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Horizontal drilling and hydraulic fracturing are transforming energy
production, but their potential environmental effects remain contro-
versial.We analyzed141drinkingwaterwells across theAppalachian
Plateaus physiographic province of northeastern Pennsylvania, ex-
amining natural gas concentrations and isotopic signatures with
proximity to shale gas wells. Methane was detected in 82% of
drinking water samples, with average concentrations six times
higher for homes <1 km from natural gas wells (P = 0.0006). Eth-
ane was 23 times higher in homes <1 km from gas wells (P =
0.0013); propane was detected in 10 water wells, all within ap-
proximately 1 km distance (P = 0.01). Of three factors previously
proposed to in!uence gas concentrations in shallow groundwater
(distances to gas wells, valley bottoms, and the Appalachian Struc-
tural Front, a proxy for tectonic deformation), distance to gaswells
was highly signi"cant for methane concentrations (P = 0.007; mul-
tiple regression), whereas distances to valley bottoms and the
Appalachian Structural Front were not signi"cant (P = 0.27 and
P = 0.11, respectively). Distance to gas wells was also the most
signi"cant factor for Pearson and Spearman correlation analyses
(P< 0.01). For ethane concentrations, distance to gas wells was the
only statistically signi"cant factor (P < 0.005). Isotopic signatures
(!13C-CH4, !13C-C2H6, and !2H-CH4), hydrocarbon ratios (methane
to ethane and propane), and the ratio of the noble gas 4He to CH4

in groundwater were characteristic of a thermally postmature
Marcellus-like source in some cases. Overall, our data suggest that
some homeowners living <1 km from gas wells have drinking
water contaminated with stray gases.

carbon, hydrogen, and helium isotopes | groundwater contamination |
geochemical !ngerprinting | fracking | hydrology and ecology

Unconventional sources of gas and oil are transforming energy
supplies in the United States (1, 2). Horizontal drilling and

hydraulic fracturing are driving this transformation, with shale gas
and other unconventional sources now yielding more than one-
half of all US natural gas supply. In January of 2013, for instance,
the daily production of methane (CH4) in theUnited States rose to
!2 ! 109 m3, up 30% from the beginning of 2005 (3).
Along with the bene!ts of rising shale gas extraction, public

concerns about the environmental consequences of hydraulic
fracturing and horizontal drilling are also growing (4, 5). These
concerns include changes in air quality (6), human health effects
for workers and people living near well pads (5), induced seis-
micity (7), and controversy over the greenhouse gas balance (8, 9).
Perhaps the biggest health concern remains the potential for
drinking water contamination from fracturing "uids, natural
formation waters, and stray gases (4, 10–12).
Despite public concerns over possible water contamination,

only a few studies have examined drinking water quality related to
shale gas extraction (4, 11, 13).Working in theMarcellus region of
Pennsylvania, we published peer-reviewed studies of the issue,
!nding no evidence for increased concentrations of salts, metals,
or radioactivity in drinking water wells accompanying shale gas
extraction (4, 11). We did !nd higher methane concentrations and

less negative !13C-CH4 signatures, consistent with a natural gas
source, in water for homeowners living<1 km from shale gas wells
(4). Here, we present a more extensive dataset for natural gas in
shallow water wells in northeastern Pennsylvania, comparing the
data with sources of thermogenic methane, biogenically derived
methane, and methane found in natural seeps. We present com-
prehensive analyses for distance to gas wells and ethane and pro-
pane concentrations, two hydrocarbons that are not derived from
biogenic activity and are associated only with thermogenic sources.
Finally, we use extensive isotopic data [e.g., !13C-CH4, !2H-CH4,
!13C-C2H6, !13C-dissolved inorganic carbon (!13C-DIC), and
!2H-H2O] and helium analysis (4He/CH4) to distinguish among
different sources for the gases observed (14–16).
Our study area (Figs. S1 and S2) is within the Appalachian

Plateaus physiographic province (17, 18) and includes six counties
in Pennsylvania (Bradford, Lackawanna, Sullivan, Susquehanna,
Wayne, and Wyoming). We sampled 81 new drinking water wells
from the three principle aquifers (Alluvium, Catskill, and Lock
Haven) (Fig. S1) (11). We combined the data with results from 60
previously sampled wells in Pennsylvania (4) and included a few
wells from the Genesee Formation in Otsego County of New York
(4). The typical depth of drinking water wells in our study was 60–
90 m (11). We also sampled a natural methane seep at Salt Springs
State Park in Franklin Forks, Pennsylvania (N 41.91397,W 75.8663;
Susquehanna County) to compare with drinking water from homes
in our study, some located within a few kilometers of the spring.
Descriptions of the underlying geology, including the Marcellus

