June 2], 2018

Pamela Bush, Esquire

Commission Secretary and Assistant General Counsel
Delaware River Basin Comtnission

25 Cosey Road

P.0O. Box 7360

West Trenton, NJ 08628-0360

Re:  Delaware River Basin Commission Administrative Manual and Special Regulations
Regarding Natural Gas Development Activities; Additional Clarifying Amendments [18
CFR Parts 401 and 440]

Dear Ms. Bush:

The Marcellus Shale Coalition (MSC) was formed in 2008 and is comprised of approximately
220 natural gas producing, midstream, transmission, and supply chain members who are fully
committed to working with local, county, state, and federal government officials and regulators,
to facilitate the development of the natural gas resources in the Marcellus, Utica, and related
geological formations. Our members represent many of the largest and most active companies in
the natural gas industry, as well as the suppliers and contractors who work with the industry.

On March 29, 2018, the MSC submitted comprehensive comments to the Delaware River Basin
Commission (DRBC)} on the above-referenced proposed rulemaking. Since this submittal, two
noteworthy academic studies have been released, each independently finding little-to-no impact
on groundwater resulting from natural gas development. On May 22, 2018, researchers with the
Earth and Environmental Systems Institute of Pennsylvania State University in University Park,
Pennsylvania released a study entitled, “Big Groundwater Data Sets Reveal Possible Rare
Contamination Amid Otherwise Improved Water Quality for Some Analytes in a Region of
Marcellus Shale Development.”! This study examined naturally-occurring levels of methane in
the Marcellus Shale area, reviewed over 11,000 groundwater samples throughout the Marcellus
Shale region, and documented improved groundwater quality in rural areas that have seen
significant unconventional shale gas activity. A ¢opy of this study is enclosed.

Additionally, on June 13, 2018 researchers with the School of Forestry and Environmental
Studies of Yale University in New Haven, Connecticut released a study entitled, “Methane in
groundwater before, during and after hydraulic fracturing of the Marcellus Shale.” This study
sampled nearby water well supplies before, during and after unconventional natural gas drilling
and hydraulic fracturing, and attributed any rising levels of methane to natural variability, not to

1 Tao Wen, Xianzeng Niu, Matthew Gonzales, Guanjie Zheng, Zhenhui Li, and Susan L. Brantley

Environmental Science & Technology 2018 htip://jaywen.com/files/Wen_2018 EST.pdf

2 E. Barth-Naftilan, J. Sohng, and J. E. Saiers, National Academy of Sciences
http://www.pnas.org/content/early/2018/06/12/1720898115
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shale-related activities. Researchers determined that natural variability is “potentially a lot
greater than previously understood.” A copy of this study is enclosed.

The MSC and its member companies believe it is incurnbent upon the DRBC to take note of
these studies, their findings, and to consider this information in its deliberations and decision-

making concerning the above-referenced proposed rulemaking.

Thank you for your attention in this matter. Should you have any questions, please do not
hesitate to contact me.

Sincerely,

David J. Spigelmyer
President

Enclosures

WAMARCELLUS

' SHALE COALITION"
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Big Groundwater Data Sets Reveal Possible Rare Contamination
Amid Otherwise Improved Water Quality for Some Analytes in a
Region of Marcellus Shale Development

Tao Wen,* ' © Xianzeng Niy,'© Matthew Gonzales,’ Guanjie Zheng,:t Zhenhui Li,* and Susan L. Brantle‘:yT

YEarth and Environmental Systems Institute, Pennsylvania State University, University Park, Pennsylvania 16802, United States
tCc)]lege of Information Sciences and Technology, Pennsylvania State University, University Park, Pennsylvania 16802, United States

© Supporting Information

ABSTRACT: Eleven thousand groundwater samples collected
m the 2010s 1 an area of Marcellus shale-gas development are
analyzed to assess spatial and temporal patterns of water
quality. Using 2 new data mining techmque, we confirm
previons observations that methane concentrations mn ground-
water tend to be naturally elevated in valleys and near fanlts,
but we also show that methane 15 also more concentrated near
an anticline Data mmmung also hughlights waters with elevated
methane that are not otherwise explamed by geologic features
These slightly elevated concentrations occur near 7 out of the
1,385 shale-gas wells and near some conventional gas wells in
the study area. For ten analytes for which uncensored data are
abundant 1n this 3,000 km® rural region, concentrations are
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unchanged or improved as compared to samples analyzed prior to 1990. Specifically, TDS, Fe, Mn, sulfate, and pH show small
but statistically significant improvement, and As, Pb, Ba, Cl, and Na show no change. Evidence from this rural area could
document improved groundwater quality caused by decreased acid rain {pH, sulfate) since the imposition of the Clean Air Act or
decreased steel production {Fe, Mn). Such improvements have not been reported i groundwater in more developed areas of the

U.s

B INTRODUCTION

In the past decade and a half, improvements in drilling and
completion of wells, including high volume hydraulic fracturing
(HVHF, i.e, “fracking”), have changed the energy industry. By
2040, gas from the so-called “unconventional” formations (e.g.,
shale) will account for 69% of total U.S. dry natural gas
production.’ The rapid development of unconventional shale
gas in the U.S. has occasionally caused environmental issues
including the leakage of methane out of gas wells or spills
involving other contaminants.”” The debate about the causes
and mechanisms of these environmental problems, including
spills, casing and cementing failures, well blowouts, or out-of-
zone stimulation, is still ongoing.” ™' We address this
controversy by using new techniques of data mining to look
at a large number of groundwater samples in one of the PA
counties with the most number of shale-gas wells (Bradford).

A key aspect of the controversy that makes it difficult to
resolve in PA is that incidents appear to be rare compared to
the number of shale-gas wells, and the wells are spatially
distributed across thousands of hectares of heterogeneous
aquifers or within complex stream networks characterized by
nonuniform land use.'” At the same time, water quality data
prior to development are sparse. Furthermore, water quality
data often do not follow normal univariate distributions. To be

7 ACS Publications  © %00t American Chemical Society

able to handle such distributions, we need new tools of
statistical data analysis that also take into account spatial
autocorrelation.'®

Oil and gas companies collect groundwater samples (so-
called “pre-dill” samples) in the vicinity of proposed oil/gas
wells before drilling."” These predrill data are released to the
Pennsylvania Department of Environmental Protection (PA
DEP) and used to establish water quality. baselines. PA DEP
generally does not release all data to the public because of the
cost of removing confidential information. The lack of
groundwater data then hampers the ability of researchers
outside of DEP to analyze the potential impacts of shale gas on
water quality.'!

Many studies of groundwater quality have nonetheless been
conducted that have focused on methane,”**%*' the most
common contaminant related to oil and gas activity as reported
by the PA DEP."" However, due to the vastly different volumes
of data (~100 to ~10,000 sites) used in these studies,
researchers have reached different conclusions.”'® For example,

Received: February 28, 2018
Revised:  May 9, 2018
Accepted: May 21, 2018
Published: May 22, 2018

DOk 10.1021/acs est 801123
Environ. Sl Techmol, Y0004, 100K, X=X



Environmental Science & Technology

A

Dissolved Methane {mg/L}
« 0.00-0.10

= 0.10-2.00

«  2.00-10.00
o 10.00-28.00
o >2B8.00

Geological Features
- Anticline

—— Syncling

—-&- Thrust FauX Traces
Unconventional Wells

= Conventional Wells

Catskill
Lock Haven

£777 Huntley Mountain

) Burgoon Sandstone

| |55 Pottsvills

[ Allegheny and Pottsville

7650 78 40W

Figure 1. Location of water samples and geologic setting in Bradford County, PA. {A) Locations of 11,156 groundwater samples in BO, BN, and
CHK data sets. The thick outline indicates the extent of Bradford County, PA. Symbol color represents the concentration of dissolved methane in
each groundwater sample. A small subset of these (n = 1,690) was previously discussed by Li et al”'® (compare to their Figure 1). Analyses are not
available for some patts of the county because in those regions either no shale-gas drilling has occurred since 2004 or data that were released to the
regulator have not yet been formatted and checked for inspection. (B} Locations of conventional and uncenventional wells in Bradford County, PA
and neighboring areas including some townships in NY. Locations of anticlines, synclines, and faults are provided based on published
information.”**~** Bedrock formations are also indicated in the study area based on Berg et al™

methane concentrations correlated with proximity to shale-gas
wells for a small data set collected by one research team® but
did not correlate in an analysis of >11,000 water samples from
an industry-controlled data set that was not released in
entirety." In contrast to those studies, Li et al.™' published
complete data sets with intermediate numbers of analyses from
predrill data and used a new data mining technique to show
that dissolved methane concentrations correlate with proximity
to shale-gas wells in subregions of larger areas.

In addition to methane, other contaminants such as salts and
heavy metals have also been identified in groundwater and
occasionally attributed to gas development in shale-gas
regions.'" In PA, the DEP issues determination letters to
properties that register a complaint about a water supply after
an investigation into whether the oil/gas activity is responsible
for the degradation. In letters where positive determinations of
presumed responsibility were made from 2008 to 2012, Fe and

Mn were the second most common contaminants of ground-
water after contamination by natural gas."'

Salt species such as Cl and Ba that are enriched in the gas
production waters have also been identified as transient
contaminants in some groundwaters near oil and gas activities.
Furthermore, the public also worries about other contaminants
in groundwater near oil and gas development such as atsenic
(As), an element that has wellknown adverse impacts on
human health.”* Elevated levels of other heavy metals have also
been found in groundwater overlying shale energy extraction."

