydrocarbon Geochemistry. Geochim. Cosmochim. Acta 201S, 170,
321-3S5S.

(69) McMahon, P. B.; Barlow, J. R. B.; Engle, M. A;; Belitz, K.; Ging,
P. B,; Hunt, A. G; Jurgens, B. C.; Kharaka, Y. K; Tollett, R. W,;
Kresse, T. M. Methane and Benzene in Drinking-Water Wells
Overlying the Eagle Ford, Fayetteville, and Haynesville Shale
Hydrocarbon Production Areas. Environ. Sci. Technol. 2017, $1, 6727.

(70) Lintern, A; Webb, J. A;; Ryu, D; Liu, S; Bende-Michl, U,;
Waters, D.; Leahy, P.; Wilson, P.; Western, A. W. Key Factors
Influencing Differences in Stream Water Quality across Space. Wiley
Interdiscip. Rev.: Water 2018, S (1), No. e1260.

DOI: 10.1021/acs.est.9b02290
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.est.9b02290