Formation found 1,500–2,500 m underground, are presented in
refs. 4 and 11 and Fig. S2. Previous researchers have characterized
the region’s geology and aquifers (19–23). Brie"y, the two major
bedrock aquifers are the Upper Devonian Catskill Formation,
comprised primarily of a deltaic clastic wedge gray-green to gray-
red sandstone, siltstone, and shale, and the underlying Lock
Haven Formation, consisting of interbedded !ne-grained sand-
stone, siltstone, and silty shale (19, 22, 24). The two formations
can be as deep as !1,000 m in the study area and have been
exploited elsewhere for oil and gas historically. The sedimentary
sequences are gently folded and dip shallowly (1–3°) to the east
and south (Fig. S2), creating alternating exposures of synclines
and anticlines at the surface (17, 23, 25). These formations are
overlain by the Alluvium aquifer, comprised of unconsolidated
glacial till, alluvium sediments, and postglacial deposits found
primarily in valley bottoms (20, 22).
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Results and Discussion
Dissolved methane was detected in the drinking water of 82% of
the houses sampled (115 of 141). Methane concentrations in
drinking water wells of homes <1 km from natural gas wells (59
of 141) were six times higher on average than concentrations for
homes farther away (P = 0.0006, Kruskal–Wallis test) (Fig. 1 and
Fig. S3). Of 12 houses where CH4 concentrations were greater
than 28 mg/L (the threshold for immediate remediation set by
the US Department of the Interior), 11 houses were within 1-km
distance of an active shale gas well (Fig. 1). The only exception
was a home with a value of 32 mg CH4/L at 1.4-km distance.
Similar to the results for methane, concentrations of ethane

(C2H6) and propane (C3H8) were also higher in drinking water
of homes near natural gas wells (Fig. 1). Ethane was detected in
40 of 133 homes (30%; 8 fewer homes were sampled for ethane
and propane than for methane). Propane was detected in water
wells in 10 of 133 homes, all approximately <1 km from a shale
gas well (P = 0.01) (Fig. 1, Lower Inset). Ethane concentrations
were 23 times higher on average for homes <1 km from a gas well:
0.18 compared with 0.008 mg C2H6/L (P = 0.001, Kruskal–Wallis).
Seven of eight C2H6 concentrations >0.5 mg/L were found <1 km

from a gas well (Fig. 1), with the eighth point only 1.1 km away
(Fig. 1). Moreover, the higher ethane concentrations all occurred
in groundwater with methane concentrations>15 mg/L (P = 0.003
for the regression of C2 and C1) (Fig. S4), although not all higher
methane concentration waters had elevated ethane.
Ratios of ethane to methane (C2/C1) and propane to methane

(C3/C1) were much higher for homes within !1 km of natural gas
wells (Fig. 2). Our high C3/C1 samples were also an order of
magnitude greater than in salt-rich waters from a natural methane
seep at the nearby Salt Springs State Park (mean [C3]/[C1] =
0.000029 and [C3] = 0.0022 mg/L for the salt spring samples).
Because microbes effectively do not produce ethane or propane in
the subsurface (26, 27), our observed values within !1 km of
drilling seem to rule out a biogenic methane source, and they are
consistent with both wetter (higher C2 + C3 content) gases found
in the Marcellus Formation and our earlier observation of meth-
ane in drinking water wells in the region (4).
Along with distance to gas wells (4), proximity to both valley

bottom streams (i.e., discharge areas) (28) and the Appalachian
Structural Front (ASF; an index for the trend in increasing thermal
maturity and degree of tectonic deformation) has been suggested
to in"uence dissolved gas concentrations. Of these factors, dis-
tance to gas wells was the dominant statistical factor in our anal-
yses for both methane (P = 0.0007) (Table 1, multiple regression
analysis) and ethane (P < 0.005) (Table 1). In contrast, neither
distance to the ASF (P = 0.11) nor distance to valley bottom
streams (P = 0.27) was signi!cant for methane concentrations
analysis using linear regression. For single correlation factors,
distance to gas wells was again the dominant statistical term (P =
0.0003 and P = 0.001 for Pearson and Spearman coef!cients, re-
spectively). Distance to the ASF was slightly signi!cant by Pearson
and Spearman correlation analyses (P = 0.04 and P = 0.02, re-
spectively), whereas distance to valley bottom streams was slightly
signi!cant only for the nonparametric Spearman analysis (P= 0.22
for Pearson and P = 0.01 for Spearman) (Table 1). For observed
ethane concentrations, distance to gas wells was the only factor in
our dataset that was statistically signi!cant (P < 0.005, regardless
of whether analyzed by multiple regression, Pearson correlation,
or Spearman analyses) (Table 1).

Fig. 1. Concentrations of (Upper) methane, (Lower) ethane, and (Lower
Inset) propane (milligrams liter"1) in drinking water wells vs. distance to
natural gas wells (kilometers). The locations of natural gas wells were
obtained from the Pennsylvania DEP and Pennsylvania Spatial Data Access
databases (54). The gray band in Upper is the range for considering hazard
mitigation recommended by the US Department of the Interior (10–28 mg
CH4/L); the department recommends immediate remediation for any value
>28 mg CH4/L.