In this study, we showcase a new data set of predrill
groundwater chemistry for 11,156 samples analyzed by
commercial laboratories and released to the PA DEP. They
were collected from 2010 to 2016 from Bradford County, the
county that hosts the second-highest number of shale-gas wells
among PA counties” (Figure 1a; Figure S1). Development of
the Marcellus unconventional gas reservoir started in Bradford
County in 2005, with a marked inctease after 2008. From 2005

DOl 10.1021/acs.est 8601123
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Figure 2. Cumulative probability diagram for (A} CH,, Cl, SO,, TDS, and (B) 10 trace elements with over 1,000 measurements in the Bradford-
2010s groundwater data set and with established EPA standards. Concentrations are normalized to the standards so that at 2 value of unity,
concentration is equal to regulatory standard. Analyses reported to be below the reporting limit (RL) are plotted at the RL (i, vertical sections of
the curves). Different RLs are established by the various analytical laboratories, explaining data plotting below the predominent RL. Most of the
reported concentrations for trace metals, except Ba, are below the RLs. For methane, 26.9% (2948/10972) measurements are above the three RLs
for the relevant analytical laboratories, i, 0.001, 0.005, and 0.026 mg/L. Regulatory thresholds (* denotes SMCL) for the analytes (in mg/L) are
CH, (10), Cl (250*%), 50, (250*), TDS (500*), Ba (2), Ag (0.1*), Hg {0.002), Cr {0.1), Cd (0.005), Se (0.05), Pb (0.015), As (0.01), Fe {0.3%),
and Mn (0.05*). These standards are derived from the US EPA except for CH, which is from US Department of Interiot. TDS is rarely below the
RL. RLs for Cl, 5O, and TDS are well below the EPA standard. RL for As is equal to the EPA MCL of 0.01 mg/L. Therefore, when counting the
number of As values failing EPA MCL, we excluded those censored data and only counted values above the MCL.
to 2016 in the county, 40 out of the 53 positive-determination sites vary from 198 to 721 masl (meters above sea level). Since
letters issued by the PA DEP {where cil and gas development most groundwater samples are collected from shallow water
activity was presumed responsible) reported elevated methane wells, the observed spatial and temporal trends we discuss for
concentrations, and 21 reported Fe and Mn contamination. groundwater quality in this paper are mostly indicative of
Only by using such large data sets and novel data mining shallow groundwaters that migrate to domestic water wells {see
techniques can we simultaneously explore large areas while Figure 1b and the SI for geological and hydrogeological settings
looking for rare incidents. Such techniques thus hold the in the region). To analyze the data, distances were calculated
promise of helping stakeholders understand the frequency of between sampling sites and features such as oil and gas wells,
problems as well as which areas are more prone to problems geologic faults, the cores of anticlines, and streams (see the SI).
and why, but the real test demanded by the public is to We use a “sliding window” data mining technique (source
determine if water quality is deteriorating with time. We code released to GitHub (https://gitio/vNdsd)). The sliding
therefore also compare data sets to understand water quality window technique was used to explore the correlation between

before and after onset of shale-gas drilling in Bradford. methane concentrations in water and the distance to factors of
interest (e.g, distance between water well and nearest shale-gas
B MATERIALS AND METHODS well} across a large region. More details on the sliding window

techni ided in the Di i ction.
PA DEP shared three batches of “pre-drill” water chemistry i SCERECST R (S Discgricn e

data with us, referred to here as BO, BN, and CHK. The
original data set {BO, 1690 data values) was analyzed by Li et W RESULTS

al.”'? These data sets were digitized, cleaned, and merged for Forty-five of the analytes with at least 100 measurements were
quality assurance {QA} (SI). The data set that merged all 3 grouped into four categories (Table S1): (1) major inorganic
subsets (hereafter noted as “Bradford-2010s study”) contains {median >1 mg/L); (2) trace inorganic (median <1 mg/L);
11,156 groundwater samples — 10,213 water samples from (3) organic; and (4) other. Selected analytes of each category
water wells and 943 from springs (Figure la). For water wells, are discussed below. Of these, 11 analytes (Cl, Na, SO,, TDS,
6,123 well depths are reported that range from 1 to 488 m with Mn, Fe, As, Ba, Pb, CH,, and pH} were further interpreted
an average depth of 54 m, while the elevations of all sampling because of their higher prevalence of reporting and rate of

C DOL 10.1021/acs.est3ba1123
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failure of regulatory thresholds. To ascertain whether the onset
of shale-gas development impacted groundwater chemistry, we
also evaluated temporal trends by comparison with two
previous studies. The first study’® (hereafter noted as
“Bradford-1980s study”) included complete chemistry reported
for samples from 108 wells covering all Bradford County. The
analyses were measured on waters collected from 1935 to 1986
with the vast majority glﬂS/ 108) in the 1980s {Figure S1}, In
addition, Boyer et al.” (hereafter noted as “Rural PA-2010s
study”) collected predrill water from 233 private water wells in
2010 and 2011 and reported the data as a statistical summary
for all of rural Pennsylvania. Most of these data derived frem
the two hetspots of shale-gas drilling, i, southwestern or
northeastern PA.

By comparing the Bradford-1980s study to that of Bradford-
2010s and to that of Rural PA-2010s, we made two temporal
compatisons for selected analytes. The first comparison focuses
on mostly the same regjon in Bradford but with vastly different
volumes of data, while the second comparison includes roughly
the same data volume for each time period but treats different
regions {ie, Bradford-1980s treats Bradford (i.e., northeastern)
whereas Rural PA-2010s treats rural areas of PA, with an
emphasis on southwestern and northeastern near Bradford}.
Inclusion of southwestern water in this data set is expected to
bring in water chemistry that is generally worse than that of the
northeastern PA because southwestern PA is more urbanized
(ie., Pittsburgh), has more roads, and is the center of much of
the PA coal mining industry.”®

For these temporal comparisons, the means for metals,
arsenic, sulfate, or chloride are not compared becanse their
distributions are skewed: skewness for the distributions varies
from 20.1 to 49.9 in Bradford-2010s and is thus much higher
than the threshold of 2 for normal univariate distributions.”’
Instead, we use Kruskal-Wallis rank sum tests {K—W tests} to
compare medians for Bradford-1980s and 2010s. A f-test is
used for comparisons of pH mean values.

Major Inorganic Analytes. The total dissolved solids
{TDS) in the shallow groundwaters in the Bradford-2010s data
range from <500 mg/L to 8560 mg/L, with a median value of
205 mg/L (Table S1}. Two major types of waters are observed,
characterized as either Na-Ca-Cl or Ca-Na-HCO; waters.
These were previously identified in PA as deep saline water and
shallow modem waters, respectively.”***

Using ternary diagrams (Figure S2) and Br/Cl ratios,”” water
types can be further classified. {All concentrations and ratios are
on a mg/L basis,) Waters in so-called types A and B {r = 8148)
correspond to low salinity water (CI < 20 mg/L) and are
dominated by Ca-HCO; or Na-HCO,, respectively. For these
waters, the major ions generally come from rock, soil, or
precipitation. In contrast, types C (n = 10) and D (n = 513)
waters are characterized by higher salinity (Cl > 20 mg/L) and
varying Br/Cl ratios (type C: Bt/Cl < 0.001; type D: Br/Cl >
0.001). Type C waters have received inputs from wastewater or
road salt, while type D are impacted by Appalachian Basin
brine. These brines are found throughout the Marcellus region
at depth and are a likely source for the briny flowback and
production waters that accompany gas production in the
Appalachian basin.*

The U.S. Environmental Protection Agency (US EPA) does
not establish a Maximum Contaminant Level {MCL)} in
national drinking water standards for any of these major
inorganic analytes. However, Secondary MCLs (SMCLs) are
listed for chloride, sulfate, and TDS in drinking water (Table

S1). In the Bradford-2010s data, 2% (214/10931), 1% (109/
10933), and 5.8% (635/10936) of chloride, sulfate, and TDS
measurements, respectively, fail these corresponding SMCLs
(Table S1} as shown in the cumulative probability diagrams
normalized to the corresponding SMCLs (Figure 2).

In a comparison between the Bradford-2010s data and the
earlier data sets, statistical evidence suggests that Cl
concentrations are the same or improving. For example, the
medians of the Bradford-1980s and -2010s studies are not
statistically distinguishable (12 ws 7.38 mg/L; p = 0.1370),
while the median of the Rural PA-2010s data is lower, 5.9 mg/L
(Table SI and S2). Furthermore, the rate of failure of the EPA
standard declined significantly from 8.0% (8/100 in the
Bradford-1980s} to 2.0% (214/10931 in Bradford-2010s) or
<1% (<3/226 in the Rural PA-2010s). Similar to Cl, the
medians of Na concentration in Bradford-1980s (17.5 mg/L)
and -2010s (16.3 mg/L} data sets are not statistically distinct {p
= 0.3138), but the Rural PA-2010s median is lower, 10.7 mg/L.
USEPA™. recommended sodium concentration in water not
exceed 20 mg/L for health benefits. 46.1% and 43.2% of
samples are above this EPA guidance level of sodium in
Bradford-1980s and -2010s data sets, respectively. In addition,
65.4% and 66.1% of Bradford-1980s and -2010s data sets are
above 10 mg/L. Such high levels of sodium being consistently
present in some water from 1980s through 2010s might suggest
the natural migration of deep brine to shallow formations in
parts of Bradford. Over the same time period of 1980s to 2010s,
the median of TDS and the rate of failing EPA standard
declined from 248 to 205 mg/L (p < 0.01) and from 13.6% to
5.8%, respectively. In comparison, TDS median is 190 mg/L in
the Rural PA-2010s and its rate of failure of the EPA standard is
3%.

The comparison of sulfate in the Bradford-1980s and
Bradford-2010s data sets also indicates improvement: a
statistically significant decline in median from 20 to 15.5 mg/
L (p < 0.01). Likewise, the median of the Rural PA-2010s data
(14.0 mg/L) is also lower than that of Bradford-1980s, even
thongh this rural PA data set includes waters from the coal-
mining area where acid mine drainage is a significant
problem.”

Trace Inorganic Analytes. Over 10,000 concentrations are
repotted in the Bradford-2010s data for each of the trace metals
except lithium (Li) and strontium (Sr). Over 90% of these are
below the reporting limit (RL}. In contrast, over half of the
measurements of iron (Fe), barium (Ba), and manganese {Mn)
are above RLs. All trace elements (e.g, As, Ba, Pb) have a < 5%
incidence rate of failing EPA standards except Fe (26.9%) and
Mn (39.3%) (Figure 2, Table S1).

