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1. Introduction
1.1. Summary of Marcellus Shale gas issue in New York

Natural gas development is not an entirely new issue in New York State, with the first United
States natural gas well installed in 1821 in Fredonia, NY (Kappel and Nystrom, 2012). Currently there
are several thousand active natural gas wells, primarily located in the western and central regions of
the state (NYSDEC, 2010). However, portions of the state that are underlain by the Marcellus Shale are
being considered for extensive natural gas development. The Marcellus Shale underlies several states,
including Pennsylvania, Ohio, and West Virginia, and contains approximately 141 trillion cubic feet of
gas — enough to sustain current national energy needs for several years (USEIA, 2012). However, the
extremely low permeability of this formation requires the use of unconventional technologies, hori-
zontal drilling and high-volume hydraulic fracturing, to extract economically viable gas yields (Soeder
and Kappel, 2009). While these methods are being utilized in many states, New York currently (as of
May 2014) has a moratorium on the use of high-volume hydraulic fracturing as the New York State
Department of Environmental Conservation (NYSDEC) develops regulations to be included in a sup-
plement to the current Generic Environmental Impact Statement that governs oil and gas exploration
(NYSDEC, 2011).

1.2. Concern of possible groundwater contamination

Potential environmental impacts being assessed by NYSDEC include the risk of contamination of
groundwater resources due to shale gas development and hydraulic fracturing (NYSDEC, 2011). One
concern is that high-pressure injection of large volumes of fracturing fluids could lead to contami-
nation of aquifers. There is additional concern that methane could seep through or along improperly
cemented gas well casings and into groundwater (Vidic et al., 2013). In other states currently allow-
ing the use of these technologies, there have been reported instances of groundwater contamination.
In Pennsylvania, between 2008 and 2011, there were two major cases of stray gas migration into
groundwater, each affecting more than 15 drinking-water wells, though neither of these cases was
specifically linked to hydraulic fracturing; rather the problem was deemed to be faulty casing of gas
wells (Considine et al., 2012). A recent study in Pennsylvania found increased amounts of dissolved
methane in groundwater within a kilometer of hydraulically fractured gas wells, however, no evidence
of chemical contamination of groundwater due to drilling fluids was found (Osborn et al., 2011). Sev-
eral replies to the paper by Osborn et al. (2011) contested the conclusion that methane contamination
was due to hydraulic fracturing, noting there were a lack of baseline data and that much of the sampling
occurred in the Dimock region of Pennsylvania, which was known to have methane migration issues
from faulty gas well casings (Davies, 2011; Saba and Orzechowski, 2011; Schon, 2011). A follow-up
study that included a more extensive dataset distributed across several counties in northeastern Penn-
sylvania similarly found increased methane concentrations with proximity to shale gas wells (Jackson
et al., 2013). Two other studies in Pennsylvania found no evidence of increased methane in drinking-
water wells as a result of natural gas drilling (Boyer et al., 2012; Molofsky et al., 2013), though one
noted a few instances of water quality changes during pre-drilling and post-drilling (Boyer et al.,2012).
In 2011, the U.S. Environmental Protection Agency found evidence of hydraulic fracturing chemicals in
drinking-water wells in Pavillion, Wyoming, though the geology and hydrology of this site is consider-
ably different than the Marcellus Shale region in the eastern part of the U.S. (USEPA, 2011). In another
region of shale gas development in the U.S. — the Fayetteville Shale region of Arkansas — geochemical
investigations did not find evidence that methane or major ion chemistry in shallow groundwater had
been influenced in any way by shale gas drilling activities (Kresse et al., 2012; Warner et al., 2013).

1.3. Necessity of an understanding of baseline conditions
As New York considers lifting its moratorium on high-volume hydraulic fracturing, it is important

to be able to accurately assess any potential cases of groundwater contamination due to these drilling
technologies. Thus it is essential that there is an understanding of the existing baseline conditions
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with regards to groundwater quality in New York (Riha and Rahm, 2010). Such a baseline would ide-
ally include assessment of total suspended solids and a broad range of solutes, particularly chemicals
known to be included in most fracturing fluid additives, as well as dissolved methane. Other parame-
ters such as dissolved oxygen and volatile organic compounds could be informative baseline metrics
as well, but these are not addressed in this paper.

With regard to methane monitoring, it is particularly useful to measure its isotopic composition
(313C-CH4 and/or 82H-CHy); this can provide information on the source reservoir of methane, and
whether it was created biologically or thermogenically (Schoell, 1980; Laughrey and Baldassare, 1998;
Revesz et al., 1980). Often, biologically produced methane is present in shallower geologic formations
and unconsolidated deposits and thermogenic methane more in deeper, thermally mature forma-
tions. There can be wide variation of isotopic signatures among various methane-bearing formations
(Baldassare et al., 2014). A survey of gas wells across western and central New York found that gas
from wells tapping Upper and Middle Devonian formations had an average 8'3C-CH,4 = —44.7 + 3.9%
(n=8)while wells finished in Lower Devonian or Silurian formations produced gas with a considerably
different signature, averaging 8'3C-CH, = —36.3 + 3.0%. (n=9) (Jenden et al., 1993). Isotopic signatures
of dissolved methane, particularly in shallow aquifers, can represent mixing of gases from multiple
source reservoirs (Osborn and Mclntosh, 2010; Baldassare et al., 2014).

1.4. Review of other studies examining dissolved methane patterns

There has been some work in some areas of New York and nearby states to characterize dissolved
methane patterns in aquifers. One U.S. Geological Survey (USGS) study found that 9% of wells sam-
pled in New York had methane concentrations above the recommended level of 10 mg L~ (Kappel and
Nystrom, 2012). Many of these wells were finished in Devonian-aged black shale or in confined glacial
sand and gravel aquifers overlying the shale. Black shales are rich in organic carbon, typically leading to
thermogenic methane production as the sediments are buried (NYSDEC, 2011). In this case, the black
shale was presumed to be the source of the methane in the sampled water (Kappel and Nystrom,
2012). A recent USGS investigation focused specifically on isolating geologic and topographic con-
trols on groundwater methane in south-central New York. Sampling locations in valleys had a higher
proportion of methane concentrations in excess of 0.1 mgL-! compared to upland wells and had
predominantly thermogenic isotope signatures. Confined valley aquifers had the highest methane
concentrations. The authors concluded that the likely source of the valley methane was underlying
saline groundwater (Heisig and Scott, 2013). A USGS study in West Virginia found that groundwater
methane levels over 10 mg L~! were also linked to geology and topography; water wells in valleys and
in regions dominated by low-sulfur coal deposits tended to have higher methane levels (Mathes and
White, 2006).

In neighboring Pennsylvania, investigations of dissolved methane patterns yielded mixed results.
Studies by one group found higher groundwater methane concentrations and very thermogenic iso-
tope signatures in close proximity to existing gas wells (Osborn et al.,2011; Jackson et al., 2013) but no
correlation to other factors such as topographic position or tectonic deformation (Jackson et al., 2013).
Another group found no relationship between dissolved methane in groundwater and proximity to gas
wells, but did find topographic and geochemical relationships where methane concentrations were
higher in valleys as well as in groundwater dominated by sodium chloride or sodium bicarbonate
(Molofsky et al., 2013). In northeastern Pennsylvania, a multivariate regression of methane patterns
using landscape and hydrogeologic factors found gas well proximity, groundwater residence time,
and well depth relative to certain geologic strata to be most dominant, though only 28% of variation
in methane was explained with the regression (Pelepko, 2013). A fourth study found no correlation
between groundwater methane and proximity to gas wells, but did not examine other landscape
characteristics that might be driving observed values (Boyer et al., 2012).

1.5. Objectives of this study

The objectives of this study were to obtain groundwater quality data from domestic wells in central
New York in order to (1) investigate baseline distributions of dissolved methane and other water
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quality parameters, including major cations and anions, and (2) to analyze dissolved methane patterns
using a variety of statistical techniques in order to understand environmental drivers of the observed
patterns.