Fig. 2. The ratio of ethane to methane (C2/C1) and (Inset) propane to
methane (C3/C1) concentrations in drinking water wells as a function of
distance to natural gas wells (kilometers). The data are plotted for all cases
where [CH4], [C2H6], and [C3H8] were above detection limits or [CH4] was
>0.5 mg/L but [C2H6] or [C3H8] was below detection limits using the de-
tection limits of 0.0005 and 0.0001 mg/L for [C2H6] and [C3H8], respectively.
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Isotopic signatures and gas ratios provide additional insight into
the sources of gases in groundwater. Signatures of !13C-CH4 >
"40‰ (reference to Vienna Pee Dee Belemnite standard) gen-
erally suggest a thermogenic origin for methane, whereas !13C-
CH4 values < "60‰ suggest a biogenically derived methane
source (27, 29, 30). Across our dataset, the most thermogenic
!13C-CH4 signatures (i.e., most enriched in 13C) in drinking water
were generally found in houses with elevated [CH4] <1 km from
natural gas wells (Fig. 3A). In fact, all drinking water wells with
methane concentrations >10 mg/L, the US Department of Inte-
rior’s threshold for considering remediation, have !13C-CH4 sig-
natures consistent with thermogenic natural gas. Our data also
show a population of homes near natural gas wells with water that
has !13C-CH4 signatures that seem to be microbial in origin,
speci!cally those homes shown in Fig. 3A, lower left corner. The
combination of our !13C-CH4 (Fig. 3A) and !2H-CH4 data (Fig.
3B) overall, however, suggests that a subset of homes near natural
gas wells has methane with a higher thermal maturity than homes
farther away.
Analyses of !13C-CH4 and !13C-C2H6 can help constrain po-

tential sources of thermally mature natural gases (14, 15, 30).
Because organic matter cracks to form oil and then natural gas,
the gases initially are enriched in higher aliphatic hydrocarbons
C2 and C3 (e.g., C3 > C2 > C1; i.e., a relatively wet gas). With
increasing thermal maturity, the heavier hydrocarbons are pro-
gressively broken down, increasing the C1:C2

+ ratio and leading
to isotopic compositions that become increasingly heavier or
enriched (31). In most natural gases, the isotopic composition
(!13C) of C3 > C2 > C1 (i.e., !13C of ethane is heavier than
methane). In thermally mature black shales, however, this ma-
turity trend reverses, creating diagnostic isotopic reversals in
which the !13C-CH4 becomes heavier than !13C-C2H6 ("13C =
!13C-CH4 " !13C-C2H6 > 1) (14, 15, 28, 30, 32).
For 11 drinking water samples in our dataset with suf!cient

ethane to analyze isotopic signatures, 11 samples were located
<1.1 km from drilling, and 6 samples exhibited clear isotopic
reversals similar to Marcellus production gases (Fig. 4). Con-
versely, !ve drinking water samples and spring water from Salt
Springs State Park showed the more common trend consistent
with Upper Devonian production gases (Fig. 4). In the study area,
these isotopic values suggest multiple sources for hydrocarbon
gases. The Upper Devonian gases are likely introduced into the
shallow crust either by natural processes over geologic time or
through leakage around the casing in the annular space of the
production well. In contrast, natural gas with heavy !13C-CH4 and
"13C > 0 likely stems from Marcellus production gases or a mix-
ture of Marcellus gases and other annulus gases that migrated to
the surface during drilling, well completion, or production.
Similar to our data, independent CH4 measurements taken by

the US Environmental Protection Agency (EPA) in Dimock,
Pennsylvania (Residential Data Reports found at http://www.
epaosc.org/site/doc_list.aspx?site_id=7555) in January of 2012
also show three !13C-CH4 values in drinking water wells between

"24.98‰ and -29.36‰ !13C-CH4 and !ve samples with !13C-
CH4 values in the range of Marcellus gas de!ned in ref. 28. The
heaviest methane isotopic signatures in the EPA samples

Table 1. Statistical analyses for [CH4] and [C2H6]

Distance
to gas wells

Distance
to streams

Distance
to ASF

[CH4]
Multiple regression P = 0.0007 P = 0.27 P = 0.11
Pearson r P = 0.0003 P = 0.22 P = 0.04
Spearman # P = 0.007 P = 0.01 P = 0.02

[C2H6]
Multiple regression P = 0.0034 P = 0.053 P = 0.45
Pearson r P = 0.003 P = 0.36 P = 0.11
Spearman # P = 0.004 P = 0.95 P = 0.21