The median Mn concentration in Bradford decreases from
0.08 in Bradford-1980s to 0.02 mg/L in Bradford-2010s (p <
0.01). In comparison, the median is 0.01 mg/L in the Rural PA-
2010s data. The rates that samples failled the EPA SMCL for
Mn also declined from 60.6% in Bradford-1980s (60/99) to
39.3% in Bradford-2010s (4300/10934) (Figure S3) and 27%
in Rural PA-2010s (55/203). Based on these data, then, Mn
concentrations in Bradford county groundwater have thus been
decreasing from the 1980s to the 2010s.

Like Mn, the median value for Fe decreases from 0.27 to 0.09
mg/L from the Bradford-1980s to the Bradford-2010s study (p
< 0.01). Furthermore, the rates of samples failing the EPA
SMCL declined from 49.5% (52/105) to 26.9% (2936/10934),
respectively (Figure $3). In comparison, for the Rural PA-2010s
data, the median is 0.05 mg/L and 2 20% failing rate.

DOE 10.1021/acs.est8601123
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Figure 3. Maps calculated using sliding window technique (see text) showing where dissolved methane concentrations in water samples correlate
with distance to {A) faults and (B} anticlines. Colors, indicating where methane increases {red} or decreases (blue) closer to gas wells, are only
plotted when correlations are statistically significant. A blue circle denotes the hotspot area in Figure 552. A black circle represents a sampling area
previously identified as being the location of elevated methane correlated with valley bottoms (see the 51).*' A red circle represents the sampling
area where a known gas migration incident occurred. From north to south, the faults are the Bridge Street, Towanda, and three unnamed

faults 73234

The median values of As for Bradford-1980s and Bradford-
2010s are 0.01 and 0.005 mg/L, respectively (Tables 51 and
S2). However, both of these values are equal to the detection
limits for As values in each data set; therefore, we do not
compare them. The median for the Rural PA-2010s data is
0.0025 mg/L. For the early time period, the rate of violation of
the arsenic MCL (0.01 mg/L) was 9.5%. That value is higher
than the fajlure rate (4.4%) in Bradferd-2010s or the value
(4%) for 2010/2011 reported in the rural PA data set by Boyer
et al”® These data suggest that As contaminations might be
improving in the Bradford groundwaters.

Unlike Mn and Fe, the median of the Pb concentrations is
not statistically different between Bradford-1980s and Bradford-
2010s {p = 0.4071). Like Mn, Fe, and As, however, the rate of
failure of Bradford groundwater with respect to the EPA Pb
action level (0.015 mg/L} has decreased from 7.1% (6/84) in
Bradford-1980s to 3.1% (344/10934) in Bradford-2010s. Over
the entire state as reported in the rural PA study,™ this value is
7%.

Ba concentrations in groundwater in Bradford are not
statistically different between Bradford-1980s and Bradford-
2010s with respect to the median (p = 0.6896) (Tables S1 and
52). Likewise, the very low rate of failure of the EPA standard is
almost unchanged: 2.9% (2/69) versus 3.8% (412/10934). In
contrast, the Rural PA-2010s study reported an incidence of
failing of 1% (2/218) and a median value of 0.13 mg/L.

Organic Analytes. Five volatile organic compounds
(VOCs: 1,2-DCE, benzene, ethylbenzene, toluene, and xylene),
one glycol {ethylene glycol), three alkanes (methane, ethane,
and propane), and oil and grease are all reported in the
Bradford-2010s dataset (Table 51), and most are below the RL.
EPA has established MCLs for all of these listed organic
analytes, except for the three alkanes. Only benzene and
methane were ever found to exceed the regulatory standards
{see the SI). In these pre-drill data, stable carbon isotopic data
for methane, often helpful in determining whether methane is
biogenic or thermogenic,are not reported.

Other Analytes. Median values for the other analytes (E.
coli, Methylene Blue Active Substances, pH, Specific Con-
ductance, Temperature, Total Hardness, Total Coliform, Total
Suspended Solids, Turbidity) are listed for Bradford-2010s, and
the mean pH is also reported here (Table 51). Except for pH,
other analytes are not included in EPA drinking water standards

ot are not repotted in the Bradford-1980s study. Median and
mean values of pH for Bradford-1980s and Bradford-2010s are
7.3 versus 7.7 and 7.36 versus 7.64, respectively. Both median
and mean pH increased from the 1980s to 2010s (p < 0.01).

B DISCUSSION

Natural and Anthropogenic Factors Affect Methane
Concentration. Li et al”'” developed 2 new data mining tool,
the sliding window technique, to aveid biases resulting from the
size of the data set and/or from some specific local areas. The
larger data set that is published with this paper for Bradford
County allows us to test the sliding window technique™'® for
artifacts related to data volume as well as to learn more about
groundwater over space and time.

This technique computes the average spatially normalized
correlation between variables for a 5 km X 5 km window that is
moved across the region of interest. For all water analyses in
the window, Kendall rank™ is calculated for the correlation
between methane concentration and proximity to a feature of
interest (e.g, previously drilled gas well). If the correlation is
statistically significant, +1 (positive correlation) or —I {negative
correlation) is assigned to the window. Spatially normalized
significance values, defined by dividing the summation of these
values of +1 and —1 by the total number of windows covering
each location, are then plotted as a “heat map” {Figure 3}. The
intensities of red and blue indicate the extent of significant
negative or positive correlation, respectively. Correlations were
studied separately in this work with respect to faults, anticlines,
streams, unconventional gas wells, conventional gas wells, and
gas wells (unconventional + conventional). We implicitly
assume that the sliding window technique cannot elucidate
geographic areas where shale-gas production activities might
have exacerbated pre-existing naturally occurring methane. In
other words, if natural features appear to explain high methane
concentrations, we assume the natural explanation (faults,
anticlines, valley/stream) are the dominant control.

For such a large water chemistry data set that is not described
as a Gaussian distribution, other geospatial analysis tools such
as Geographically Weighted Regression (GWR) or Hot Spot
Analysis might also be used to consider spatial autocorrelation.
Our sliding window technique has similar advantages and can
also handle the situation where water chemistry data are below
the detection limits (i.e, censored data) and there are multiple

DOE10.1021/acs.est.8b01123
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Figure 4. Concepiual diagram of subsurface migration of methane and groundwater along anticlines and faults {modified after Darrah et al*’ and
Gross and Cravotta™). (A) Generalized cross-section of anticline and fault in Bradford County and (B) deteiled schematic associated with a valley
located along a fault (solid line). Methane migrates from deep (thermogenic methane) or shallow (biogenic methane) formations, sometimes with
deep brine, toward shallow aquifers as indicated with dashed blue lines. Redistribution of methane and groundwater flow from ridge te valley is
shown with dashed red lines. This diagram is not to scale. Type A and B waters might be associated with waters from near the ridge top (Ca®, Mg,
HCO;, 50,77 or intermediate level (Na¥, HCQ,~, $O7). Type C water is attributed to wastewater and/or road salt that are not shown in this
diagram. Type D water is associated with deep brine and is characterized by high concentrations of Na*, CI~ (+Br™).

detection limits. In addition, the output heat map for the sliding
window technique is more visvally intuitive.

Faults and Anticlines. Li et al.™'® observed that methane
concentrations in 1,690 water samples have a small tendency to
increase in groundwater samples near the Towanda and Bridge
Street faults. Figure 3a shows that these earlier observations are
maintained and amplified when analyzed for the larger data set
of 11,156 analyses. Even with the larger data set, however, no
single fault is delineated entirely by red. In other words,
methane never increases consistently near any fault across the
entire study region. Instead, "hotspots” of red (verging to
black) indicate areas where methane concentrations increase
closer to the fault. The Bridge Street and Towanda faults host
the most hotspots across their extent.

Hotspots could indicate local regions of stronger methane
flux or simply be related to sparseness of data. However,
methane is well-known to migrate along fractures and faults for
kilometers in northern Pennsylvania as illustrated in Llewellyn
et al.” (red circle in Figure 3 highlights the study area in
Llewellyn et al.). Several authors have pointed out that in the
Appalachian platean where strata are roughly parallel to the
land surface, fractures can open parallel to strata (bedding plane
openings) or across strata {joints), and both can allow methane
migration, sometimes in staircase-like upward passageways.”‘ !
Both biogenic gas from shallow depths can migrate as well as
thermogenic methane from greater depths such as the

Marcellus Formation or from other gasrich and shallower
Upper Devonian formations. These geologic observations are
likely to explain why red coloration in Figure 3a is often aligned
with faults.

For the first time, however, the larger data set documents
that methane also has a small tendency to increase near some
anticlines — especially the Towanda anticline as shown in
Figure 3b. Anticlines are large regional convex-up folds of
geologic strata. Strikingly, the correlation between elevated
methane and anticlines is more significant than for faults. Like
the faults in Figure 3a, hotspots of methane concentration plot
along about 60% the Towanda anticline. No such hotspots are
observed for the Rome and Wilmot anticlines.

Almost every hotspot on the fanlt map also appears on the
anticline map (Figure 3a and 3b), whereas some hotspots on
the anticline map do not display on the fault map. Apparently,
either the Towanda anticline is controlling methane emissions
or the combination of Bridge Street + Towanda faunlt +
Towanda anticline together control emissions. The Bridge
Street and Towanda faults are thrust faults where formations
from the northwest were thrust over formations in the
southeast during the Alleghanian orogeny.”” The folding and
parallel shortening during the onset of Alleghanian orogeny
explains the alignment because it leads to the anticline/syncline
sequences along with their associated low angle thrust faults.
Synclines are large concave-up folds.
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The stronger correlation of methane with anticlines rather
than faults might be because locations of anticlines in Bradford
County are better documented than faults in the study area.
Faults are noted by small-scale surface observations,”””~**
whereas anticlines are large ridgelines that are easily visible and
have been imaged in seismic studies. On the other hand, it is
well-known that methane moves updip and can be trapped in
structures such as anticlinal folds, and the intersection of faults
and anticlines, e.g, Bridge Street and Towanda faults vs
Towanda anticline, would likely allow methane emission inte
groundwater. In fact, deeply buried anticlinal folds in oil and
gas regions are often targeted by drillers.