2. Methods
2.1. Study area

The chosen study area was Chenango County, which is a 2315 km? (894 mi?) region (US Census,
2012) located in the glaciated Appalachian Plateau portion of central New York State (McPherson,
1993). The county is dominated by agricultural and forested land (Crandall, 1985). Surficial geology is
characterized by unconsolidated glacial till that mantles the bedrock uplands except on hilltops, north-
facing hillslopes, and truncated spur hillsides where the till is absent and bedrock crops out at the land
surface; with major valleys containing thicker sediments comprised of alluvium and glacialfluvial
outwash and glaciolacustrine fine sand, silt, and clay (Cadwell, 1991; Hetcher et al., 2003; Hetcher-
Aguila and Miller, 2005). Bedrock in the county is dominated by Upper and Middle Devonian shale with
sandstone, siltstone, limestone and black shale also present in some formations (Fig. 1). Underlying
stratigraphy is shown in Fig. 1b.

As of April 2012, there were 93 natural gas wells in the county, with 33 of these wells considered
active. Drilling density, considering all existing wells, varies across the county, from 0 in several town-
ships to 0.48 wells km~2 in Smyrna Township (Fig. 2). These wells primarily produce from the Oriskany
and Herkimer Sandstones and Oneida Conglomerate (NYSDEC, 2012). However, advances in drilling
technologies have resulted in interest by natural gas companies to produce natural gas from organic-
rich shales. In south-central New York, two organic-rich shale formations that have been targeted
are the Marcellus Shale and Utica Shale, with the Marcellus Shale becoming less desirable toward the
northern portion of Chenango County where the formation is less than 1500 feet deep (Selleck, 2010a).
Since unconventional drilling is significantly different than conventional drilling, New York has been
in the process of developing supplemental regulations (Supplemental Generic Environmental Impact
Statement, SGEIS) which are pending the approval of the NYSDEC as of May 2014 (NYSDEC, 2013).

Most county residents obtain their drinking water from groundwater, with residents in the major
river valleys generally tapping the glaciofluvial sand and gravel aquifers, in which, some aquifers are
confined. Residents in the uplands primarily tap into bedrock aquifers (McPherson, 1993).
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Fig. 1. Primary bedrock type (a) and generalized stratigraphy (b) for Chenango County, NY. Bedrock geology data was obtained
from Fisher et al. (1970) and stratigraphy information was obtained from RCG (2013), Selleck (2010b), and USGS (2013).
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Fig. 2. Location of the 113 sample groundwater wells in Chenango County, NY with active and inactive gas wells (NYSDEC, 2012)
also noted. Well locations are overlain on a Digital Elevation Model (DEM) (obtained from USGS) to show general topography.
Town and City of Norwich boundaries are also denoted.

2.2. Field sample collection

In late 2011, Cornell Cooperative Extension collaborators placed newspaper ads in Chenango
County newspapers to recruit residents who would allow us to obtain samples from their water wells
in exchange for receipt of a free water quality report. Interested county residents who responded to the
ad were accepted into the study; only drilled wells as opposed to dug wells or springs were included
in this analysis. The 113 wells included in this analysis were distributed across the county (Fig. 2).
Water samples were obtained from each of these homeowner wells between March and June 2012.
The samples were taken from the closest accessible location to the well, which was often a spigot just
past the water pressure tank in the basement. Water collection also occurred prior to the treatment
system, if there was one. Water was initially run to purge the pipes and pressure tank of stagnant
water, for at least five minutes. A one liter pre-cleaned amber glass bottle was filled with water to
be used for sediment and solute analysis. A second water sample was then taken for dissolved gas
analysis per standard methods of the USGS Reston Dissolved Gas Laboratory (Busenberg et al., 1998).
For this method, flexible Masterflex Tygon tubing was attached to the spigot using a hose connector
and water was run into a large bucket. The tubing was then inserted to the bottom of a 125 mL glass
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serum bottle and the bottle filled with water. With the water still running, the bottle was lowered
into the bucket and then the tube was removed. After making sure no bubbles were adhering to the
inside of the bottle, a butyl rubber stopper was inserted in the bottle neck. A syringe needle was then
inserted into the stopper that allowed the stopper to fully seal the bottle without having any remaining
headspace. After sealing each bottle, the needle was removed, the bottle was removed from the full
bucket, and the labeled sample bottles were stored in a cooler.

2.3. Sample processing

Upon return to the Cornell Soil and Water Lab, a subsample of water for anion and cation analysis
was removed from the amber collection bottle after ensuring it was well-mixed. The subsample was
filtered to 0.45 wm and all samples were stored at 4 °C until analysis. Analysis of total cations/metals
was performed using a Jarrell Ash ICP-AES (Inductively Coupled Plasmography with Atomic Emission
Spectrometer) for Ba, Ca, Cu, Fe, K, Mg, Na and ICP-MS (Inductively Coupled Plasmography with Mass
Spectrometer) for As, Cd, Cr, Pb, Mn, Hg, and Se. Hardness was calculated as CaCO3 equivalent based on
calcium and magnesium concentrations. Analysis of anions (NO3~, NO,~, SO42~, CI-, HCO3~/C032™)
was performed on a Dionex ICS-2000 Ion Chromatograph with lonPac AS-18 analytical column, 25 L
sample loop, and 21 mM KOH eluent. Due to the high pH of the mobile phase, carbonate species were
analyzed as CO32~. Since the speciation cannot be resolved with this method, results are represented
as ‘HCO3~ +CO32~". Bromide data were not available due to interference from the end of the carbonate
peak, which occurred with this chromatographic method. This issue was unable to be resolved at the
time of analysis. Carbonate data were considered usable based on consistently good calibration curves
(R? >0.98) using peak height rather than peak area to deal with the interference with the bromide peak.

The unfiltered remainder from the amber collection bottle was analyzed within seven days for
specific conductance and total suspended solids (TSS). Specific conductance was measured using a
Fisher Scientific bench-top meter. TSS was determined by filtering 450 mL of sample through standard
934-AH glass fiber filters and determining the difference of oven-dry mass before and after filtration.

Water samples for dissolved gas extraction were stored at 4 °C until analysis, which occurred within
two days of original sampling. The initial step was to remove a subsample of water to allow for samp-
ling of headspace gas according to the phase equilibration technique (Davidson and Firestone, 1988;
Kampbell and Vandegrift, 1998). In order to be able to remove water from the full glass sampling bottle
without contacting ambient air, a Tedlar bag filled with high purity helium was attached to tubing
and a 21 gauge syringe needle, and the needle was inserted in the bottle stopper. A syringe was then
inserted in the stopper and 20 mL of water sample was removed. The 20 mL water sample was injected
into a pre-evacuated 125 mL serum bottle capped with a rubber septum. The headspace in this bottle
was filled with high purity helium to equalize the internal pressure. The bottles were kept at 4 °C for
24 h, at which point they were removed and shaken vigorously for ten seconds to ensure gas equilibra-
tion. A gas sample was then removed from the headspace via syringe and injected into a pre-evacuated
12 mL Labco Exetainer. Gas samples were then sent to the UC Davis Stable Isotope Laboratory for anal-
ysis of methane concentration and 8'3C-CH4 using a Thermo Scientific GasBench-PreCon trace gas
system interfaced to a Delta V Plus IRMS (Isotope Ratio Mass Spectrometer). The original concentra-
tion of dissolved gas in the water samples was then calculated using partition coefficients based on
the temperature of sample incubation (Lomond and Tong, 2011).

2.4. Data analysis

ArcGIS 10 (ESRI, Inc.) geographic information system software was used to spatially analyze the
data. Water sampling locations were classified according to their distance to the closest existing natu-
ral gas well, as well as their topographic position (valley vs. upslope). The samples were also classified
by the geohydrologic units in which the water well was finished (bedrock formations vs. unconsol-
idated sand and gravel). Locations of existing natural gas wells in Chenango County were obtained
from the NYSDEC (NYSDEC, 2012), and a threshold of 1000 m was used to group water wells into
‘close’ or ‘far’ from a gas well (Osborn et al., 2011). Topographic position was determined using two
methods. Following Molofsky et al. (2013), one method determined location in a valley according
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to distance to the nearest stream. Locations within 305 m (1000 feet) of a stream were considered
to be valleys, where streams were defined using the USGS National Hydrography Dataset (NHD). A
second approach focused on the geohydrologic setting and used surficial geology maps (Cadwell,
1991) and georeferenced USGS maps of valley-fill aquifers in Chenango County (McPherson, 1993) to
classify ‘valley’ wells as those located in mapped valley-fill aquifers. These approaches were similar
to the methodology used by a recent USGS study in south-central New York; however, their valley
delineation factored in additional parameters including stream slope and elevation change between
streams and adjacent uplands (Heisig and Scott, 2013). Well finishing geology in this study was deter-
mined as a specific bedrock formation or unconsolidated sand and gravel fill by using information on
well depth (as reported by the homeowner) along with depth to bedrock estimated from USGS survey
maps (McPherson, 1993) and bedrock geology maps (Fisher et al., 1970). Finishing geology was only
determined for locations where well depth was reported by the homeowner.

