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ABSTRACT: Eleven thousand groundwater samples collected
in the 2010s in an area of Marcellus shale-gas development are
analyzed to assess spatial and temporal patterns of water
quality. Using a new data mining technique, we confirm
previous observations that methane concentrations in ground-
water tend to be naturally elevated in valleys and near faults,
but we also show that methane is also more concentrated near
an anticline. Data mining also highlights waters with elevated
methane that are not otherwise explained 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 in this 3,000 km2 rural region, concentrations are
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 in groundwater in more developed areas of the
U.S.

■ 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.1 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.2−8 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.9−16 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.17 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

able to handle such distributions, we need new tools of
statistical data analysis that also take into account spatial
autocorrelation.18

Oil and gas companies collect groundwater samples (so-
called “pre-drill” samples) in the vicinity of proposed oil/gas
wells before drilling.19 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.11

Many studies of groundwater quality have nonetheless been
conducted that have focused on methane,2,8,20,21 the most
common contaminant related to oil and gas activity as reported
by the PA DEP.11 However, due to the vastly different volumes
of data (∼100 to ∼10,000 sites) used in these studies,
researchers have reached different conclusions.9,10 For example,
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methane concentrations correlated with proximity to shale-gas
wells for a small data set collected by one research team8 but
did not correlate in an analysis of >11,000 water samples from
an industry-controlled data set that was not released in
entirety.15 In contrast to those studies, Li et al.9,10 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.11 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.11

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 arsenic
(As), an element that has well-known adverse impacts on
human health.22 Elevated levels of other heavy metals have also
been found in groundwater overlying shale energy extraction.3,4

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 counties23 (Figure 1a; Figure S1). Development of
the Marcellus unconventional gas reservoir started in Bradford
County in 2005, with a marked increase after 2008. From 2005

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.9,10 (compare to their Figure 1). Analyses are not
available for some parts 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 unconventional 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.7,32−34 Bedrock formations are also indicated in the study area based on Berg et al.32
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to 2016 in the county, 40 out of the 53 positive-determination
letters issued by the PA DEP (where oil and gas development
activity was presumed responsible) reported elevated methane
concentrations, and 21 reported Fe and Mn contamination.
Only by using such large data sets and novel data mining

techniques can we simultaneously explore large areas while
looking for rare incidents. Such techniques thus hold the
promise of helping stakeholders understand the frequency of
problems as well as which areas are more prone to problems
and why, but the real test demanded by the public is to
determine if water quality is deteriorating with time. We
therefore also compare data sets to understand water quality
before and after onset of shale-gas drilling in Bradford.

■ MATERIALS AND METHODS

PA DEP shared three batches of “pre-drill” water chemistry
data with us, referred to here as BO, BN, and CHK. The
original data set (BO, 1690 data values) was analyzed by Li et
al.9,10 These data sets were digitized, cleaned, and merged for
quality assurance (QA) (SI). The data set that merged all 3
subsets (hereafter noted as “Bradford-2010s study”) contains
11,156 groundwater samples − 10,213 water samples from
water wells and 943 from springs (Figure 1a). For water wells,
6,123 well depths are reported that range from 1 to 488 m with
an average depth of 54 m, while the elevations of all sampling

sites vary from 198 to 721 masl (meters above sea level). Since
most groundwater samples are collected from shallow water
wells, the observed spatial and temporal trends we discuss for
groundwater quality in this paper are mostly indicative of
shallow groundwaters that migrate to domestic water wells (see
Figure 1b and the SI for geological and hydrogeological settings
in the region). To analyze the data, distances were calculated
between sampling sites and features such as oil and gas wells,
geologic faults, the cores of anticlines, and streams (see the SI).
We use a “sliding window” data mining technique (source

code released to GitHub (https://git.io/vNdsd)). The sliding
window technique was used to explore the correlation between
methane concentrations in water and the distance to factors of
interest (e.g., distance between water well and nearest shale-gas
well) across a large region. More details on the sliding window
technique are provided in the Discussion section.