Patterns of Natural Methane Migration. Dissolved
methane from natural sources in Bradford likely results from
both deep and shallow sources.”””" Such methane migrates into
shallow aquifers in two roughly sequential steps (Figure 4}: 1)
primary migration where biogenic or thermogenic methane
moves along anticlines and faults or other small fractures into
shallow aquifers and 2} methane redistribution where topo-
graphically driven groundwater flow diverts dissolved methane
from ridge to valley. This may explain why we see a strong
correlation between higher methane concentrations and the
valley bottoms across Bradford County (see the SI). Such
patterns have been similarly documented in PA by previous
workers.”*'** Specifically, dissolved methane in upflowing
waters may be diverted by downward flowing water from the
hill tops toward the valleys, redistributing methane in the
shallow subsurface. In addition, methane-containing waters may
upflow along fanlts that also outcrop in valley bottoms.

Unconventional and Conventional Gas Wells. Some
hotspots on the heat map for unconventional wells do not
overlap with hotspots on the fault or anticline maps. One
hotspot on Figure S5a was previously identified by Li et al.>'’
They associated the hotspot with three shale-gas wells that
could potentially be leaking (015-20116, 015-21353, 015-
20612, see Table 53) because they do not have surface or
intermediate casings at the inferred intersection with a nearby
fault (see the SI}. Leakage of methane has been associated with
shale-gas wells that lack such cement or casing in one part of
Bradford.

A pew finding from the larger data set is another red hotspot
{blue circle in Figure S53; see also Figure 3) in eastern
Bradford. Since this hotspot is not observed in Figure 3a and
Figure 3b, the migration of methane along faults within an
anticline cannot easily explain it. Four shale-gas wells in
Bradford (API numbers: 015-21181, 015-20960, 015-20871,
and 015-21352) are associated with this hotspot. Two of these
(015-21181 and 015-21352) do not have surface or
intermediate casings at the inferred intersection with a nearby
fault (Table S3). Thus, a conservative estimate leads to the
identification of 5 of the 1,385 shale-gas wells in Bradford as
potentially leaking methane into shallow aquifers.

Li et al. also identified hotspots on a heat map for
conventional wells that did not overlap with hotspots on the
fault map. This led to identification of four abandoned or
orphan wells that do not report casing or cement at depths
where they intersect the nearby fault™'" The heat map
calculated here (Figure S5b) reveals that previously identified
hotspot as well as new hotspots in northern Bradford. In those
hotspots, three conventional gas wells {API number: 015-
20017, 015-20023, 015-20029) received notices of violation
from PA DEP in 2008 and 2009 (before the date of water
sampling for methane) for abandonment of an unplugged

well® Methane may emit from old wells that were not
completed to modern standards.””

Other Organic Analytes. The only organic analyte that
was observed above an EPA standard, benzene, was only
reported above that standard once. That sample could be
associated with oil and gas activity; however, we could not
definitively associate the incident with gas development (see
the SI).

With respect to other organic analytes, 116 samples were
reported to have VOCs such as toluene and glycol
concentrations over the RLs. Locations of these samples
{Figure §4) occur throughout Bradford County and toluene is
the most widespread (n = 101}). Concentrations of these
organics are all well below EPA limits. They might derive from
anthropogenic sources in some cases, but given the limited
number of measurements above RLs, we do not discuss these
further here (see the SI).

Inorganic Analytes. Bedrock Geology. The sliding
window technique clearly shows the importance of geology
(faults, anticlines) in understanding the distribution of methane
in groundwater in Bradford. Here, we use the K-W test to
determine if another geological attribute, bedrock composition,
is important in determining inorganic chemistry of the
groundwaters. We find that Cl, Na, SO, TDS, Mn, Fe, As,
Ba, CH,, and pH display different median values in different
formations {99% confidence level). This is consistent with
other studies where formations are generally the most
important natural controlling factors of groundwater qual-
iryPs'?‘g (see the SI}. On the other hand, medians of Pb are not
statistically different between formations (see the SI and section
on Pb Concentrations).

Temporal Trends in Inorganic Analytes. As discussed
above, data reported from the 1980s to 2010s are consistent
with the conclusicn that unconventional gas production has not
worsened groundwater quality for Mn, Fe, As, Pb, Ba, Na, C],
TDS, 8O, and pH. In fact, for those analytes, groundwater
concentrations in Bradford County are constant or have
improved {ie, in the case of pH, increased). Here we discuss
possible reasons for this observation.

First, we consider possible artifacts that might make it look
like groundwater chemistry is improving when it is not. For
example, if the two comparison sets of data sampled water in
different seasons, seasonable variability of analyte concen-
trations (e.g, Fe, Mn, As) could be a hidden variable. For
example, As shows natural seasonal variations in ground-
water.**" In particular, Ayotte et al®’ observed arsenic
concentrations in groundwater in New England in the first
half of the year are significantly lower than in the last half. For
the waters investigated here, samples that were collected in the
first half of the year account for 14.8% and 48.3% of Bradford-
1980s and -2010s data sets, respectively. In theory, then,
seasonal effects therefore might contribute partially to the
observed difference in analyte concentrations between these
two data sets. However, within the Bradford-2010s data set, the
median values of samples collected in the first and second half-
years are the same for As: 0.010 mg/L. The example of As data
in Bradford-2010s data set suggests that the impact of seasonal
varizbility on groundwater quality parameters might not be the
primary factor. For Fe and Mn in the Bradford-2010s data set,
we indeed observe slightly different median values between
seasons. To remove the impact of seasonal variability on
temporal trend, we cotnpare medians of As, Fe, and Mn of
samples collected in the second half year only (ie, when the
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Bradford-1980s data set has the most samples). We observe
these medians are either not changing or declining (p < 0.01)
from the Bradford-1980s to -2010s data set. This again
confirms the observed temporal trend in As, Fe, and Mn
concentrations regardless of the seasonal variability.

It is also possible that the analytical or sampling techniques
might have changed with time to make concentrations appear
lower today than in the past. In particular, most of the cation
data in Bradford-2010s were measured with inductively coupled
plasma (ICP) atomic-emission spectrometry, while the method
used in the Bradford-1980s was atomic absorption (AA)
spectrometry.”* However, where the Bradford-1980s data set
reported analytes as “less than” specific threshold reporting
values (As, Fe, Mn, Pb, and Ba), those values are comparable to
teporting Iimits in Bradford-2010s. Such consistency would
imply that the sensitivity of the methods is similar. If anything,
changes in technique over time would be likely to have caused
today’s concentrations to be higher than those in the past
because the eatlier samples from Bradford-1980s were filtered
{045 pm) while the more recent samples were not. Since total
concentrations can include particulates, this difference would
cause the earlier data to be lower in concentration than the later
data.

Alternately, given that groundwater chemistry varies spatially,
the earlier data set might simply have sampled wells with
higher-concentration groundwaters. If there was such a bias in
the Bradford-1980s versus our data set, we might expect
statistically different median values in all concentrations. In this
regard, the similarity of values of Pb, Ba, Cl, and Na between
Bradford-1980s and Bradford-2010s therefore provides some
confidence that the 1980s data set was not spatially biased
compared to our data set.

Although none of these possible artifacts can be eliminated as
possible explanations for the apparent improvement in water
quality in Bradford, they also do not yield a convincing
explanation for all the improving analytes. In contrast, several
explanations for why groundwater chemistry data might be
actually improving are consistent with broader trends reported
in the literature outside of the shale-gas region, as discussed
below.

pH and Suffate. Increasing pH and decreasing sulfate in
groundwater could both be consistent with trends of less acid
rain (related to the imposition and subsequent amendments of
the Clean Air Act since the 1970s) and decreased acid mine
drainage in PA (related to decreasing rates of coal
mining).”**~** In addition, the conversion of power plants
from burning coal to cleaner natural gas may contribute to the
decline of contaminant emissions into the atmosphere. For
example, Paulot et al.** pointed out that SO, emission has
declined by over 60% in the eastern U.S. since the late 1990s.
Consistent with this, Niu et 21”° and Raymond and Oh*
documented that sulfate concentrations in streams in PA
steadily decreased from 1965 to 2015. Those researchers
atiributed the decrease largely to the decline of coal production
in PA. In addition, Kaushal et al.** observed increasing values of
pH in streams and rivers across North America from the 1950s
to 2010s. Likewise, Strock et al™ concluded that sulfate
concentrations in lakes in the northeastern U.S. significantly
decreased during the 2000s.

Of course, even if rain became less acidic with time, this
change has to propagate into groundwater if it can explain our
observations. In fact, time scales of recharge to groundwater are
consistent with the temporal changes observed. For example,

Yager"” reported that the vertical hydraulic conductivities of the
upper aquifers within the upper Susquehanna River Basin vary
between 0.6 to 12 m/day. This is consistent with pore velocities
of 02 to 4 m/day for a typical porosity for Devonian
formations in PA (15%)" and a typical hydraulic gradient in
the ridge and valley province of 0.05. With these values,
recharge waters can reach 72 m (a depth greater than or equal
to 75% of the sampled water wells, Figure S1c) within 18—360
days. Although waters will be chemically transformed along
such flowpaths, small temporal changes in groundwater may
nonetheless be recorded

Fe, Mn, and As Concentrations. Higher pH could also be
the reason why dissolved metal concentrations have decreased
in groundwater: metal solubility decreases with increasing pH.
In addition, other effects may explain lower metal concen-
trations. For example, published evidence suggests that Mn was
deposited from the atmosphere to soils throughout much of
Pennsylvania from approximately 1900 to 2000.” This Mn has
been flushing out of soils and into rivers especially since the
1970s.”” Some of this soil Mn is likely to have entered
groundwater since Mn is relatively mobile,*” ™' perhaps
explaining the decrease in both median Mn concentration
and incidences of failing the EPA standard in Bradford from the
1980s to 2010s.