R (The R Project for Statistical Computing) was used for statistical analysis of the data. For statistical
analysis of all analytes, values below the method detection limit were treated as being equal to their
analyzed values (Gilliom et al., 1984). The Mann-Whitney non-parametric test was used to analyze the
dissolved gas data, as grouped according to proximity to gas wells and topographic position (valleys
vs. upland). A non-parametric test was chosen due to the skewed distribution of the methane dataset
and since log transformation of the data was not sufficient to normalize the distribution. For any anal-
ysis of 813C-CH,4 data, values were excluded for samples where the methane concentration was below
the method detection limit of 0.01 mgL~!. The Kruskal-Wallis non-parametric test combined with a
pairwise comparison (‘kruskalmc’ in R package ‘pgirmess’) was used where there were more than two
groupings for methane data. It was used to evaluate differences between methane according to the
geohydrologic units that the drinking-water wells tapped as well as across groundwater geochemical
categories, as classified using major cation and anion data for the water samples (Deutsch, 1997). In
order to classify the geochemical water type, a Piper diagram of major groundwater cations and anions
that were detected in the samples was generated using Rockworks software (Rockware, Inc.). Multi-
variate regression was used to determine what landscape setting or chemical parameters could best
explain observed methane patterns. The factors initially included in the regression were chosen using
a Pearson correlation analysis to assess what variables were most closely correlated with methane
concentrations. Prior to regression analysis, methane and all other chemical analytes that were con-
sidered as explanatory variables were natural-log-transformed, due to their skewed distributions; the
only variables considered in the regression that were not transformed were distance to streams and
distance to active or existing gas wells.

3. Results and discussion
3.1. Baseline distribution of methane and dissolved solids

The tested groundwater samples from Chenango County met most federal drinking-water stan-
dards, with a few exceptions (Table 1). Among the measured constituents, manganese concentrations
exceeded the USEPA SMCL (U.S. Environmental Protection Agency Secondary Maximum Contami-
nant Level) of 50 wgL~! in 31 samples, chloride concentration exceeded the SMCL of 250 mgL~! in
one sample, and barium concentration exceeded the USEPA MCL (Maximum Contaminant Level) of
2mgL-1in one sample. 42 sampled wells yielded water that is considered ‘hard’ (>120 mg CaCO3 L-1)
but this is a nuisance and not a health risk. For dissolved gas, there were no methane concentrations
that exceeded the 10 mgL~! ‘watch’ limit set by the Office of Surface Mining (Eltschlager et al., 2001)
and 63 out of 113 total samples (56%) had methane concentrations less than 0.01 mgL-! (the method
detection limit). These results are comparable to the recent USGS study in south-central NY (primarily
extending southwest of Chenango County), in which 34% of 65 groundwater samples had methane
concentrations less than 0.01 mgL-! and 65% had concentrations less than 0.1 mgL-!. There were
several samples in this USGS study that exceeded 10 mg CH,4 L~! (Heisig and Scott, 2013).

With regards to 813C-CHy, 14 out of the 50 samples (28%) with methane concentrations over
the detection limit had values more positive than —40%., 2 of 50 samples (4%) were below —60%o,
and the remaining 34 samples (68%) fell between —40 and —60%.. 813C-CH,4 values above —40%. are
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Table 1
Summary of measured groundwater quality parameters?
Median Min. Max. Established limit

CH4 (mgL-1) 0.01 0.01" 8.26 10°
313C-CH4 (%. VPDB) —44.4 —68.2 -10.1 n/a
Specific conductance (.S) 218 36 1390 n/a
TSS (mgL—') 0.78 0.00 48.8 n/a
As (pgl™1) 0.50 0.05" 522 10¢
Ba(mgL1) 0.08 0.05" 2.52 2¢
Ca(mgL1) 29.2 1.42 99.1 n/a
Cl(mgL1) 4.03 0.30" 555 2509
Cu (mgL-1) 0.05 0.05" 0.44 1c
Fe (mgL-1) 0.05 0.05f 0.09 0.34
Hardness (mg CaCO3 L) 94.3 4.88 303 180¢
HCO3~ +C032~ (mgL1) 116 11.3 311 n/a
K(mgL1) 1.52 0.05f 9.38 n/a
Mg (mgL-1) 5.59 0.32 22.1 n/a
Mn (pgl-1) 5.12 1.00 1010 504
Na (mgL-1) 9.46 0.69 156 n/a
NO;~-N (mgL-1) 0.60 0.45 5.58 10¢
S042~ (mgL-1) 8.86 3.00 97.3 2504

2 Cd, Cr, Pb, Hg, NO,~-N, and Se were all measured and all values were at or below method detection limits (and thus also
below any recommended limits).

b Recommended ‘action’ level as defined by US Office of Surface Mining (Eltschlager et al., 2001).

¢ EPA-mandated Maximum Contaminant Level (MCL) (USEPA, 2013).

4 EPA-recommended Secondary Maximum Contaminant Level (SMCL) (USEPA, 2013).

€ 120mgL-! is the level considered ‘hard’ (WHO, 2011).

f Method detection limit.

considered to be thermogenic in origin, those below —60%. are considered biogenic, and those in the
middle cannot be confidently designated without additional information and may represent mixing
of sources (Schoell, 1980; Whiticar, 1999; Revesz et al., 1980). Median 813C-CH, was —44.4%.. This is
very similar to the isotopic signatures observed for gas produced from Upper and Middle Devonian
geologic formations in New York (average = —44.7 + 3.9%) (Jenden et al., 1993), which means that the
methane in many groundwater samples had an isotopic signature similar to that of the formations
from which the groundwater was primarily sourced. Fig. 3 depicts kriged spatial distributions of
dissolved methane concentration (a) and 8'3C-CH,4 (b) in groundwater across Chenango County.

3.2. Statistical comparison of methane and environmental characteristics

3.2.1. Proximity to existing natural gas wells

Statistical comparison of methane concentration and 8!3C-CH, using the Mann-Whitney non-
parametric test indicated no significant difference (p=0.29; p=0.48) (Fig. 4a and e) between the
distribution of samples less than 1km (n=8) and greater than 1km (n=105) from an existing nat-
ural gas well. The number of samples within 1 km of gas wells was small (n =8) and statistical analysis
was influenced by one particularly high methane concentration. Highlighted in Fig. 5, this sample had
a relatively high methane concentration (though still below the action level), a fairly thermogenic
isotopic signature (8'3C-CH, = —43.1%.), and was within one kilometer of an existing (and in this case,
active) gas well. While there are not data available on the isotopic signature of gas from that gas well
or others in the county, we can look to data from wells in neighboring counties that produce from
the same formations as many of the wells in Chenango County. To the north in Madison County, a
gas well producing from the Herkimer Formation had a 8'3C-CH, = —34.8%., while to the southwest,
a Steuben County gas well producing from the Oriskany Formation had a 13C-CH4 = —37.4%. (Jenden
etal.,, 1993). While these are only two points, both are notably less negative than the isotopic signature
of the water sample of interest.

While it is possible that methane has migrated through or along the casings of this gas well and
made it into the aquifer being tapped by the nearby water well (Osborn et al., 2011), it is also possible
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Fig. 3. Interpolated surfaces created by ordinary kriging for (a) dissolved methane concentration (mgL-') in groundwater and
(b) 8'3C-CH4 (%o VPDB) for the dissolved methane, Chenango County, NY. Sampling locations are also indicated.

that this water well simply taps an aquifer elevated in methane because it is in or overlying one of the
many gas-yielding geologic strata in this region (Kappel and Nystrom, 2012). Pinpointing the source
of the methane would require a ‘multiple lines of evidence approach’ (Molofsky et al., 2013) including
analyses of additional methane isotopes (2H-CH,4) and higher chain hydrocarbons (Revesz et al., 1980;
Osborn et al., 2011; Baldassare et al., 2014) for the dissolved gas in the water samples as well as
groundwater from the potential methane sources, along with investigation of local fractures, faults,
casing logs for the gas wells, etc.