■ RESULTS

Forty-five of the analytes with at least 100 measurements were
grouped into four categories (Table S1): (1) major inorganic
(median ≥1 mg/L); (2) trace inorganic (median <1 mg/L);
(3) organic; and (4) other. Selected analytes of each category
are discussed below. Of these, 11 analytes (Cl, Na, SO4, TDS,
Mn, Fe, As, Ba, Pb, CH4, and pH) were further interpreted
because of their higher prevalence of reporting and rate of

Figure 2. Cumulative probability diagram for (A) CH4, Cl, SO4, 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 a value of unity,
concentration is equal to regulatory standard. Analyses reported to be below the reporting limit (RL) are plotted at the RL (i.e., vertical sections of
the curves). Different RLs are established by the various analytical laboratories, explaining data plotting below the predominant 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.e., 0.001, 0.005, and 0.026 mg/L. Regulatory thresholds (* denotes SMCL) for the analytes (in mg/L) are
CH4 (10), Cl (250*), SO4 (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 CH4 which is from US Department of Interior. TDS is rarely below the
RL. RLs for Cl, SO4, 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.
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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 study24 (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 (103/108) in the 1980s (Figure S1). In
addition, Boyer et al.25 (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 from
the two hotspots of shale-gas drilling, i.e., 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
comparisons for selected analytes. The first comparison focuses
on mostly the same region 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 (i.e., 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
(i.e., Pittsburgh), has more roads, and is the center of much of
the PA coal mining industry.26

For these temporal comparisons, the means for metals,
arsenic, sulfate, or chloride are not compared because 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.27

Instead, we use Kruskal−Wallis rank sum tests (K−W tests) to
compare medians for Bradford-1980s and 2010s. A t-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-HCO3 waters.
These were previously identified in PA as deep saline water and
shallow modern waters, respectively.20,24

Using ternary diagrams (Figure S2) and Br/Cl ratios,20 water
types can be further classified. (All concentrations and ratios are
on a mg/L basis.) Waters in so-called types A and B (n = 8148)
correspond to low salinity water (Cl < 20 mg/L) and are
dominated by Ca-HCO3 or Na-HCO3, 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: Br/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.28

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 vs 7.38 mg/L; p = 0.1370),
while the median of the Rural PA-2010s data is lower, 5.9 mg/L
(Table S1 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.
USEPA29 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
though this rural PA data set includes waters from the coal-
mining area where acid mine drainage is a significant
problem.26

Trace Inorganic Analytes. Over 10,000 concentrations are
reported 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 failed 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 S3). In comparison, for the Rural PA-2010s
data, the median is 0.05 mg/L and a 20% failing rate.
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The median values of As for Bradford-1980s and Bradford-
2010s are 0.01 and 0.005 mg/L, respectively (Tables S1 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 failure rate (4.4%) in Bradford-2010s or the value
(4%) for 2010/2011 reported in the rural PA data set by Boyer
et al.25 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,25 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
S2). 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 S1), 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 S1). Except for pH,
other analytes are not included in EPA drinking water standards

or are not reported 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).

■ DISCUSSION
Natural and Anthropogenic Factors Affect Methane

Concentration. Li et al.9,10 developed a new data mining tool,
the sliding window technique, to avoid 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 technique9,10 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 × 5 km window that is
moved across the region of interest. For all water analyses in
the window, Kendall rank30 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 −1 (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

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 S5a. A black circle represents a sampling area
previously identified as being the location of elevated methane correlated with valley bottoms (see the SI).2,21 A red circle represents the sampling
area where a known gas migration incident occurred.7 From north to south, the faults are the Bridge Street, Towanda, and three unnamed
faults.7,32−34
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detection limits. In addition, the output heat map for the sliding
window technique is more visually intuitive.
Faults and Anticlines. Li et al.9,10 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.7 (red circle in Figure 3 highlights the study area in
Llewellyn et al.). Several authors have pointed out that in the
Appalachian plateau 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.7,31

Both biogenic gas from shallow depths can migrate as well as
thermogenic methane from greater depths such as the

Marcellus Formation or from other gas-rich 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 fault 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 fault +
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.32 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.