Fig. 3. (A) Methane concentration, (B) !2H-CH4, and (C) methane to ethane +
propane ratio plotted against !13C-CH4. The grayscale shading refers to (A)
distance to nearest gas wells and (B and C) methane concentration. The solid
lines in B distinguishing natural gas sources are from ref. 27; the mixed line in
B comes from the standard mixing equations in ref. 14. C shows two hypo-
thetical trajectories: simple mixing between thermogenically and biogeni-
cally derived gas (lower curve) and either diffusive migration or a three-
component mixture between Middle and Upper Devonian gases and shallow
biogenic gases (upper curve).
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("24.98‰ !13C-CH4) exceeded the values observed for ethane
("31.2‰ !13C-C2H6), an isotopic reversal ("13C = 6.22‰)
characteristic of Marcellus or other deeper gas compared with
gases from Upper Devonian sequences (14, 28).
Helium is an inert noble gas with a radiogenic isotope, 4He, that

is a major component of thermogenic natural gas. Similar to hy-
drocarbon components, the abundance and isotopic composition
of helium can help distinguish between potential sources and/or
residence times of "uids in the crust, including natural gases (15,
16, 33). Across our dataset, the ratio of 4He:CH4 in most drinking
water wells showed a typical range between !2 ! 10"3 and 1 !
10"2, independent of distance to natural gas wells (Fig. 5). In
contrast, a subset of points with elevated [CH4] has a 4He:CH4
ratio signi!cantly below the range established for shallow drinking
water in the region and consistent with a mixture between shallow
groundwater and Marcellus production gases there (!2–5 ! 10"4)
(Fig. 5) (15).
The relative proportions of methane to higher-chain hydro-

carbons, such as ethane and propane, can also be used to help
differentiate biogenically and thermogenically derived methane as
well as different thermogenic sources of natural gas (34). As de-
scribed above, low ratios of methane to higher-chain hydrocarbons
(!<100) in water typically suggest a hydrocarbon gas derived from
a thermogenic source, whereas ratios of methane to higher-chain
hydrocarbons >>1,000 suggest a microbial origin for the gas (27).
Across our hydrocarbon dataset, !15 samples seem to fall within
the range corresponding to thermogenic gas, whereas the com-
position of 5 or 6 samples seems to bemicrobial in origin (Fig. 3C).
The other points fell on two intermediate trajectories. One tra-
jectory is simple mixing between thermogenically and biogenically
derived gas (lower curve in Fig. 3C). The other trajectory re"ects
either diffusive migration or a more complex, three-component
mixture between Middle and Upper Devonian gases and shallow
biogenic sources (30, 35) (upper trajectory in Fig. 3C).
The relative distribution of ethane and propane provides ad-

ditional insight into the source and mixture of gases. The ratio of
propane to methane concentrations plotted against [C3H8] (Fig.
S5) shows that at least 6 of 10 water samples with detectable
[C3H8] had an order of magnitude greater [C3]/[C1] ratio and [C3]

content than spring water from the natural methane seep at the
Salt Springs State Park. The salt spring is the only location for
which we found detectable [C3] outside of our 11 samples (mean
[C3]/[C1] = 0.000029 and [C3] = 0.0022 mg/L for the Salt Springs
samples) (Fig. S5).
The abundance and relative proportions of aliphatic hydro-

carbons (i.e., propane and ethane) and methane in groundwater
are also useful for comparing with production gases (14, 36) and
samples from the Salt Springs State Park. Ratios of propane to
ethane (C3/C2) in our dataset were generally higher than ratios for
the Salt Springs State Park, and ratios of methane to ethane (C1/
C2) were generally lower (Fig. S6), approaching ratios for Mar-
cellus gases in some cases (Fig. S6). We also observed that the
highest methane concentrations coincided with increased abun-
dances of ethane and propane and a higher proportion of propane
relative to ethane (Fig. S7). The observed gas composition in
groundwater samples also had a substantially higher proportion of
propane relative to ethane than water from the Salt Springs State
Park, which is known to have historic methane-rich discharges (11,
37) (Fig. S7). Based on limited available production data, the
Marcellus production gases have a wetness (C2 + C3) of at least
1–2% and C3/C2 of !>0.03%, whereas Upper Devonian gases,
speci!cally those gases observed in Upper Devonian aquifers be-
fore shale gas development (30), tend to be relatively depleted in
wetter gases; samples from the Salt Springs State Park had in-
termediate wetness, which is discussed above (14, 30). As a result,
increasing proportions of C3/C2 tend to be more representative
of gases from Marcellus-producing wells (Fig. S6) than Upper
Devonian Formations or Salt Springs State Park.
An enrichment of 13C in DIC (e.g., !13C-DIC > +10‰) and

positive correlations between !13C-DIC and !13C-CH4 and be-
tween !2H-H2O and !2H-CH4 have all been used as indicators
of microbial methane sourced from relatively shallow depths
(!<550 m) (38, 39). Most of our !13C-DIC values were 20–25‰
lighter (more negative) than typical for DIC in"uenced by micro-
bially derived methane in shallow groundwater, and the !13C-CH4
values of the samples showed no evidence of a positive relationship
with !13C-DIC (and even a slight negative relationship; P= 0.003)
(Fig. S8,Upper).We also found no statistical relationship between
the !2H values of methane and !2H of water (Fig. S8, Lower).
Based on these data and similar to the observations in the work by
Osborn et al. (4), most of the methane in our samples does not

Fig. 4. Stable isotope signatures (‰ VPDB) of methane (!13C-CH4) vs. !13C for
methane minus ethane ("13C = !13CH4 " !13C2H6); 6 of 11 drinking water
samples exhibited isotopic reversals and !13C-CH4 values consistent with Mar-
cellus production gas (14, 28, 55). In contrast, !ve drinking water samples and
the salt spring at Salt Springs State Park (!lled square) had !13C-CH4 and "13C <
0 consistent with Upper Devonian production gases (14, 55). Eleven drinking
water samples had suf!cient ethane concentrations for isotopic determi-
nations. Ten of the samples were <1 km distance from shale gas wells, and one
sample is at 1.1 km distance (the point in the lower left corner of the plot).