Similarly, atmospheric deposition of Fe likely occurred along
with the Mn because most of the industrial activities that have
decreased over the U.S. over time that release Mn to the air also
release Fe.”* Once again this could contribute to improvement
of groundwater quality with respect to Fe concentrations,
especially if some of the deposited Fe is as mobile small
particles. Decreasing atmospheric input® of Mn and Fe with
the rates of recharge discussed above could explain decreasing
Mn and Fe in groundwater.

Along with Fe and Mn, arsenic has also been released to the
atmosphere through a variety of activities including steel
production and coal burning.” Arsenic release and deposition
may now also be decreasing because of imposition of the Clean
Air Act and its amendments since the 1970s. In addition,
agricultural use of arsenic is declining’” These factors are
potential explanations for the improvement in the arsenic
failure rate in the relatively nonurban Bradford County. In
addition, before the 2000s, the rate of violation of the arsenic
MCL of 0.01 mg/L was 9.5%, a value that is consistent with a
nationwide estimate of a 10% failure rate™ for groundwaters
sampled across the U.S. from 1987 through 1997. It is possible
that today’s failare rate for Bradford (4.4%) documents
Bradford waters have improved relative to this national value.

Pb Concentrations. In contrast to all the other inorganic
analytes that commonly can derive from bedrock, Pb often
enters drinking water from household plumbing. Given that,
the decline in violation rate for Pb is likely to result from the
1991 Federal Lead and Copper Rule that required the use of
lead-free solder and fixtures in home plumbing™* rather than
changes in groundwater chemistry. This observation matches
published conclusions®** that incidence of Pb above 0.015
mg/L declined from 19% in 1989—1991 (over 1600 wells) to
12% in 2006—2007 {701 wells) in data sets from all of PA.
Although waters in the Bradford-2010s data set were mostly
collected by bypassing or sampling upstream of treatment
systems, lead-containing solder and plumbing fixtures can often
be found between the well head and the sampling point. In
addition, some samples may have been taken inside houses (see

DOl 10.1021/acs.est8b01123
Environ, Sci. Techmol. XX30(, X0, X000



Environmental Science & Technology

the SI). Thus, Pb in these groundwaters may be mostly derived
from plumbing and fixtures rather than bedrock

Ba Concentrations. The median of Ba concentrations and
its incidence of failing the EPA standard are similar between
Bradford-1980s and Bradford-2010s, consistent with limited to
no discernible impacts from spillage, leakage, or road spreading
of Ba in groundwater, Ba is one of the main indicator elements
for contamination by oil and gas activity because Ba is
contained in oil and gas brines in PA,"" and Ba is concentrated
in drilling muds. However, brine enters water resources not just
because of gas development but also by natural processes.''
Although brines can contaminate groundwater through blow-
outs, spills, or leaks,'" or when brines from well drilling and gas
production are spread on roads to suppress dust’®’ no
evidence for such contamination was documented in the
groundwater data sets here. Consistent with this, brines used
for road spreading in PA are derived only from conventional oil
and gas wells, and their use in road spreading decreased after
2010.°° In addition, Skalak et al.>” observed no increase in Ba in
sediments near road spreading areas in PA. The majority of
road spreading of brines was also conducted in northwestern
PA and not in Bradford county.”

In contrast to the failure rates for Ba in the two Bradford data
sets, Boyer et al.** reported a much lower Ba failure rate of 1%
for all PA. The lower rate of failure reported in the Rural PA-
2010s study compared to both Bradford studies might be
because brines migrate naturally to shallow formations in
northeastern PA more often than in southwestern PA.'' Such
differences could be becanse northeastern PA is known to be
more naturally fractured as a result of tectonic deformation,
glaciation, and subsequent isostatic rebound than the southern,
unglaciated part of PA’ Thus, the Rural PA-2010 study
included water samples from the relatively unfractured south
where less brine contaminants have been reported. All of these
observations argue against detectable Ba contamination of
groundwater by unconventional gas production in Bradford
since the 2000s.

In contrast to the groundwater data sets, Niu et al’
concluded that the median concentration of Ba in PA streams
slightly increased from 1997 to 2006 to 2007—-2014, and they
could not eliminate contributions from surface spills and leaks
from the shale-gas industry as causing this small change.

Cl, Na, and TDS Concentrations. The concentration of Cl, a
useful indicator for contamination from road salt” and
Appalachian brine,”” is similar between Bradford-1980s and
Bradford-2010s. Like Ba, this is consistent with the conclusion
that the high Cl in Appalachian brines returned during shale-gas
development™” has not impacted groundwaters in Bradford to
a statistically significant extent. Instead, the most likely sources
of the Ba, Na, and Cl in Bradford groundwaters are natural
processes or anthropogenic activities that have been in use prior
to the onset of the shale-gas boom.

Unlike the Bradford-based conclusions, some nationwide
studies show distinctly different trends. The USGS National
Water Quality Assessment (NAWQA) Project™ suggested that
Cl concentrations significantly increased frorm 1988 to 2001 to
2002—-2012 in most principal aquifers within the U.S,, including
the Early Mesozoic basin aquifers located in southern and
eastern PA. Another nationwide surface water study” also
documented increasing trends of Cl concentrations in U.S.
streams and rivers, especially in urban areas. The most likely
reason for the difference between these nationwide studies and
our Bradford conclusions is differences in land cover.

Specifically, only 5.7% of Bradford County is “Developed”
land that is related to human activities, e.g,, urban area, whereas
Pennsylvania and the U.S. overall have 12.7% and 6.9%
“Developed”. Less road salt (quantity and frequency) is used in
more rural areas such as Bradford County.

The median concentration of Na, one of the most
concentrated analytes in Appalachian brine, is similar between
Bradford-1980s and -2010s studies. N2 concentrations {non-
censored only) of Bradford-2010s generally correlate with Cl
concentration with an #* value of 0.69 for the linear regression
between these two analytes. Like CI and Ba, the insignificant
change in Na concentration over time in Bradford is consistent
with little to no impact on groundwater from Appalachian brine
from shale-gas development. Unlike Na and Cl, TDS
concentration has improved over time in terms of both the
median and the rate of failure of the EPA standard. This is
consistent with water quality improvement and also argues
against detectable impact of shale gas production on inorganic
water quality in Bradford groundwater.

Implications. Ouwr analysis of a data set of ~11,000
groundwater analyses from Bradford county PA shows no
statistically significant deleterious impact on ten analytes related
to the aggressive increase in development of unconventional
shale-gas since 2008, In fact, groundwater chemistry shows
evidence of very minor improvement in comparison to a
smaller data set collected prior to 1990. If groundwater is
improving, likely explanations include the imposition of the
Clean Air Act since the 1970s, decreases in coal mining and
steel manufacture in the region, and the trend to transform
power plants from coal to gas.”"

With data mining, however, a few locations of possible
methane contamination were identified in Bradford near gas
wells exploiting both unconventional and conventional
reservoirs. These observations were only possible because of
a large set of water chemistry data that was previously
unavailable to the public. Currently this large dataset does
not include stable carbon isotopic data for methane. Such
isotopic data would likely be helpful in determining the origin
of methane, j.e, biogenic versus thermogenic, in putatively
contaminated areas. Public access to these predrill data
nonetheless allow better understanding of the controls, ie,
natural or anthropogenic, on groundwater chemistry. Improved
public awareness of groundwater quality issues will surely
contribute to designing better strategies for both water resource
management and hydrocarbon exploration.
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Concern persists over the potential for unconventicnal oil and gas
development to contaminate groundwater with methane and
other chemicals. These concerns motivated our 2-year prospective
study of groundwater quality within the Marcellus Shale. We
installed eight multilevel monitoring wells within bedrock aquifers
of a 25-km? area targeted for shale gas development (SGD). Twenty-
four isolated intervals within these wells were sampled monthly
over 2 years and groundwater pressures were recarded before, dur-
ing, and after seven shale gas wells were drilled, hydraulically frac-
tured, and placed into production. Perturbations in groundwater
pressures were detected at hiltop menitoring wells during drilling
of nearby gas wells and during a gas well casing breach. In both
instances, pressure changes were ephemeral {<24 hours) and no
lasting impact on groundwater quality was observed. Overall, meth-
ane concentrations ([CH,]} ranged from detection limit to 7¢ mg/L,
inareased with aguifer depth, and, at several sites, exhibited consid-
erable temporal variability, Methane concentrations in valley mon-
itoring wells located above gas well laterals increased in conjunction
with SGD, but CH, isotopic composition and hydrocarbon composi-
tion (CH,/C;Hg) are inconsistent with Marcellus origins for this gas.
Further, salinity increased concurrently with [CH,l, which rules out
contamination by gas phase migration of fugitive methane from
structurally compromised gas wells. Collectively, our observations
suggest that SGD was an unlikely source of methane in our valley
wells, and that naturally occurring methane in valley settings,
where regional flow systems interact with local flow systems, is
more variable in concentration and composition both temporally
and spatially than previously understood,

methane | groundwater | hydraulic fracturing | shale gas | water quality

irectional drilling and high-volume hydraulic fracturing

(HVHF) have altered the global energy landscape by increas-
ing oil and gas production in North America. As more countries
consider developing their tight oil and gas reserves, they, like the
United States and Canada, are seeking clarification on the risks
this extraction poses to groundwater resources (1). Incidences of
drinking water contamination by methane (CH,) and other con-
taminants emerged as resource development by HVHF spread
from the US gulf coast states into other unconventional oil and gas
(UOG) plays. As of the end of 2017, the Pennsylvania Department
of Environmental Protection (PADEP) had issued 302 letters to
homeowners documenting incidences of presumed groundwater
contamination from oil and gas development (2), and in that time
10,908 unccnventional wells were drilled in Pennsylvania (3).
Disagreement over causes of water-quality impairments has per-
sisted, suggesting that new approaches and observations are
needed to better understand and resolve this contentious issue.
Herein, we report a prospective study that coordinates time series
sampling with the timing of shale gas development (SGD) oper-
ations to elucidate CH, origins and factors affecting its variability
in groundwaters above the Marcellus Shale play.