3.2.2. Topographic position

For wells grouped according to their distance from streams, statistical comparison of methane con-
centration and 8'3C-CH,4 using the Mann-Whitney test revealed no significant difference (p=0.38;
p=0.30) (Fig. 4b and f) between the distribution of methane for water samples located in valleys
(n=67) compared to those taken at upslope locations (n=46). This is contrary to recent results observ-
ing significantly higher dissolved methane concentrations in valleys than in uplands in northeastern
Pennsylvania (Molofsky et al., 2013). Our study covered a ten-fold greater area (2315 km?2 vs. 207 km?)
with much lower sampling density (0.05 wells/km? vs. 8.3 wells/km?), so it is possible that not enough
samples were obtained to discern the valley-methane relationship, but it is also possible that other
factors are driving methane patterns in this particular region.

Our second method for classifying topographic position, which relied on location in valley-fill
aquifers, led to different grouping compared to the first method that used distance to streams as an
indicator of topographic position. Since wells were only considered to be located in valleys when
they were in a mapped valley-fill aquifer, there were fewer (n=29) valley wells compared to the
67 identified using the stream-based method. Despite the difference in groupings, overall results
were similar. Statistical comparison of methane concentration and 8'3C-CH, using the Mann-Whitney
test revealed no significant difference (p=0.72; p=0.27) (Fig. 4c and g) between the distributions of
methane for water samples located in valleys (n=29) compared to those taken at upslope locations
(n=84).

These findings are different from those of the recent USGS study in south-central NY (Heisig and
Scott, 2013), in that they did observe a statistically significant difference in methane concentrations
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Fig. 4. Boxplots with p-values from a Mann-Whitney non-parametric test for dissolved methane (a) by proximity to gas wells,
(b) by topographic position according to stream proximity, (¢) by topographic position according to valley-fill aquifer mapping,
and (d) by finishing geology. Boxplots for methane isotope fractionation (e) by proximity to gas wells, (f) by topographic position
according to stream proximity, (g) by topographic position according to valley-fill aquifer mapping and (h) by finishing geology.
All boxplots demonstrate the data median with the box denoting 1st and 3rd quartiles, the whiskers denoting 1.5 times the
interquartile range, and the points representing extreme values (outliers).

by topographic setting. However, it was specifically wells located in confined valley aquifers that had
statistically higher methane concentrations; methane concentrations in unconfined valley aquifers
were not significantly different than those from upland sites.

3.2.3. Finishing geology

Boxplots showing distributions of dissolved methane from wells finished in sand and gravel
aquifers (n=9) compared to those from wells finished in Devonian sedimentary rock (n=76) indicated
a distribution skewed toward higher methane concentrations in bedrock wells. However, statistical
comparison of methane concentration and §13C-CH, using the Mann-Whitney test revealed no signif-
icant difference (p=0.10; p=0.73) (Fig. 4d and h) between the distributions from wells finished in sand
and gravel aquifers compared to those from wells finished in Upper Devonian sedimentary rocks. The
remaining 28 wells were not included in this comparison because they did not have available infor-
mation on water-well depth or unit in which the well was finished. Separating out the 76 bedrock
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Fig. 5. Dissolved methane in sampled water wells and its relationship to distance to existing (active and inactive) natural
gas wells, with a dotted circle around the highest concentration. Dissolved methane is characterized by overall concentration
(mgL-1) and 8'3C-CH, (%. VPDB).

wells according to the particular geologic formation in which they were finished (which included
five shale-dominated formations), there were still no significant differences (Kruskal-Wallis p >0.05)
across methane concentration or 8'3C-CH, (Fig. S1). The USGS study in south-central NY provides addi-
tional insight to finishing geology effects; similarly to ours, they observed higher methane in water
wells tapping bedrock aquifers, as opposed to sand and gravel, but they found that the difference was
significant specifically in unconfined valley settings (Heisig and Scott, 2013).

A key limitation to our analysis is the lack of detailed well logs for the sampled wells, since most
wells that were sampled were drilled prior to 2000 when well drilling records were not required to be
filed with the NYSDEC. These logs would have allowed us to better determine the geohydrologic unit
in which wells were finished and whether the unit is confined or unconfined. In this way, our work
is complemented by the USGS study (Heisig and Scott, 2013), which only selected water wells with
detailed well logs so that they could specifically assess the geohydrologic setting of the well and its
subsequent relationship to methane patterns.

3.2.4. Groundwater geochemistry

Assessment of major anion and cation chemistry (Fig. 6) revealed that the majority, 81 of 113, or
72%, of water samples fell into the calcium-bicarbonate (Ca-HCO3) groundwater type. While only one
of 81 samples of calcium-bicarbonate (Ca-HCO3) groundwater type exceeded 1mg CH4 L1, 11 of 19
(58%) sodium-dominated samples (including sodium-chloride (Na-Cl), sodium-bicarbonate-chloride
(Na-HCO3-Cl), and sodium-bicarbonate (Na-HCO3) groundwater categories) exceeded 1 mg CH4 L~1.
A Kruskal-Wallis test combined with a pairwise comparison confirmed that methane concentra-
tions in the Ca-HCO3 groundwater type were significantly different (p <0.05) than observed methane
concentrations in the Na-Cl, Na-HCO3-Cl, and Na-HCO3 groups (Fig. S2).

These results are consistent with recent findings by Molofsky et al. (2013) in Pennsylvania, where
Ca-HCO5 was also the dominant groundwater type but 38% of samples from Na-Cl, Na-HCO3-Cl, and
Na-HCO; groundwater type exceeded 1 mg CH4 L~!, compared to 0% of Ca-HCO3 samples. In another
Pennsylvania study, methane concentrations were found to be highest in more saline (defined as
>20mg CIL-') groundwater (Warner et al., 2012). Geochemical analysis by Warner et al. (2012)
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Fig. 6. Piper diagram showing groundwater type using major cations and anions in sampled wells. Samples are represented
with circles scaled according to methane concentration. Groundwater types are categorized according to Deutsch (1997).

indicated that the saline water was migrating into shallow groundwater from deeper underlying
formations through naturally occurring pathways such as faults and fractures.

In this study, there are several potential sources or formation mechanisms for the Na-Cl, Na-HCO3-
Cl, and Na-HCO3 shallow groundwater. Na-Cl-type shallow groundwater may result from application
of road salt (Kincaid and Findlay, 2009); however the rural nature of this county makes contributions
of road salt to groundwater salinity less pervasive and does not explain the observed Na-Cl relation-
ship with methane. Another possible anthropogenic source is septic system effluent. Most homes in
Chenango County have septic systems, and use of water softeners could introduce sodium-dominated
water back into the shallow groundwater via the septic system; however, none of the sampling loca-
tions with methane concentrations greater than 1 mg CH4 L~! indicated water softener use (as reported
by homeowners during the sampling visit).

A potential natural source of Na-Cl groundwater is interaction with Devonian bedrock or migration
of more saline water from deeper underlying formations (Cheung et al., 2010). For the latter possi-
bility, Na-Cl water could have been present in shallow groundwater as a result of natural hydraulic
connections to underlying strata and the idea of such connections is supported by the documentation
of natural fractures (Jacobi, 2002), particularly J1 and J2 joint sets, in the Geneseo Shale (of the
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Genesee Group) which underlies the western portion of the county (Fig. 1) (Engelder et al., 2009). The
lack of differences in methane concentrations across different bedrock formations in which water
wells were finished also supports the possibility that methane-rich Na-Cl water is migrating from
deeper formations. In either case, this water chemistry is indicative of increased interaction with
bedrock and less contribution of meteoric (precipitation-derived) water that would have infiltrated
through overlying calcareous sediments (Fleisher, 1993). This extended residence time and potential
interaction with methane-rich strata (e.g. black shale) could have led to relatively higher methane
concentrations (Molofsky et al., 2013).

The Na-HCO3 groundwater and its associated dissolved methane likely resulted from groundwater
residence time and rock-water interaction as well as redox processes. Longer residence times typically
lead to increased concentrations of Na and HCO3 due to cation exchange between calcium and sodium
and oxidation of organic matter, and can also promote biological methane production as oxygen is
used up and methanogenesis is thermodynamically favored (Thorstenson et al., 1979; Kresse et al.,
2012). The methane isotopic signatures also support the presence of some microbial methane, with
the majority of 813C-CH, values falling between —40 and —60%,, indicating likely mixing of biogenic
and thermogenic methane (Whiticar, 1999).