Figure 4. Conceptual diagram of subsurface migration of methane and groundwater along anticlines and faults (modified after Darrah et al.21 and
Gross and Cravotta38). (A) Generalized cross-section of anticline and fault in Bradford County and (B) detailed 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 to 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 (Ca2+, Mg2+,
HCO3

−, SO4
2−) or intermediate level (Na+, HCO3

−, SO4
2−). 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+, Cl− (+Br−).
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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,7,32−34

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 into
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.20,21 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.20,21,35 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 faults 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.9,10

They associated the hotspot with three shale-gas wells that
could potentially be leaking (015-20116, 015-21353, 015-
20612, see Table S3) 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.7

A new finding from the larger data set is another red hotspot
(blue circle in Figure S5a; 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.9,10 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.36 Methane may emit from old wells that were not
completed to modern standards.37

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 S4) 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,7 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, SO4, TDS, Mn, Fe, As,
Ba, CH4, 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-
ity38,39 (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 conclusion that unconventional gas production has not
worsened groundwater quality for Mn, Fe, As, Pb, Ba, Na, Cl,
TDS, SO4, and pH. In fact, for those analytes, groundwater
concentrations in Bradford County are constant or have
improved (i.e., 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.40,41 In particular, Ayotte et al.40 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
variability 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 compare medians of As, Fe, and Mn of
samples collected in the second half year only (i.e., 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.24 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
reporting limits 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 earlier samples from Bradford-1980s were filtered
(0.45 μm) 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 Sulfate. 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).26,42−45 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.44 pointed out that SO2 emission has
declined by over 60% in the eastern U.S. since the late 1990s.
Consistent with this, Niu et al.26 and Raymond and Oh46

documented that sulfate concentrations in streams in PA
steadily decreased from 1965 to 2015. Those researchers
attributed the decrease largely to the decline of coal production
in PA. In addition, Kaushal et al.45 observed increasing values of
pH in streams and rivers across North America from the 1950s
to 2010s. Likewise, Strock et al.43 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,

Yager47 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 0.2 to 4 m/day for a typical porosity for Devonian
formations in PA (15%)48 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 2000.49 This Mn has
been flushing out of soils and into rivers especially since the
1970s.49 Some of this soil Mn is likely to have entered
groundwater since Mn is relatively mobile,49−51 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.52 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 input49 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.53 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.22 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 rate22 for groundwaters
sampled across the U.S. from 1987 through 1997. It is possible
that today’s failure 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 plumbing54 rather than
changes in groundwater chemistry. This observation matches
published conclusions54,55 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
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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,11 and Ba is concentrated
in drilling muds. However, brine enters water resources not just
because of gas development but also by natural processes.11

Although brines can contaminate groundwater through blow-
outs, spills, or leaks,11 or when brines from well drilling and gas
production are spread on roads to suppress dust,56,57 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
2010.56 In addition, Skalak et al.57 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.58

In contrast to the failure rates for Ba in the two Bradford data
sets, Boyer et al.25 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.11 Such
differences could be because 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.7 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.26

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 salt59 and
Appalachian brine,20 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
development2,20 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) Project60 suggested that
Cl concentrations significantly increased from 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 study42 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. Na concentrations (non-
censored only) of Bradford-2010s generally correlate with Cl
concentration with an r2 value of 0.69 for the linear regression
between these two analytes. Like Cl 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. Our 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.61

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, i.e., biogenic versus thermogenic, in putatively
contaminated areas. Public access to these predrill data
nonetheless allow better understanding of the controls, i.e.,
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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