Fig. 5. The ratio of 4He:CH4 concentrations in drinking water wells vs. dis-
tance to gas wells (kilometers). The values are compared with water samples
(mean ± SE) from the salt spring at Salt Springs State Park (n = 3) and
Marcellus (n = 4) and Upper Devonian (n = 5) production gases (15).
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seem to be derived locally in the shallow aquifers, and the gas
composition is not consistent with extensive microbial production
from methanogenesis or sulfate reduction. Methanotrophy also
does not seem to be occurring broadly across our dataset; it would
decrease [CH4] and C1:C2 ratios and increase !13CH4 values,
reducing the differences that we observed for distance to gas
wells. Overall, the combined results suggest that natural gas, de-
rived at least in part from thermogenic sources consistent with
Middle Devonian origin, is present in some of the shallow water
wells <1 km away from natural gas wells.
The two simplest explanations for the higher dissolved gas

concentrations that we observed in drinking water are (i) faulty or
inadequate steel casings, which are designed to keep the gas and
any water inside the well from leaking into the environment, and
(ii) imperfections in the cement sealing of the annulus or gaps
between casings and rock that keep "uids from moving up the
outside of the well (4, 40–42). In 2010, the Pennsylvania De-
partment of Environmental Protection (DEP) issued 90 violations
for faulty casing and cementing on 64 Marcellus shale gas wells;
119 similar violations were issued in 2011.
Distinguishing between the two mechanisms is important be-

cause of the different contamination to be expected through time.
Casing leaks can arise from poor thread connections, corrosion,
thermal stress cracking, and other causes (43). If the protective
casing breaks or leaks, then stray gases could be the !rst sign of
contamination, with less mobile salts and metals from formation
waters or chemicals from fracturing "uids potentially coming later.
In contrast, faulty cement can allowmethane and other gases from
intermediate layers to "ow into, up, and out of the annulus into
shallow drinking water layers. In such a scenario, the geochemical
and isotopic compositions of stray gas contamination would not
necessarily match the target shale gas, and no fracturing chemicals
or deep formation waters would be expected, because a direct
connection to the deepest layers does not exist; also, such waters
are unlikely to migrate upward. Comprehensive analyses of well
integrity have shown that sustained casing pressure from annular
gas "ow is common. A comprehensive analysis of !15,500 oil and
gas wells (43) showed that 12% of all wells drilled in the outer
continental shelf area of the Gulf of Mexico had sustained casing
pressure within 1 y of drilling, and 50–60% of the wells had it from
15 y onward. For our dataset, there is a weak trend to higher
methane concentrations with increasing age of the gas wells (P =
0.067 for [CH4] vs. time since initial drilling). This result could
mean that the number of drinking water problems may grow with
time or that drilling practices are improving with time; more re-
search is needed before !rm conclusions can be drawn.
In addition to well integrity associated with casings or cement-

ing, two other potential mechanisms for contamination by hy-
draulic fracturing/horizontal drilling include enhancing deep-to-
shallow hydraulic connections and intersecting abandoned oil and
gas wells. Horizontal drilling and hydraulic fracturing can stimu-
late fractures or mineralized veins, increasing secondary hydraulic
connectivity. The upward transport of gases is theoretically pos-
sible, including pressure-driven "ow through open, dry fractures
and pressure-driven buoyancy of gas bubbles in aquifers and wa-
ter-!lled fractures (44, 45). Reduced pressures after the fracturing
activities could also lead to methane exsolving rapidly from solu-
tion (46). If methane were to reach an open fracture pathway,
however, the gas should redissolve into capillary-bound water and/
or formation water, especially at the lithostatic and hydrostatic
pressures present at Marcellus depths. Legacy or abandoned oil
and gas wells (and even abandoned water wells) are another po-
tential path for rapid "uid transport. In 2000, the Pennsylvania
DEP estimated that it had records for only 141,000 of 325,000 oil
and gas wells drilled historically in the state, leaving the status and
location of !184,000 abandoned wells unknown (47). However,
historical drilling activity is minimal in our study area of north-
eastern Pennsylvania, making this mechanism unlikely there.