3.3. Multivariate regression of methane patterns

To better predict patterns in dissolved methane, it is useful to model the relationship between
methane and readily measurable environmental parameters. Such parameters could be GIS-derived
characteristics described in previous sections or water quality and geochemical characteristics like
specific conductance or sodium concentration. It is also important that such parameters be continuous,
rather than classifications like ‘valley’ vs. ‘upslope’.

Table 2 displays the results of the best multivariate regression models using selected variables
from the full suite of landscape and chemical parameters. An initial model was developed using nine
variables that were selected based on their Pearson correlation with methane. Using the six variables
found to be significant (p < 0.05) - hardness, barium, chloride, sodium, sulfate and distance from active
gas wells - a regression model was created that could explain 82% of variation in observed methane
patterns (Fig. S3). This was the best overall model, in that it had the highest adjusted R-squared value,
and was also the model that resulted from an automated stepwise regression in R. While this model
revealed distance to active gas wells as exhibiting a negative control on methane concentrations,
this does not indicate that gas wells are definitively causing higher methane concentrations; since

Table 2
Results of dissolved methane regression models.

# Variables Model R-squared Intercept Included variables Coefficient P-value

3 0.772 1.37 Hardness (mg CaCO; L) -1.23 <0.001
Ba (mgL-1)* 0.86 <0.001
Na (mgL-1) 1.02 <0.001

6 0.820 1.36 Hardness (mg CaCO3 L~1)? -1.05 <0.001
Ba (mgL-1)? 0.67 <0.001
Na(mgL-') 0.88 <0.001
Cl(mgL-1)* 0.22 0.009
S04%~ (mgL-1)? -0.37 0.04
Distance to active well (km) —0.02 0.008

9 0.818 2.33 Conductivity (uS)? -0.32 0.43
Hardness (mg CaCO3 L~1)? —0.94 <0.001
Ba (mgL-1)* 0.64 <0.001
Na (mgL-1') 0.99 <0.001
Cl(mgL-1)? 0.24 0.01
NO3~-N (mgL-1)? -0.03 0.89
S04~ (mgL-1) -0.38 0.03
Distance to stream (km) -1.55 0.26
Distance to active well (km) -0.03 0.01

2 A natural log transformation was applied to these variables.
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these gas wells are inherently producing from methane-rich strata this may indicate that methane
concentrations are higher in close proximity to these particular formations, but it is not possible
to discern the cause of the relationship without further investigation. Sulfate was also found to be
negatively correlated to methane in this model, providing further evidence for some biologically driven
methane production. This follows thermodynamic principles given that sulfate reduction yields more
energy than methanogenesis; thus methane is produced when sulfate concentrations are reduced
(Schlesinger, 1997).

The three most significant variables in the model (p <0.001) - hardness, sodium, and barium -
together could explain 77% of the observed variation in dissolved methane. We acknowledge that
including both sodium and hardness could introduce some multicollinearity into the model since
sodium and hardness (as the sum of magnesium and calcium) tend to be negatively correlated;
however, we find that removing either sodium or hardness from the model strongly reduces its
predictive power, indicating that they are both contributing to it. These results are informative for bet-
ter understanding the drivers of observed methane patterns. Sodium was positively correlated with
methane concentrations and hardness was negatively correlated with methane. This is consistent with
previously described geochemical patterns that indicated that methane likely resulted from bedrock-
groundwater interactions and lengthy residence times. The positive correlation between barium and
methane concentrations also indicates that there is a geologic relationship with methane patterns.
While barium can be present due to human activities, including use in gas well drilling mud, it also is
naturally present in geologic formations. Barium has been found in western New York to be primarily
sourced from the mineral barite (BaSO4) (Moore and Staubitz, 1984), which may also be present in
formations underlying this study region.

Using measured environmental variables, regression models for methane were developed with
high explanatory power. While these models were developed using data from Chenango County, New
York, they could have similar predictive power in nearby areas of New York and Pennsylvania with
similar shale-dominated bedrock geology. With other studies in New York observing some higher
methane concentrations than here (Kappel and Nystrom, 2012; Heisig and Scott, 2013), it will be
important to refine this model to try to better capture these patterns. In the future, it would also
be beneficial to work toward creating improved regression models based on more easily quantified
parameters (e.g. GIS-quantifiable landscape parameters rather than measured chemical variables) to
aid in characterizing baseline groundwater methane across New York State.

4. Conclusion

With the potential for unconventional technology (high-volume hydraulic fracturing of horizontal
wells) being used to access Marcellus Shale gas resources in New York State, it is important to gather
baseline information on water quality before this contentious technology is implemented. In this study
in central New York State, we analyzed 113 groundwater samples from across Chenango County for
dissolved methane and a suite of cations and anions. Most measured dissolved solids were below fed-
eral drinking-water standards and no methane concentrations exceeded recommended action levels.
The majority of methane samples exhibited a mixed isotopic signature based on analysis of 8'3C-CHj.
When examining possible environmental drivers of the methane patterns, methane was not signifi-
cantly correlated to proximity to gas wells, location in valleys, or the geohydrologic unit in which wells
were finished. Statistical analysis of geochemical data revealed that significantly higher methane con-
centrations were found in groundwater classified as sodium-chloride, sodium-bicarbonate-chloride,
and sodium-bicarbonate, which likely resulted from interactions with surrounding or underlying
bedrock and long residence times. Multivariate regression models of dissolved methane concentra-
tions revealed hardness, barium, and sodium to be the best predictors of observed methane patterns,
further emphasizing the connection between dissolved methane and hydrogeology.

This study makes an important contribution to better understanding patterns of groundwater
methane in central New York and complements existing studies, particularly adding geochemical
insight to the geohydrologic and topographic controls investigated in the USGS study (Heisig and Scott,
2013). Better understanding the source and residence time of groundwater for a given drinking-water
well could provide important insight into methane dynamics. The knowledge that some methane in
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groundwater in this area could be originating from deeper geologic formations highlights the need
to better understand the natural fractures and connectivity patterns among the geologic formations,
particularly when considering future development of natural gas wells. Additionally, the heterogene-
ity visible in the observed water quality patterns emphasizes the importance of collecting baseline
data from individual water wells in close proximity to potential future disturbances, such as in the
event of expanded natural gas drilling in New York.

Acknowledgements

We thank the many homeowners in Chenango County that allowed us to sample their water, as
well as K. Smith of Cornell Cooperative Extension for helping us to identify these willing residents.
For assistance with sampling and analysis, we thank S. Giri, B. Finneran, B. Buchanan, C. Morris and
many other students in the Cornell Soil and Water Lab, as well as P. Sullivan (Cornell U.) for assistance
in statistical analysis. We also thank W. Kappel and T. Miller (retired) of USGS NY Water Science
Center, L. Derry (Cornell U.), and anonymous reviewers for helpful comments on earlier versions of
this manuscript. Financial support for this work was provided by the Cornell Atkinson Center for a
Sustainable Future, the New York Water Resources Institute, and the Cornell Engineering Learning
Initiative Program.

Appendix. Supplementary data

Supplementary data associated with this article can be found, in the online version, at
doi:10.1016/j.ejrh.2014.06.002.

References

Baldassare, F.]., McCaffrey, M.A., Harper, ].A., 2014. A geochemical context for stray gas investigations in the northern Appalachian
Basin: implications of analyses of natural gases from Neogene-through Devonian-age strata. AAPG Bull. 98 (2), 341-372.

Boyer, EW., Swistock, B.R., Clark, ], Madden, M., Rizzo, D.E., 2012. The impact of Marcellus gas drilling on
rural drinking water supplies. The Center for Rural Pennsylvania http://www.rural.palegislature.us/documents/
reports/Marcellus_and_drinking_-water_2012.pdf (accessed 3.3.13).

Busenberg, E., Plummer, L.N., Bartholomay, R.C., Wayland, J.E., U.S. Geological Survey Open File Report, 98-274 1998. Chloroflu-
orocarbons, Sulfur Hexafluoride, and Dissolved Permanent Gases in Groundwater from Selected Sites in and near the Idaho
National Engineering and Environmental Laboratory, Idaho, 1994-1997., pp. 72.