Sources of aquifer methane are inferred through chemical and
isotopic analysis of samples from drinking water wells (4-7) or
from groundwater gaining streams (8). Research has demonstrated
the natiral occurrence of biogenic and thermogenic methane in

www.pnas.org/cai/dei/10.1073/pnas. 1720898115

aquifers that overlie UOG reservoirs (see ST Appendix for further
details). It has also linked CH, contamination to SGD in a small
number of cases (4, 8-10). Some studies implicating SGD in
groundwater contamination have been challenged with critics
characterizing the lack of predrill (baseline) measurements as a
weakness and suggesting that CH, predated SGD (6, 11, 12). Partly
in response to this debate, expert panels (13) and peer reviewed
publications (4) have recommended prospective studies to assess
the vulnerability of groundwater to HVHF and attendant activities.
Prospective studies involve collection of baseline data and mea-
surement of water quality over time and, especially, throughout key
stages of UOG development (14). The value of prospective studies
lies in their potential to reduce uncertainty in CHy source atiri-
bution, enable resolution of water-quality impacts to individual
stages of SGD, and illuminate interactions between natural and
SGD-related processes that affect [CH,] variability. Recognizing
this value, the US Environmental Protection Agency planned
prospective studies of HVHF effects on freshwater, but were un-
able to identify locations that met their criteria and those of in-
dustry partners (13, 14).

We evaluale temporal and spatial changes in CH, isotopic
composition and concentration in context of complementary hy-
drological and geochemical measurements and SGD operational

.

Significance

This study incorporates time series sampling of groundwater
before, during, and after drilling, hydraulic fracturing, and inti-
ation of shale gas production. Using monitoring wells installed
next to gas well pads and above gas well laterals, previously
undocumented responses to drilling and a gas well casing breach
were observed, although groundwater impacts arising from the
process of hydraulic fracturing were not detected. We discover
considerable temporal variability in methane concentrations in
deeper horizons of freshwater aquifers and attribute this to
persistent shifts in aquifer recharge that influence mixing
between shallow freshwater and comparatively saline and
methane-rich deep groundwater. These results have implica-
tions for attribution of groundwater contamination to specific
stages of shale gas development or natural processes and
improving reguiatory monitoring.
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Fig. 1. Locations of four gas well pads, horizontal gas wells drilled from the
well pads, and groundwater monitoring wells (MWs) A, B, D, F, H, L, O, and
R. Colored rectangles represent well pads, and solid lines emanating from
well pad locations delineate the seven gas wells drilled during the study.
Two gas wells were drilled from well pads 2-4, while one gas well was drilled
from well pad 1. Dashed lines delineate gas wells that were planned by the
operator at the study outset, but have yet to be drilled. The number of
sampling zones at a MW is indicated after the well label. Violin plots show
variability of [CH,) in isolated zones of the MWs located in valleys. Depth to
water table follewing borehole completien is denoted by the blue asterisk,
Blue lines show locations of streams.

events. Through a formal agreement with a natural gas production
company, we were given schedules for well pad construction,
drilling, and HVHEF for a portion of the company’s leased acreage
in Susquehanna County, PA. Based en this information, we sited
eight multilevel groundwater monitoring wells (MWs) within un-
drilled lease units (blocks of leased properties with no existing
shale gas wells). The MWs were configured for groundwater
sampling and pressure measurements within one to four screened
intervals isolated at different depths within zones of bedrock
fracture (SI Appendix, Table §1). We collected groundwater from
the MW5s at 2- to 5-wk intervals over a period of 2 v, during which
time seven horizontal gas wells, each with its own top hole (vertical
section), were drilled from four well pads and completed within
the Marcellus Shale (Fig. 1).

Results and Discussion

Groundwater Flow and CH; Occurrence Next to Well Pads, Monitor-
ing wells B, F, and R were sited on hilltops at the edges of well
pads 1, 3, and 4 to measure near-ficld hydrological and water-
quality responses to top-hole drilling, lateral (horizontal) drilling,
and HVHF of five gas wells that have now been in production for
more than 1y (Fig. 1 and 57 4ppendix, Table $2). (We were un-
able to secure landowner permission requisite for siting a MW on
the edge of well pad 2, from which the remaining two gas wells in
our study area were drilled.) The five top holes at well pads 1, 3,
and 4 were drilled <100 m from MWs B, F, and R with an air-
hammer bit, which relies on compressed air for cooling and lifting
cuttings from the borehole. Within hours of the start of drilling,
MW pressures dropped abruptly, then increased just as rapidly
befare falling back to predrill levels (Fig. 2 and ST Appendix, Fig,
$1). Momentary release of groundwater from aquifer storage into
the borehole followed by an immediate charging of the formation
with air as the diill bit advanced may account for trough—peak
pattern of the pressure response. This MW pressure cycle was
consistently observed with a period of approximately 1 d, longer

20f6 www.pnas.org/cgifdoi/10.1073/pnas. 1720898115

than the 6-10 h required to drill the borehole for the 200-m deep
surface casings. The total change in pressure over a cycle (20-100 kPa)
was comparable to the intra-annual variability in fluid pressures
observed at the MWs (Fig. 2 and ST Appendix, Fig. 51), but
orders of magnitude lower than air pressures exerted during top-
hole drilling (2,400 kPa, based on operator drilling reports), in-
dicating that the pressure surges dissipated sharply with distance
from the gas well. Field-based observations and model results
suggest that compressed air from drilling can penetrate hundreds
of meters into fractured aquifers and create pressure gradients that
extend over similar distances (15). While the pressure pulse
propagates rapidly through the aquifer, the movement of ground-
water and dissolved constituents is much slower and persists only as
long as the pressure gradient is maintained. Published simulations
show that groundwater surges caused by top-hole drilting could
drive the transport of predrill, dissolved CH,, initially present
within 2 m of the borchole location, a distance of 11 m over a
period of 1 d (16). Drilling-boosted transport of any dissolved CHy
and other aqueous phase constituents may have been comparable
at our sites, where drilling pressures were twofold lower and sus-
tained half as long, and the hydraulic conductivities of the fractured
bedrock at hilltop sites (K, ST Appendix, Table S1} wefe of the same
order of magnitude as the model simulated K (10~° ms™7). Pres-
sure waves could propagate farther from the borehole at sites with
more permeable aquifers or if drilling pressures were greater or
sustained longer, possibly leading to farther afield changes in water
quality, such as ephemeral increases in turbidity reported by
homeowners living near newly drilled gas wells (2).

Methane concentrations in samples (z = 173) collected from
seven ports of the three hilltop MWs averaged <0.05 mg/L at all
ports and did not exceed 0.12 mg/L (Fig. 3 and S/ Appendix, Fig.
52). In MWs B and R, [CH,] generally increased with depth. The
jumps in [CH,) observed during the initial 6 mo of sampling at
MW R, and the jump in June 2015 in the deep port at MW B,
could have been induced by top-hole drilling either as pressure
perturbations redistributed groundwater with low levels of dis-
solved CH, or as air migrating from the drilling location entrained
preexisting pockets of gas-phase CH,. The time for entrained gas-
phase CH, to migrate, pore spaces to resaturate, and CH, to
dissolve into aqueous phase may account for the Iags between top-
hole drilling and the small CH, peaks at MWs B and R (17).

Temporal trends in [CH,] were most evident at MW F, where
[CH,4] rose from 5 x 10~ mg/L. 2 mo after HVHF of the adjacent
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Flg. 2. Measurements of groundwater pressure at the deep port (B1) and
mere shallow port (B2} of MW B. See 5/ Appendix, Table §1 for port eleva-
tions. The /nset magnifies the pressure responses at site B in April 2015,
when two gas wells were drilled 1 wk apart, A 9.81-kPa change in ground-
water pressure corresponds to a 1-m change in hydraulic head.,
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Fig. 3. Time series observations of [CH,] {black line) and §'C-CH, (blue line)
at the single sampling port of MW F and at the shallow (B2) and deep (B1)
ports of MW B. The dashed red, black, and green lines, respectively, designate
the times of top-hole drilling, horizontal drilling, and HVHF of the gas well, or
the gas well drilled first, on the adjacent well pad. The dashed yellow line
designates the start of production (8/ Appendix, Table 52). For MW B the
timing of the rupture in the production and intermediate casings is shown in
orange. Methane concentrations >0.01 mg/L were analyzed for &'>C-CH,.
Samples of interest with lower [CH,] samples were also analyzed for 5'%C-CHa,
but results could not always be obtained for these lower concentrations.

gas well to an asymptotic level of 2 x 10~ mg/L 1 y later (Fig. 3).
Samples collected before drilling of the gas well lateral could not
contain Marcellus gas, so §°C-CH, oscillations during this period
{—29 to —52%o) likely reflect dynamical mixing between pools of
biogenic gas, depleted in **C, and upper-Devonian thermogenic
gas (8"°C-CH, = —50 to —38%s), further enriched in *C through
anaerobic oxidation (Fig. 3). The decline in 5'*C-CH, that oc-
curred as [CH,] increased after HVHF appears to exclude com-
promised well integrity as a source of CH,. Instead, it reflects an
increasing influx of biogenic CHy. As [CH,] neared its maximurm,
8"*C-CHy fell to —105%o, an extreme level of isotopic depletion
cutside the range typically observed for biogenic CH, in ground-
water (—80 to —60%.) (4, 18)f but within the range of biogenic
CH, (19). The variability in §*C-CH, at MW F, observed both
before and after HVHF, likely stems from low [CHy] that renders
the mixing ratio between CH, end members sensitive to small
changes in the mass of one of the end members.