This study examined natural gas composition of drinking water
using concentration and isotope data for methane, ethane, pro-
pane, and 4He. Based on the spatial distribution of the hydro-
carbons (Figs. 1 and 2), isotopic signatures for the gases (Figs. 3
and 4), wetness of the gases (Fig. 2 and Figs. S5, S6, and S7), and
observed differences in 4He:CH4 ratios (Fig. 5), we propose that
a subset of homeowners has drinking water contaminated by
drilling operations, likely through poor well construction. Future
research and greater data disclosure could improve understanding
of these issues in several ways. More research is needed across the
Marcellus and other shale gas plays where the geological charac-
teristics differ. For instance, a new study by Duke University and
the US Geological Survey showed no evidence of drinking water
contamination in a part of the Fayetteville Shale with a less frac-
tured or tectonically deformed geology than the Marcellus and
good con!ning layers above and below the drinking water layers
(48). More extensive predrilling data would also be helpful. Ad-
ditional isotopic tools and geochemical tracers are needed to de-
termine the source and mechanisms of stray gas migration that we
observed. For instance, a public database disclosing yearly gas
compositions (molecular and isotopic !13C and !2H for methane
and ethane) from each producing gas well would help identify and
eliminate sources of stray gas (49). In cases where carbon and
hydrogen isotopes may not distinguish deep Marcellus-derived
methane from shallower, younger Devonian methane, the geo-
chemistry of 4He and other noble gases provides a promising ap-
proach (15, 50). Another research need is a set of detailed case
studies of water-quality measurements taken before, during, and
after drilling and hydraulic fracturing. Such studies are underway,
including partnerships of EPA- and Department of Energy-based
scientists and industry in Pennsylvania, Texas, and North Dakota.
In addition to predrilling data, disclosure of data from mud-log
gases and wells to regulatory agencies and ideally, publicly would
build knowledge and public con!dence. Ultimately, we need to
understand why, in some cases, shale gas extraction contaminates
groundwater and how to keep it from happening elsewhere.

Methods
A total of 81 samples from drinking water wells were collected in six counties
in Pennsylvania (Bradford, Lackawanna, Sullivan, Susquehanna, Wayne, and
Wyoming), and results were combined with 60 previous samples described in
the work by Osborn et al. (4). The samples were obtained from homeowner
associations and contacts with the goal of sampling Alluvium, Catskill, and
Lock Haven groundwater wells across the region. For analyses of 4He (Fig. 5),
samples from 30 drinking water wells were used to estimate concentration
ratios of 4He:CH4. Wells were purged to remove stagnant water and then
monitored for pH, electrical conductance, and temperature until stable
values were recorded. Samples were collected upstream of any treatment
systems and as close to the water well as possible, preserved in accordance
with procedures detailed in SI Text, and returned immediately to Duke
University for analyses. The chemical and isotope (!13C-DIC, !2H-H2O, and
!18O-H2O) compositions of the collected waters were measured at Duke
University’s Environmental Stable Isotope Laboratory. Values of !18O-H2O
and !2H-H2O were measured using temperature conversion elemental
analysis/continuous "ow isotope ratio MS using a ThermoFinnigan temper-
ature conversion elemental analyzer and Delta+XL mass spectrometer and
normalized to Vienna Standard Mean Ocean Water (analytical precision of ±
0.1‰ and ±1.5‰ for !18O-H2O and !2H-H2O, respectively). Samples of 4He
were collected in refrigeration-grade copper tubes "ushed with water be-
fore sealing with stainless steel clamps and analyzed using a VG 5400 MS at
the University of Rochester (15, 51).

Dissolved gas samples were collected in the !eld using procedures detailed
by Isotech Laboratories (52), stored on ice until delivery to their facilities,
and analyzed for concentrations and isotopic compositions of methane,
ethane, and propane. Procedures for gas analyses are summarized in ref. 4.
Isotech Laboratories uses chromatographic separation followed by com-
bustion and dual-inlet isotope ratio MS to measure dissolved gas concen-
trations, !13C-CH4, and !13C-C2H6 (detection limits for C1, C2, and C3 were
0.001, 0.0005, and 0.0001 mol %, respectively). Dissolved [CH4] and !13C-CH4

were also determined by cavity ring-down spectroscopy in the Duke Environ-
mental Stable Isotope Laboratory on eight samples using a Picarro G2112i.
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Dissolved [CH4] was equilibrated using a head-space equilibration method
(53) and diluted when necessary using zero air. A set of 33 groundwater
samples with a range of [CH4] and !13C-CH4 was collected in duplicate and
analyzed at both Duke University and Isotech Laboratories (Fig. S9). Hy-
drocarbon concentrations in groundwater were converted to milligrams
of CH4 L"1 from a correlation with mol % (R2 = 0.95). As in refs. 4 and 11,
the derived distances to gas wells represent planimetric lengths from
sampling locations to nearest gas wells and do not account for the di-
rection or extent of horizontal drilling underground. Distances to streams