Cadwell, D.H., New York State Mus. Map and Chart Series, 40, 5 maps: 1:250,000 1991. Surficial Geologic Map of New York.

Cheung, K. Klassen, P., Mayer, B., Goodarzi, F., Arazena, R, 2010. Major ion and isotope geochemistry of fluids and
gases from coalbed methane and shallow groundwater wells in Alberta, Canada. Appl. Geochem. 25, 1307-1329,
http://dx.doi.org/10.1016/j.apgeochem.2010.06.002.

Considine, T., Watson, R., Considine, N., Martin, ]., Shale Resources and Society Institute Report 2012-1 2012. Environmental
impacts during Marcellus Shale gas drilling: causes, impacts, and remedies. State University of New York at Buffalo, Buffalo,
NY.

Crandall, L., 1985. Soil Survey of Chenango County. U.S. Department of Agriculture, Soil Conservation Service, New York, pp.
191.

Davidson, E.A., Firestone, M.K., 1988. Measurement of nitrous oxide dissolved in soil solution. Soil Sci. Soc. Am. |. 52, 1201-1203.

Davies, R.]., 2011. Methane contamination of drinking water caused by hydraulic fracturing remains unproven. Proc. Natl. Acad.

Sci. USA 108 (43), E871.

Deutsch, W.]., 1997. Groundwater Geochemistry: Fundamentals and Applications to Contamination. CRC Press, Boca Raton, FL,
pp. 221.

Eltschlager, K.K., Hawkins, ].W., Ehler, W.C,, Baldassare, F., 2001. Technical Measures for the Investigation and Mitigation of
Fugitive Methane Hazards in Areas of Coal Mining. Department of Interior Office of Surface Mining, pp. 124.

Engelder, T., Lash, G.G., Uzcategui, R.S., 2009. Joint sets that enhance production from Middle and Upper Devonian gas Shales
of the Appalachian Basin. AAPG Bull. 93 (7), 857-889.

Fisher, D.W., Isachsen, Y.W.,, Rickard, L.V., New York State Mus. Map and Chart Series, 15, 5 maps, 1:250,000 1970. Geologic Map
of New York State.

Fleisher, P.]., 1993. Pleistocene sediment sources, debris transport mechanisms, and depositional environments: a Bering Glacier
model applied to northeastern Appalachian Plateau deglaciation, central New York. Geomorphology 6, 331-355.

Gilliom, R.J., Hirsch, R.M., Gilroy, E.J., 1984. Effect of censoring trace-level water-quality data on trend-detection capability.
Environ. Sci. Technol. 18, 530-535.

Heisig, P., Scott, T.-M., U.S. Geological Survey Sci. Invest. Rep. 2013-5190 2013. Occurrence of methane in groundwater of
south-central New York State, 2012 - systematic evaluation of a glaciated region by hydrogeologic setting.

Hetcher-Aguila, K.K., Miller, T.S., U.S. Geological Survey Sci. Invest. Map, 2914, 8 plates 2005. Geohydrology of the valley-fill
aquifers between the Village of Green, Chenango County and Chenango Valley State Park, Broome County, New York.



http://dx.doi.org/10.1016/j.ejrh.2014.06.002
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0005
http://www.rural.palegislature.us/documents/reports/Marcellus_and_drinking_water_2012.pdf
http://www.rural.palegislature.us/documents/reports/Marcellus_and_drinking_water_2012.pdf
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0015
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0020
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0020
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0020
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0020
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0020
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0020
dx.doi.org/10.1016/j.apgeochem.2010.06.002
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0030
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0035
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0040
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0045
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0050
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0055
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0060
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0065
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0065
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0065
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0065
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0065
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0065
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0070
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0075
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0080
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0085
https://www.researchgate.net/publication/229208851_Major_ion_and_isotope_geochemistry_of_fluids_and_gases_from_coalbed_methane_and_shallow_groundwater_wells_in_Alberta_Canada?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/229208851_Major_ion_and_isotope_geochemistry_of_fluids_and_gases_from_coalbed_methane_and_shallow_groundwater_wells_in_Alberta_Canada?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/229208851_Major_ion_and_isotope_geochemistry_of_fluids_and_gases_from_coalbed_methane_and_shallow_groundwater_wells_in_Alberta_Canada?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51720086_Methane_contamination_of_drinking_water_caused_by_hydraulic_fracturing_remains_unproven?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51720086_Methane_contamination_of_drinking_water_caused_by_hydraulic_fracturing_remains_unproven?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/240744003_Joint_sets_that_enhance_production_from_Middle_and_Upper_Devonian_gas_shales_of_the_Appalachian_Basin?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/240744003_Joint_sets_that_enhance_production_from_Middle_and_Upper_Devonian_gas_shales_of_the_Appalachian_Basin?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/255222758_Groundwater_Geochemistry_Fundamentals_and_Applications_to_Contamination?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/255222758_Groundwater_Geochemistry_Fundamentals_and_Applications_to_Contamination?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/264194864_Occurrence_of_methane_in_groundwater_of_south-central_New_York_State_2012-Systematic_evaluation_of_a_glaciated_region_by_hydrogeologic_setting?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/264194864_Occurrence_of_methane_in_groundwater_of_south-central_New_York_State_2012-Systematic_evaluation_of_a_glaciated_region_by_hydrogeologic_setting?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/248741176_Effect_of_Censoring_Trace-Level_Water-Quality_Data_on_Trend-Detection_Capability?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/248741176_Effect_of_Censoring_Trace-Level_Water-Quality_Data_on_Trend-Detection_Capability?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/222151628_Pleistocene_sediment_sources_debris_transport_mechanisms_and_depositional_environments_a_Bering_Glacier_model_applied_to_northeastern_Appalachian_Plateau_deglaciation_central_New_York?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/222151628_Pleistocene_sediment_sources_debris_transport_mechanisms_and_depositional_environments_a_Bering_Glacier_model_applied_to_northeastern_Appalachian_Plateau_deglaciation_central_New_York?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/250126855_Measurement_of_Nitrous_Oxide_Dissolved_in_Soil_Solution?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/267225808_A_Geochemical_Context_for_Stray_Gas_Investigations_in_the_Northern_Appalachian_Basin_Implications_of_Analyses_of_Natural_Gases_from_Quaternary-through-Devonian-Age_Strata?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/267225808_A_Geochemical_Context_for_Stray_Gas_Investigations_in_the_Northern_Appalachian_Basin_Implications_of_Analyses_of_Natural_Gases_from_Quaternary-through-Devonian-Age_Strata?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==

72 L.E. McPhillips et al. / Journal of Hydrology: Regional Studies 1 (2014) 57-73

Hetcher, K.K., Miller, T.S., Garry, ].D., Reynolds, R.]., U.S. Geological Survey Open File Rep. 2003-242, 7 plates 2003. Geohydrology
of the valley-fill aquifer in the Norwich-Oxford-Brisben area, Chenango County, New York.

Jackson, R.B., Vengosh, A., Darrah, T.H., Warner, N.R., Down, A., Poreda, R.J., Osborn, S.G., Zhao, K., Karr, ].D., 2013. Increased
stray gas abundance in a subset of drinking water wells near Marcellus Shale gas extraction. Proc. Natl. Acad. Sci. USA,
http://dx.doi.org/10.1073/pnas.1221635110.

Jacobi, R.D., 2002. Basement faults and seismicity in the Appalachian Basin of New York State. Tectonophysics 353,
75-113.

Jenden, P.D., Drazan, D.]., Kaplan, I.R., 1993. Mixing of thermogenic natural gases in Northern Appalachian Basin. AAPG Bull. 6,
980-998.

Kampbell, D.H., Vandegrift, S.A., 1998. Analysis of dissolved methane, ethane, and ethylene in groundwater by a standard gas
chromatographic technique. ]. Chromatogr. Sci. 36, 253-256.

Kappel, W.M., Nystrom, E.A., U.S. Geological Survey Open File Rep. 2012-1162 2012. Dissolved methane in New York ground-
water, 1999-2011., pp. 6.

Kincaid, D.W., Findlay, S.E.G., 2009. Sources of elevated chloride in local streams: groundwater and soils as potential reservoirs.
Water Air Soil Pollut. 203, 335-342, http://dx.doi.org/10.1007/s11270-009-0016-x.