On January 13, 2016, bubbles were detected on the outside of
the production and intermediate casing of a gas well on pad 3 (Fig.
1), 64 m from MW B. Both the production casing and intermediate
casing developed small ruptures (~10 cm?) at a depth of 20 m,
which were likely caused by a flow control device that was being
trialed on a small number of gas wells. Gas pressures in the open
annulus between the ruptured production and intermediate casings
rose enough (9,000 kPa} to displace the annular water, thereby
removing a barrier to gas flow from the base of the intermediate
casing (depth = 490 m) (20). Gas escape from the base of the
surface casing (depth = 184 m) was also possible, but would have
been impeded by 164 m of cement beneath the rupture that filled
the annulus between the intermediate and surface casings. A ce-
ment plug was set at 1,740 m 4 d after the rupture occurred to seal
off the well until repairs were completed in March 2016, where-
upon the well was returned to production.

Groundwater pressures surged slightly (10 kPa) on the day of
the rupture (Fig. 2), signaling transmission of a pressure anomaly
away from the gas well and possible entry of gas into the
groundwater system at depth. Methane concentrations in MW B
exhibited small fluctuations (<0.01 mg/L) within 2 wk of the
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pressure surge (Fig. 3). Following a brief period of stability,
[CH,] increased again, most appreciably at the deepest sampling
port, Bl, where concentrations peaked at 0.12 mg/l. 7 mo after
the casing rupture. Postrupture §*C-CH, sometimes exceeded
§PC-CH, of Marcellus gas from the compromised gas well
(—32%0)} and varied proportionally with [CH,] during the second
haif of 2016, when [CH,] was most elevated (Fig. 3). Sporadic
peaks in [CH,] also occurred at MW R (87 Appendix, Fig. 52),
another hilltop well, but, in contrast to MW B, §'*C-CH, was
uncorrelated with concentration and never exceeded —42%eo.
Moreover, ethane (C;Hg) was not detected in MW R samples,
but was detected in an August 2016 sample from MW B. The
methane-to-ethane ratio (C/C; in mol/mol) equaled 213, the
lowest value recorded at a hilliop well, but greater than that of
Marcellus gas (C,/C; = 53).

The postrupture correlation between 8'*C-CH, and [CH,] and
the intermittent occurrence of C;Hg is consistent with migration of
Marcellus gas into the shallow aquifer. Oxidation reactions that
enriched CH, in *C and preferentially degraded C,H, during
migration (21) could account for higher 8'°C-CH, and Cy/C; in
the groundwater samples relative to the Marcellus gas. Hydraulic
heads decreased with depth at MW B (Fig. 2), indicating a
downward component of groundwater flow, and inorganic chem-
istry was steady. Methane, then, likely migrated in the gas phase
{18), dissolving into groundwater as it moved upward from the
base of gas well surface or intermediate casing. Even at their peak,
[CH,] at MW B was 65 times lower than the 7 mg/L action level
set for homeowner wells by the Pennsylvania Qil and Gas Act
(22). A signal attributable to the well casing rupture could not be
detected at MW D, H, or L, three groundwater springs, ranging
from 536 m to 826 m from the gas well pad, or a stream located
within 1.3 km of the compromised well.

Methane Variability in Valleys Above Gas Well Laterals. Monitoring
wells A, D, H, L, and O were installed in valleys, near streams
and above five gas well laterals that were completed during the
study (Fig. 1). {The offsets of MWs H and O from the underlying
laterals reflect landowner-imposed constraints on MW siting.)
Methane concentrations in 369 samples collected from the 15 ports
of these multileve] wells spanned from <0.01 mg/L to 70 mg/L (Fig.
4 and ST Appendix, Fig. S3). Median [CH,] exceeded 20 mg/L at
three sites (A, H, and L} and tended to increase with depth at a site,
differing by as much as 25 mg/L between shallowest and deepest
ports, Within-port trends in [CH,] were apparent. At MW O, [CH,)
trended downward from 6 to 2 mg/L at the deepest port as [CHy)
climbed to 3 mg/L before falling to less than 0.1 mg/L at ports 2 and
3 (SI Appendix, Fig. §3). Methane levels increased asymptotically
and approximately concurrently at MWs A, L, and H. In the
deepest ports, where [CH,] increases were greatest, concentrations
stabilized at 15, 13, and 44 mg/L above predrill averages at A1, L1,
and H1, respectively (Fig. 4). Although [CIL] at these sites began
rising before top-hole drilling, most of the overall increase at these
three ports occurred after SGD was initiated (Fig. 4). If the postdrill
increases in [CH,] observed in MWs A, H, and L were to occur in
water supply wells within 762 m (2,500 ft) of an active UOG well
(our MWs lie beyond this threshold) (ST Appendix, Table $3), then,
according to the PA Qil and Gas Act, the gas well operator would
be presumed responsible for pollution of the water supply (22),
regardless of the origins of the gas.

As [CH,] at Al increased from 4 to 25 mg/L, 6*C-CH, and
Cy/C; remained stable, averaging —69.1 + 1.9%ec (mean + SD)
and 3,838 + 426, respectively (Fig. 5). Dissolved gas at Al was
isotopically much lighter and drier than Marcellus and upper
Devonian (UD) thermogenic gas (23), and, according to its §7°C-
CH, and C,/C;, was largely methanogenic in origin (24, 25).
Moreover, 5*C-DIC increased with [CH,4] from —13 to —1%s,
while SO, concentrations trended downward, signaling a shift
from waters influenced by sulfate reduction toward waters
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Flg. 4. Methane concentrations ([CH,]) at valley monitoring wells A, L, and
H. Each solid line represents [CH,;] measured in water samples collected from
a particular port, numbered from deepest (e.g., A1) to shallowest {(e.g., A4).
The dashed red, black, and green lines, respectively, designate the times of
top-hele drilling, horizontal drilling, and HVHF of the nearest underlying gas
well lateral, while the dashed yellow line designates the start of production.

increasingly influenced by microbial methanogenesis (57 Helix,
Fig. §4) (19). The concomitant increase in [CH,] and 8“CDIC,
together with steady 81%C-CH, and C,/C;, is consistent with
a change in mixing ratios of end members comprising the Al
groundwater. The simplest conceptualization that accounts for this
collective behavior involves mixing of CH,-free water that is depleted
in ¥C.DIC with increasing amounts of groundwater that is enriched
in ®C-DIC and in CH, of predominantly methanogenic origin.
Whereas CH,4 occurrence was restricted to the deepest sampling
zone at site A, [CH,] averaged >5 mg/L in the three deepest ports
at site L (Fig. 4). Measurements of 8"*C-CH,, at L1 averaged
—55.1%¢c and were nearly steady, declining from predrill levels by
5%0 as the nearest gas well was drilled and as [CH,] rose and
plateaued above 20 mg/L. Depth variations in §*C-CH,, exceeded
temporal variations at this site, with 8°°C-CH, at 1.2 averaging
—68.5 + 3.3%p, or 14%o lower than in the surrounding L1 and L3
ports (ST Appendix, Fig, §5). Measurements of C,/C, were stable at
L1 (4,015 + 154} and exhibited comparably low variability at 1.2
(3,841 + 190) and L3 (7,419 + 330) (ST Appendix, Fig. S5). The §"*C
of C;Hg in L1-L3 samples ranged from —4$ to —29%0 (ST Appendix,
Table $4), which lies above the range for bacteriogenic CH, (26)
and within the thermogenic field (27, 28). Mixing of thermogenic
and biogenic gases can account for the isotopic signatures of
CH, and C,H;; at MW L; howevet, it is unlikely that [CHy] increases
at L1-L3 stemmed from introduction of Marcellus gas from
SGD. Values of 6°*C-CH, trended downward, further away from
the 8°C of Marcellus CH,, and the Cy/C; was too large to be attrib-
utable to mixing with more than very small amounts of Marcellus gas.
Methane levels were high at site H, paralleling the temporal
increase observed at Al and plateauing at 70 and 45 mg/LL at H1
and H2, respectively (Fig. 4). Unlike Al, where §"*C-CH, was
stable and typical of biogenic gas (69.1 + 1.9%¢), §C-CH, at site
H trended upwards, leveling off at 9%e higher than the predrill
measurements at H1 (—55%0) and H2 (—58%0) (Fig. 5 and S7
A1ppendix, Fig. S6). Oxidation of CH, was not responsible for this
3C enrichment because it would also lower §8°C-DIC and [CH,],
which is counter to our observations (57 Appendix, Fig. 57). In-
troduction of Marcellus gas would cause 8"*C-CH, to increase, but
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is similarly improbable because the corresponding reduction in Cy/
C, was far too small ($7 Appendix, Fig. $8) and an isotopic reversal
(ie., 6*C-CH, > 8"*C-CHg), which is indicative of Marcellus gas,
did not occur at either H1 or H2.

The absence of a Marcellus gas signature at MW H, as well as
at MWs A and L, does not exclude the possibility that SGD
contributed in some way to the postdrill [CH,] increases at these
valley sites. Compromised gas well integrity, stemmming from casing
failure or faulty cement seals, may lead to a loss of zonal isolation,
enabling vertical pressure gradients to drive CH, that enters the
well annulus upward into freshwater aquifers (20, 29). In our study
region (northeast Pennsylvania), where well integrity loss has been
documented with relatively high frequency, CHs-charged units of
UD age that lie above the Marcellus Shale are possible sources of
this stray gas (29-31). Excessive casing-annulus pressures have
been linked to incidences of well integrity loss and stray gas mi-
gration (20, 29). For example, annular gas pressures in four gas
wells in Bradford County, PA climbed to 3,300-6,500 kPa, leading
to CH,4 migration to nearby drinking water wells (10). Mea-
surements of annular pressures on the seven gas wells completed
in our study area were made at least once a month, except during a
2-mo period at a well on pad 3 that was temporarily plugged for
repairs, as described above. The gauge pressures averaged 27 kPa
{4 psig) at one gas well and less than 0.7 kPa (0.1 psig) at the other
six wells (ST Appendix, Fig. S9). These low annular pressures are
indicative of gas wells that have thus far maintained their structural
integrity. They are more than 50-fold smaller than critical pressures
theorized to induce stray gas migration (20} and thresholds that
would trigger a regulatory response (22).