were determined as the shortest lengths from sampled locations to valley
centerlines using the national stream network as the base map; distance
to the Appalachian Structural Front was measured using GIS software.
Statistical analyses were performed using MATLAB and R software.
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Geological Setting. The study area (Fig. S1) was chosen because of
its rapid expansion of drilling for natural gas from the Marcellus
Shale (Pennsylvania); also, it has a limited history of prior oil and
gas exploration. Additionally, the study area represents portions of
both the upper Susquehanna and upper Delaware watersheds that
provide drinking water to >15 million people. The geological
setting and methods for the work have been described previously
in the works by Osborn et al. (1) andWarner et al. (2). Brie!y, the
sedimentary geology represents periods of deposition, burial,
lithi"cation, uplift, and subsequent erosion that form relatively
simple sets of horizontal strata dipping 1° to 3° to the south and
east derived from depositional environments that ranged from
proposed deep to midbasin black shales to terrestrial red beds
(3–5). The monocline is bounded on the north by the Precambrian
Canadian Shield and Adirondack uplift (north to northeast), the
west by the Algonquin and Findlay arches, and the south and east
by the Appalachian fold belt (the Valley and Ridge Province) (6,
7). In general, sedimentary deposition in the northern Appala-
chian Basin was relatively continuous throughout the Paleozoic
era. However, several unconformities erase sequence records re-
gionally, such as the Tri-States unconformity that removed Lower
Devonian strata in western NewYork, but complete sequences are
generally found in central New York and our study region of
northeastern Pennsylvania (3).
The Appalachian Basin consists primarily of sedimentary

sequences of Ordovician to Pennsylvanian age that are derived
from the Taconic (!450 Ma), Acadian (!410–380 Ma), and Al-
leghanian (!330–250 Ma) orogenic events (8). Exposed at its
northern extent near Lake Ontario is the Upper Ordovician–
Lower Silurian contact (Cherokee unconformity). Younger de-
posits (Upper Silurian, Devonian, and Mississippian) occur in
successive outcrop belts to the south to the Appalachian structural
front (4, 9), whereas erosion has removed most post-Pennsylva-
nian deposition within western-central New York and most of our
study area within northeastern Pennsylvania. Bedrock thickness
within the basin ranges from !920 m along the southern shore of
Lake Ontario in northern New York to !7,600 m along the Ap-

palachian structural front to the south. A simpli"ed stratigraphic
reconstruction is presented in Fig. S2 for the study area, which
constitutes a transition from the Valley and Ridge to the Plateau
Province. Compared with the Valley and Ridge Province or the
region near the Appalachian Structural Front, the plateau portion
of the Marcellus Formation is signi"cantly less deformed (10).
Deformation began during the onset of the Alleghanian orogeny.
In the plateau physiographic province, deformation is accommo-
dated by a combination of layer parallel shortening, folding that
led to low-amplitude anticline/syncline sequences, low angle thrust
faulting structures, lineaments, joints, and natural fractures ob-
servable in northeastern Pennsylvania (4, 11, 12).
The Marcellus Formation is an organic-rich, hydrocarbon-

producing, siliciclastic-rich black shale present beneath much of
Pennsylvania, New York, West Virginia, and other northeastern
states. It constitutes the stratigraphically lowest subgroup of the
Middle Devonian Hamilton Group (5, 9) and was deposited in
the foreland basin of the Acadian Orogeny (!385–375 Ma). The
Marcellus Formation includes two distinct calcareous and iron-
rich black shale members [i.e., the Union Springs (lower) and
Mount Marion/Oatka Creek (upper)) interrupted by the Cherry
Valley limestone].
Like the Marcellus, the upper part of the Devonian sequence is

deposited in the foreland basin of the Acadian Orogeny and
consistsofmaterial sourced fromtheAcadianorogenyaspartof the
Catskill Deltaic sequence. Above the Marcellus, the Hamilton
Groupconsistsof theMahantangogray shale locally interbeddedby
limestones and theTulley limestone. TheUpperDevonian consists
of thick synorogenic sequences of gray shales (i.e., the Brallier
Formation) beneath the Lock Haven Formation sandstone and
Catskill Formation clastic deltaic red sandstones. The Lock Haven
and Catskill Formations constitute the two primary aquifer li-
thologies in northeastern Pennsylvania along with the overlying
glacial and sedimentary alluvium, which is thicker in valleys than
the uplands.
Additional geological information is in the work by Osborn

et al. (1) and references therein and the work by Warner et al. (2)
and references therein.
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Fig. S1. Map of well water sampling locations in Pennsylvania and New York. The star in Upper represents the location of Binghamton, New York. (Lower
Right) A close-up view of Susquehanna County, Pennsylvania. The stars in Lower Right represent the towns of Dimock, Brooklyn, and Montrose, Pennsylvania.
The red and blue lines represent the approximate location of the cross-sections in Fig. S2.

Jackson et al. www.pnas.org/cgi/content/short/1221635110 2 of 7

file://localhost/Users/mspiak/Downloads/www.pnas.org/cgi/content/short/1221635110


Fig. S2. Generalized stratigraphic section of the study region from the work by Osborn et al. (1), Molofsky et al. (2), and Warner et al. (3) and references
therein. The cross sections shown here refer to the locations identi!ed in Fig. S1.