Kresse, T.M., Warner, N.R., Hays, P.D., Down, A., Vengosh, A., Jackson, R.B., U.S. Geological Survey Sci. Invest. Rep. 2012-5273
2012. Shallow groundwater quality and geochemistry in the Fayetteville Shale gas-production area, north-central Arkansas
2011.

Laughrey, C.D., Baldassare, F.]., 1998. Geochemistry and origin of some natural gases in the Plateau Province, Central Appalachian
Basin, Pennsylvania and Ohio. Am. Assoc. Petrol. Geol. Bull. 82, 317-335.

Lomond, |.S., Tong, A.Z., 2011. Rapid analysis of dissolved methane, ethylene, acetylene and ethane using partition coefficients
and headspace-gas chromatography. |. Chromatogr. Sci. 49, 469-475.

Mathes, M.V., White, |.S., U.S. Geological Survey Fact Sheet, 2006-3011 2006. Methane in West Virginia Ground Water., pp. 2.

McPherson, W.S., U.S. Geological Survey Water Res. Invest. Rep. 91-4138 1993. Hydrogeology of unconsolidated deposits in
Chenango County, New York., pp. 43.

Molofsky, L.]J., Connor, J.A., Wylie, A.S., Wagner, T., Farhat, S.K., 2013. Evaluation of methane sources in groundwater in north-
eastern Pennsylvania. Groundwater, 333-349.

Moore, R.B., Staubitz, W.W., U.S Geological Survey Water Res. Invest. Rep. 84-4129 1984. Distribution and source of barium in
ground water at Cattaraugus Indian Reservation, southwestern New York.

New York State Department of Environmental Conservation (NYSDEC), 2013. Marcellus Shale. http://www.dec.ny.gov/
energy/46288.html (accessed 10.11.13).

New York State Department of Environmental Conservation (NYSDEC), 2012. Oil and Gas Searchable Database.
http://www.dec.ny.gov/cfmx/extapps/GasOil/search/wells/index.cfm (accessed 17.4.12).

New York State Department of Environmental Conservation (NYSDEC), 2011. Draft Supplemental Generic Environmental Impact
Statement. http://www.dec.ny.gov/energy/75370.html (accessed 6.2.13).

New York State Department of Environmental Conservation (NYSDEC), 2010. New York State Oil, Gas, and Mineral Resources
Annual Report 2010. http://www.dec.ny.gov/docs/materials_minerals_pdf/10anrpt1.pdf (accessed 18.4.13).

Osborn, S.G., Vengosh, A., Warner, N.R., Jackson, R.B., 2011. Methane contamination of drinking water accompanying gas-well
drilling and hydraulic fracturing. Proc. Natl. Acad. Sci. USA 108 (20), 8172-8176.

Osborn, S.G., McIntosh, ]J.C., 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, 456-471.

Pelepko, S., Penn State Extension: Water Resources Webinar Series 2013. Application of a multiple regression model to explain
the variability in the concentration of naturally occurring methane.

Reservoir Characterization Group (RCG), 2013. Empire State Oil and Gas Information Service. http://esogis.nysm.nysed.gov
(accessed 5.9.13).

Revesz, K.M., Breen, K.J., Baldassare, A.]., Burruss, R.C., 1980. Carbon and hydrogen isotopic evidence for the origian of combustible
gases in water-supply wells in north-central Pennsylvania. Appl. Geochem. 25 (2010), 1845-1859.

Riha, S.]., Rahm, B.G., 2010. Framework for assessing water resources impacts from shale gas drilling. Clear Waters.

Saba, T., Orzechowski, M., 2011. Lack of data to support a relationship between methane contamination of drinking water wells
and hydraulic fracturing. Proc. Natl. Acad. Sci. USA 108 (37), E663.

Schlesinger, W., 1997. Biogeochemistry: An Analysis of Global Change, 2nd ed. Academic Press, San Diego, CA.

Schoell, M., 1980. The hydrogen and carbon isotopic composition of methane from natural gases of various origins. Geochim.
Cosmochim. Ac. 44, 649-661.

Schon, S.C., 2011. Hydraulic fracturing not responsible for methane migration. Proc. Natl. Acad. Sci. USA 108 (37), E664.

Selleck, B., 2010a. Natural gas in Chenango County. http://www.colgate.edu/facultysearch/facultydirectory/bselleck/naturalgas
(accessed 25.1.14).

Selleck, B., 2010b. Stratigraphy of the Northern Appalachian Basin, Mohawk Valley, Central New York State.
http://offices.colgate.edu/bselleck/Publication%20PDF/Paleozoicguide.pdf (accessed 9.2.13).

Soeder, D.J., Kappel, W.M., U.S. Geological Survey Fact Sheet 2009-3032 2009. Water Resources and Natural Gas Production
from the Marcellus Shale., pp. 6.

Thorstenson, D.C., Fisher, D.W., 1979. The geochemistry of the Fox Hills-Basal Hell Creek aquifer in southwestern North Dakota
and northwestern South Dakota. Water Resour. Res. 15 (6), 1479-1498.

United States Census (US Census), 2012. http://quickfacts.census.gov/qfd/states/36/36017.html (accessed 6.10.12).

United States Energy Information Administration (USEIA), 2012. Annual Energy Outlook 2012. http://www.eia.gov/forecasts/
archive/aeo12/pdf/0383(2012).pdf (accessed 25.1.14).

United States Environmental Protection Agency (USEPA), 2013. Drinking Water Contaminants. http://http://water.
epa.gov/drink/contaminants/index.cfm (accessed 24.2.13).

United States Environmental Protection Agency (USEPA), 2011. EPA Releases Draft Findings of Pavillion, Wyoming
Ground Water Investigation for Public Comment and Independent Scientific Review. http://yosemite.epa.gov/opa/
admpress.nsf/0/EF35BD26A80D6CE3852579600065C94E (accessed 6.2.13).