If not gas well integrity, the process of HVHF itself could have
indirectly affected [CH,] in the valley MWs. The fastest change
in [CHy) at site H began after HVHF of the underlying gas well
lateral, possibly reflecting a piston-type effect whereby propaga-
tion of excess fluid pressure drove UD (not Marcellus) gas toward
the surface. Published calculations, although untested against ac-
tual measurements, suggest HVHF-induced pressure perturba-
tions should be localized, dissipating in tens of meters of within
low permeability siltstones and shales (K = 107* - 107® ms™)
(32) above the Marcellus (33). Although not known to exist,
natural fractures connecting the Marcellus to shallow aquifers
could transmit pressures faster and with less dissipation; however,
model predictions indicate that pressures would decline rapidly as
the gas well was placed into production, leading to an ephemeral
increase in [CH,] (34), in contrast to the persistent increase
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Fig. 5. Time series measurements of §CCH,, C4/C, and salinity {as sum of the
base cations (SBC): Ca, Mg, Na, K]. See Fig. 3 caption for description of vertical
dashed lines. The sum of base cations constituted >99% of positive charge in
groundwater samples. meqg, milliequivalent; VPDB, Vienna Pee Dee belemnite.
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observed at sites A, H, and L. Groundwater pressures at site H, as
well as the other valley sites, exhibited weak seasonal variation,
showing no perturbations consistent with transmission of pressures
away from the HVHF zone (57 Appendix, Fig. S10). It is possible
that our monitoring network was too sparse to detect propagation
of HVHF pressure waves into the shallow aquifer. Nevertheless,
this mechanism of UD gas mobilization is not supported by our
available observations or peer-reviewed model results.

Sources of Elevated Methane in Valley Wells. Based on the available
chemical, isotopic, and hydrologic evidence, together with knowl-
edge of gas well conditions, it appears improbable that changes in
valley [CH.] arise from gas well drilling, loss of integrity, or HVHF.
Other anthropogenic activities that may contribute CH, to ground-
water, such as coal mining or conventional oil and gas extraction,
have not occurred in our study area. Therefore, natural processes
likely account for the variability in [CH,).

At H1 and H2, as well as the next three lowest elevation ports
{Al, L1-L3), where [CH,] exhibited the stecpest increases from
baseline levels, [CH.,] rose proportionately with salinity (Fig 5
and S7 Appendix, Figs. $5 and $6). This temporal covariation is
inconsistent with gas-phase migration of CHy caused by gas well
leakage, drilling, or HVHTF, but it does suggest increases in CH,
and salinity may be traceable to the same source. Surface re-
leases, such as spills of flowback or produced waters (35), were
unlikely sources because salinity changes were more pronounced
in deeper sampling ports and concurrent across different sites.
Measurements of §°H-H,0, §°0-H;0, *H, SF, and chloro-
fluorecarbons suggest these groundwaters are composed largely
of meteoric water recharged after 1950. Nevertheless, Cl/Br mass
ratios and linear relationships between concentrations of Cl and
conservative cations (Na, Li) suggest that groundwater from
lower ports of valley MWs is influenced by inputs of deep basin
brines (ST Appendix, Figs. S11 and S12) (36, 37).

Others have observed higher salinities and elevated [CH,4) of
mixed biogenic/thermogenic origin beneath lowlands of this area
(23, 38) and elsewhere (28), leading to the interpretation that
valley wells draw groundwater from a transitional zone (39). This
Zone separaies shallow, dilute groundwater of local flow systems
from highly saline groundwater that flows sluggishly through
deeper formations of UD age. Methane in shallow groundwater
is either absent or mainly biogenic, tending to increase in con-
centration closer to the transition zone once oxygen and other
electron acceptors are consumed along flow paths. Gas beneath
the transition zone is thermogenic, composed of gas generated in
place and gas partially stripped of longer chained hydrocarbons
(c.g., C;Hg) by solubility and diffusive fractionation (18, 40, 41)
during slow migration from even deeper formations (e.g., Mar-
cellus). Shallow and deep groundwaters comingle within the
transition zone. Here macrodispersive processes smear zonal in-
terfaces and incompletely mix methanogenic and postgenetically
altered thermogenic gas. In our study area, this vertical mixing
may be enhanced by valley stress relief fractures and possibly faults
(42), as well as by bedding planes that dip gently to the south and
east (36), approximately parallel to the regional hydraulic gradi-
ent. According to this conceptualization, our hilltop MWs draw
shallow groundwater from above the transition zone. In the low-
lands, however, the transition zone lies closer to the surface, where
it is penetrated by the deeper ports of our valley MWs.

The covarying [CH,] and salinity in our valley MWs may re-
flect changes in the relative contributions of shallow and deep
groundwaters to the transition zone, Measurements of *Sr/*6st
and [Sr]/|[Ca], which have been used to identify diluted Marcellus
brines (36, 43), show little variation between pre- and post-HVHF
groundwater (ST Appendix, Fig. $13); thus, the increases in salinity
and [CH,] cannot be attributed to migration of HVHF fluids from
the Marcellus Formation. Fluctuations in [CH,] measured pre-
viously in open-hole, drinking water wells have been linked to
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seasonal water table variations that change the proportions of
shallow and deep groundwater entering the wells {44). Hydraulic
heads (H) at our sites were uncorrelated with the monotonically
increasing [CHy4]. Moreover, temporal variations in H were par-
ticutarly small in the valley wells (SD < 0.5 m), signifying nearly
steady flow typical of regional flow regimes (SI Appendix, Fig.
§10). These observations demonstrate that variability in [CH,] at
depth can be uncoupled from contemporaneous fluctuations in H
and saturated thickness. We hypothesize that the observed salinity
and [CH,] trends are a response to persistent shifts in aquifer
recharge predating this study that altered mixing ratios and led to
spatial gradients in [CH,] and salinity along transition zone flow
paths. The timing of [CH,] increases was similar at four sites (A,
D, H, and L), each in different headwater catchments, which
suggests a larger scale-forcing mechanism consistent with meteo-
rologically driven shifts in aquifer recharge.

Conclusions

During this ~2 y study, SGID had perceptible effects on groundwater
flow and [CH,], although, based on observations taken from eight
multilevel MWs and nearby springs, they appeared to be ephemeral,
restricted to the proximity of the well pad, and too small to con-
stitute a water-quality concern. The effects did not stem from
HVHF or management of fluids associated with this process, but
from top-hole drilling and a casing rupture caused by flow control
that was being trialed. Hydrologic measurements pinpointed the
timing of the casing rupture and revealed drilling-induced pertur-
bations capable of remobilizing CH,, which underscores the value of
near-field hydrologic monitoring in aquifer protection during SGD.

High [CH,] are known to occur beneath valleys of the Appa-
lachian Basin. We find that [CH4] in these settings can exhibit
considerable temporal variability that is likely unrelated to SGD,
particularly at depths where drinking water is commonly withdrawn
and where biogenic and thermogenic CH, from shaflow and re-
gional flow systems mix That [CH,)] unsteadiness can reflect SGD
or can occur naturally complicates contaminant source attribution
and suggests that regulatory monitering programs may need to
collect samples with higher frequency in locations with significant
[CH,). In our case, reliable conclusions on CH,4 source attribution
could not be made solely on the basis of [CH.] changes relative to
the timing of SGD operations, but required consideration of pre-
and postdrill observations of hydrocarbon composition of dissolved
gases from discrete-depth sampling, as well as hydrologic obser-
vations and access to indicators of gas well integrity.

The prospective study design, as implemented here, provides
insight into the effects of SGD and natural processes on the
temporal dynamics of water quality that is not otherwise possible,
but it is not without limitations. One limitation of the prospective
approach is that the comparatively high costs of MW installation
and time series sampling place constraints on the number of gas
wells that can be monitored. Consequently, prospective studies
are not suitable for assessing regionwide rates of SGD-related
water-quality impairment, which recent analyses of large publicly
available datasets suggest are low (45). Another issue is that a
cooperating oil and gas producer could introduce bias into a pro-
spective study by deciding to exercise extraordinary precautions
in the monitored portion of its operations. This did not appear to
be the case in our experience, and the cooperating producer
placed no restrictions on our selections of MW locations.

Prospective studies are a necessary complement to houschold
water-quality studies (4, 7, 28, 46), as well as data-mining and
geological approaches that identify areas where CH, migration
may be of particular concern (42, 45). Future prospective studies
should evaluate aquifer responses to drilling, which in this study
were small but unambiguous, across different geologic terrains
and under different UOG drilling methods. When considered
collectively, prospective studies could help in assessment of the
efficacy of state-dependent regulations for UOG well construction
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in reducing the likelihood of leaking wells and stray gas migration.
To maximize the benefits of their insights, prospective studies should
be conducted in conjunciion with larger scale studies of drinking
water quality at the outset of the development of a UOG play,

Methods

A formal agreement with Southwestern Energy, a natural gas production
company, provided authors with prior knowledge of locations of well pads
and laterals and timing of development activities. According to the agree-
ment, all data collected by the authors would be owned, analyzed, and
interpreted by authors with no restrictions on publication of the findings.
MWs were located in topographic highs (three wells) adjacent to shale gas
well pads, and topographic lows (five wells) down gradient from well pads
and above laterals. The MWs were drilled through bedrock to depths of 90~
120 m, and borehole geophysical and straddle-packer measurements were
used to identify one to four fracture zones in each borehole that were
isclated by permanent packers and equipped with dedicated pressure
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