1. Osborn SG, Vengosh A, Warner NR, Jackson RB (2011) Methane contamination of drinking water accompanying gas-well drilling and hydraulic fracturing. Proc Natl Acad Sci USA
108(20):8172–8176.

2. Molofsky LJ, Connor JA, Wylie AS, Wagner T, Farhat SK (2013) Evaluation of methane sources in groundwater in northeastern Pennsylvania. Groundwater 51(3):333–349.
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Fig. S3. Methane concentrations (milligrams per liter) vs. distance to nearest gas wells (kilometers) with data from the initial study (1) in !lled circles and new
observations in red triangles.

Fig. S4. Concentrations of ethane vs. methane across the groundwater dataset (P = 0.0034; R2 = 0.205).

1. Osborn SG, Vengosh A, Warner NR, Jackson RB (2011) Methane contamination of drinking water accompanying gas-well drilling and hydraulic fracturing. Proc Natl Acad Sci USA
108(20):8172–8176.
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Fig. S5. The ratio of propane to methane concentrations vs. propane concentrations (mol%) for our data from drinking water wells (!lled circles), the salt
spring at Salt Springs State Park in Franklin Forks, Pennsylvania (red squares), and Marcellus production gas (blue triangle) (1).

Fig. S6. The ratios of propane to ethane (C3/C2) and methane to ethane (C1/C2) concentrations for our data from drinking water wells (!lled circles), the salt
spring at Salt Springs State Park in Franklin Forks, Pennsylvania (red squares), and Marcellus production wells across the study area (blue triangles) (1, 2).

1. Jenden PD, Drazan DJ, Kaplan IR (1993) Mixing of thermogenic natural gases in Northern Appalachian Basin. Am Assoc Pet Geol Bull 77(6):980–998.

1. Jenden PD, Drazan DJ, Kaplan IR (1993) Mixing of thermogenic natural gases in Northern Appalachian Basin. Am Assoc Pet Geol Bull 77(6):980–998.
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Fig. S7. The ratio of propane to ethane concentrations vs. methane concentrations (mol%) for our data from drinking water wells (!lled circles), the salt
spring at Salt Springs State Park in Franklin Forks, Pennsylvania (red squares), and production gases in the area (blue triangles) (1, 2).

1. Jenden PD, Drazan DJ, Kaplan IR (1993) Mixing of thermogenic natural gases in Northern Appalachian Basin. Am Assoc Pet Geol Bull 77(6):980–998.
2. Laughrey CD, Baldassare FJ (1998) Geochemistry and origin of some natural gases in the Plateau province, central Appalachian basin, Pennsylvania and Ohio.AmAssoc Pet Geol Bull 82(2):317–335.

Fig. S8. (Upper) Plot of the carbon isotopes in !13C dissolved inorganic carbon (!13C-DIC) in groundwater vs. carbon isotopes in coexisting methane (!13C-CH4),
which illustrates that samples do not plot within methanogenesis or sulfate reduction zones. Ranges in !13C-DIC for methanogenesis and sulfate reduction are
taken from the work by Clark and Fritz (1). VPDB, Vienna Pee Dee belemnite. (Lower) Plot of !2H-CH4 of dissolved methane in groundwater vs. !2H-H2 of the
groundwater. The fractionation line for microbial methanogenesis by CO2 reduction depicted is from the work by Whiticar et al. (2). Microbial methane from the
Michigan and Illinois Basins is depicted with the yellow oval (3, 4). Northern Appalachian Basin data are depicted in the gray oval (5). The lack of positive correlation
between the two hydrogen sources indicates that microbial methane is negligible in the shallow groundwater. VSMOW, Vienna Standard Mean Ocean Water.

1. Clark ID, Fritz P (1997) Environmental Isotopes in Hydrogeology (Lewis, New York).
2. Whiticar MJ, Faber E, Schoell M (1986) Biogenic methane formation in marine and freshwater environments: CO2 reduction vs. acetate fermentation—isotope evidence. Geochim

Cosmochim Acta 50(5):693–709.
3. Martini AM, et al. (1998) Genetic and temporal relations between formation waters and biogenic methane: Upper Devonian Antrim Shale, Michigan Basin, USA. Geochim Cosmochim

Acta 62(10):1699–1720.
4. McIntosh JC,Walter LM,Martini AM (2002) Pleistocene recharge tomidcontinent basins: Effects on salinity structure andmicrobial gas generation.GeochimCosmochimActa66(10):1681–1700.
5. Osborn SG, McIntosh JC (2010) Chemical and isotopic tracers of the contribution of microbial gas in Devonian organic-rich shales and reservoir sandstones, northern Appalachian Basin.

Appl Geochem 25(3):456–471.
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Fig. S9. Comparisons of Isotech Laboratories and cavity-ring down (CRD) spectrometry analyses for (Upper) [CH4] and (Lower) !13C-CH4 analyzed in duplicate
at both Isotech Laboratories and the Duke Environmental Stable Isotope Laboratory. These results show statistically indistinguishable differences between the
two data analysis methods.
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