http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0090
dx.doi.org/10.1073/pnas.1221635110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0100
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0105
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0110
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0115
dx.doi.org/10.1007/s11270-009-0016-x
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0125
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0130
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0135
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0140
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0145
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0150
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0155
http://www.dec.ny.gov/energy/46288.html
http://www.dec.ny.gov/energy/46288.html
http://www.dec.ny.gov/cfmx/extapps/GasOil/search/wells/index.cfm
http://www.dec.ny.gov/energy/75370.html
http://www.dec.ny.gov/docs/materials_minerals_pdf/10anrpt1.pdf
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0180
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0185
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0190
http://esogis.nysm.nysed.gov/
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0200
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0205
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0210
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0215
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0220
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0225
http://www.colgate.edu/facultysearch/facultydirectory/bselleck/naturalgas
http://offices.colgate.edu/bselleck/Publication PDF/Paleozoicguide.pdf
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref9240
http://quickfacts.census.gov/qfd/states/36/36017.html
http://www.eia.gov/forecasts/archive/aeo12/pdf/0383(2012).pdf
http://www.eia.gov/forecasts/archive/aeo12/pdf/0383(2012).pdf
http://http%3a//water.epa.gov/drink/contaminants/index.cfm
http://http%3a//water.epa.gov/drink/contaminants/index.cfm
http://yosemite.epa.gov/opa/admpress.nsf/0/EF35BD26A80D6CE3852579600065C94E
http://yosemite.epa.gov/opa/admpress.nsf/0/EF35BD26A80D6CE3852579600065C94E
https://www.researchgate.net/publication/255032367_Geochemistry_and_origin_of_some_natural_gases_in_the_Plateau_Province_Central_Appalachian_Basin_Pennsylvania_and_Ohio?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/255032367_Geochemistry_and_origin_of_some_natural_gases_in_the_Plateau_Province_Central_Appalachian_Basin_Pennsylvania_and_Ohio?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/236125586_Evaluation_of_Methane_Sources_in_Groundwater_in_Northeastern_Pennsylvania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/236125586_Evaluation_of_Methane_Sources_in_Groundwater_in_Northeastern_Pennsylvania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51606366_Lack_of_data_to_support_a_relationship_between_methane_contamination_of_drinking_water_wells_and_hydraulic_fracturing?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51606366_Lack_of_data_to_support_a_relationship_between_methane_contamination_of_drinking_water_wells_and_hydraulic_fracturing?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51228493_Rapid_Analysis_of_Dissolved_Methane_Ethylene_Acetylene_and_Ethane_using_Partition_Coefficients_and_Headspace-Gas_Chromatography?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51228493_Rapid_Analysis_of_Dissolved_Methane_Ethylene_Acetylene_and_Ethane_using_Partition_Coefficients_and_Headspace-Gas_Chromatography?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/254701064_Distribution_and_Source_of_Barium_in_Ground_Water_at_Cattaraugus_Indian_Reservation_Southwestern_New_York?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/254701064_Distribution_and_Source_of_Barium_in_Ground_Water_at_Cattaraugus_Indian_Reservation_Southwestern_New_York?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/251598861_Carbon_and_hydrogen_isotopic_evidence_for_the_origin_of_combustible_gases_in_water-supply_wells_in_north-central_Pennsylvania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/251598861_Carbon_and_hydrogen_isotopic_evidence_for_the_origin_of_combustible_gases_in_water-supply_wells_in_north-central_Pennsylvania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51606367_Hydraulic_fracturing_not_responsible_for_methane_migration?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/223795733_Chemical_and_isotopic_tracers_of_the_contribution_of_microbial_gas_in_Devonian_organic-rich_shales_and_reservoir_sandstones_northern_Appalachian_Basin?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/223795733_Chemical_and_isotopic_tracers_of_the_contribution_of_microbial_gas_in_Devonian_organic-rich_shales_and_reservoir_sandstones_northern_Appalachian_Basin?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51110747_Methane_Contamination_of_Drinking_Water_Accompanying_Gas-Well_Drilling_and_Hydraulic_Fracturing?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/51110747_Methane_Contamination_of_Drinking_Water_Accompanying_Gas-Well_Drilling_and_Hydraulic_Fracturing?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/223735451_The_hydrogen_and_carbon_isotopic_composition_of_methane_from_natural_gases_of_various_origins?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/223735451_The_hydrogen_and_carbon_isotopic_composition_of_methane_from_natural_gases_of_various_origins?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/252755327_The_Geochemistry_of_Fox_Hills-Basal_Hell_Creek_Aquifer_in_Southwestern_North_Dakota_and_Northwestern_South_Dakota?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/252755327_The_Geochemistry_of_Fox_Hills-Basal_Hell_Creek_Aquifer_in_Southwestern_North_Dakota_and_Northwestern_South_Dakota?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/222755468_Basement_faults_and_seismicity_in_the_Appalachian_Basin_of_New_York_State?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/222755468_Basement_faults_and_seismicity_in_the_Appalachian_Basin_of_New_York_State?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/242018507_Increased_Stray_Gas_Abundance_in_a_Subset_of_Drinking_Water_Wells_near_Marcellus_Shale_Gas_Extraction?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/242018507_Increased_Stray_Gas_Abundance_in_a_Subset_of_Drinking_Water_Wells_near_Marcellus_Shale_Gas_Extraction?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/242018507_Increased_Stray_Gas_Abundance_in_a_Subset_of_Drinking_Water_Wells_near_Marcellus_Shale_Gas_Extraction?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/225722378_Sources_of_Elevated_Chloride_in_Local_Streams_Groundwater_and_Soils_as_Potential_Reservoirs?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/225722378_Sources_of_Elevated_Chloride_in_Local_Streams_Groundwater_and_Soils_as_Potential_Reservoirs?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/13685617_Analysis_of_Dissolved_Methane_Ethane_and_Ethylene_in_Ground_Water_by_a_Standard_Gas_Chromatographic_Technique?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/13685617_Analysis_of_Dissolved_Methane_Ethane_and_Ethylene_in_Ground_Water_by_a_Standard_Gas_Chromatographic_Technique?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/279627745_Mixing_of_Thermogenic_Natural_Gases_in_Northern_Appalachian_Basin?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/279627745_Mixing_of_Thermogenic_Natural_Gases_in_Northern_Appalachian_Basin?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/284694887_Framework_for_assessing_water_resource_impacts_from_shale_gas_drilling?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/282722563_Biogeochemistry_An_Analysis_of_Global_Change_Third_Edition?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==

L.E. McPhillips et al. / Journal of Hydrology: Regional Studies 1 (2014) 57-73 73

United States Geological Survey (USGS), 2013. New York geologic map data. http://mrdata.usgs.gov/
geology/state/state.php?state=NY (accessed 10.11.13).

Vidic, R.D., Brantley, S.L., Vandenbossche, |.M., Yoxtheimer, D., Abad, ].D., 2013. Impact of shale gas development on regional
water quality. Science 340, 12350009, http://dx.doi.org/10.1126/science.1235009.

Warner, N.R,, Kresse, T.M., Hays, P.D., Down, A., Karr, |.D., Jackson, R.B., Vengosh, A., 2013. Geochemical and isotopic variations in
shallow groundwater in areas of the Fayetteville Shale development, north-central Arkansas. Appl. Geochem. 35, 207-220.

Warner, N.R., Jackson, R.B., Darrah, T.H., Osborn, S.G., Down, A., Zhao, K., White, A., Vengosh, A., 2012. Geochemical evidence for
possible natural migration of Marcellus Formation brine to shallow aquifers in Pennsylvania. Proc. Natl. Acad. Sci. USA 109
(30),11961-11966.

Whiticar, M.]., 1999. Carbon and hydrogen isotope systematics of bacterial formation and oxidation of methane. Chem. Geol.
161,291-314.

World Health Organization (WHO), 2011. Guidelines for drinking-water quality, 4th ed. http://whqglibdoc.who.
int/publications/2011/9789241548151_eng.pdf (accessed 24.2.13).



http://mrdata.usgs.gov/geology/state/state.php?state=NY
http://mrdata.usgs.gov/geology/state/state.php?state=NY
dx.doi.org/10.1126/science.1235009
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0275
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0280
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://refhub.elsevier.com/S2214-5818(14)00005-6/sbref0285
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf
https://www.researchgate.net/publication/255687886_Geochemical_and_Isotopic_Variations_in_Shallow_Groundwater_in_Areas_of_the_Fayetteville_Shale_Development_North-Central_Arkansas?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/255687886_Geochemical_and_Isotopic_Variations_in_Shallow_Groundwater_in_Areas_of_the_Fayetteville_Shale_Development_North-Central_Arkansas?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/229016434_Geochemical_evidence_for_possible_natural_migration_of_Marcellus_Formation_brine_to_shallow_aquifers_in_Pennsylania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/229016434_Geochemical_evidence_for_possible_natural_migration_of_Marcellus_Formation_brine_to_shallow_aquifers_in_Pennsylania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/229016434_Geochemical_evidence_for_possible_natural_migration_of_Marcellus_Formation_brine_to_shallow_aquifers_in_Pennsylania?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/236921412_Impact_of_Shale_Gas_Development_on_Regional_Water_Quality?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/236921412_Impact_of_Shale_Gas_Development_on_Regional_Water_Quality?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/280686166_Carbon_and_hydrogen_isotope_systematics_of_bacterial_formation_and_oxidation_of_methane?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/280686166_Carbon_and_hydrogen_isotope_systematics_of_bacterial_formation_and_oxidation_of_methane?el=1_x_8&enrichId=rgreq-911095b225f2f123185afd6648367340-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ1OTY5MztBUzoxMzQ3ODg4MTYwNTIyMzBAMTQwOTE0NzU2NjQyNw==
https://www.researchgate.net/publication/264459693

	Assessing dissolved methane patterns in central New York groundwater
	1 Introduction
	1.1 Summary of Marcellus Shale gas issue in New York
	1.2 Concern of possible groundwater contamination
	1.3 Necessity of an understanding of baseline conditions
	1.4 Review of other studies examining dissolved methane patterns
	1.5 Objectives of this study

	2 Methods
	2.1 Study area
	2.2 Field sample collection
	2.3 Sample processing
	2.4 Data analysis

	3 Results and discussion
	3.1 Baseline distribution of methane and dissolved solids
	3.2 Statistical comparison of methane and environmental characteristics
	3.2.1 Proximity to existing natural gas wells
	3.2.2 Topographic position
	3.2.3 Finishing geology
	3.2.4 Groundwater geochemistry

	3.3 Multivariate regression of methane patterns

	4 Conclusion
	Acknowledgements
	Appendix Supplementary data
	Appendix A Supplementary data


