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Abstract Degradation of groundwater quality is a pri-
mary public concern in rural hydraulic fracturing areas.
Previous studies have shown that natural gas methane
(CH4) is present in groundwater near shale gas wells in
the Marcellus Shale of Pennsylvania, but did not have
pre-drilling baseline measurements. Here, we present
the results of a free public water testing program in the
Utica Shale of Ohio, where we measured CH4 concen-
tration, CH4 stable isotopic composition, and pH and
conductivity along temporal and spatial gradients of
hydraulic fracturing activity. Dissolved CH4 ranged
from 0.2 μg/L to 25 mg/L, and stable isotopic measure-
ments indicated a predominantly biogenic carbonate
reduction CH4 source. Radiocarbon dating of CH4 in
combination with stable isotopic analysis of CH4 in
three samples indicated that fossil C substrates are the
source of CH4 in groundwater, with one

14C date indic-
ative of modern biogenic carbonate reduction.We found

no relationship between CH4 concentration or source in
groundwater and proximity to active gas well sites. No
significant changes in CH4 concentration, CH4 isotopic
composition, pH, or conductivity in water wells were
observed during the study period. These data indicate
that high levels of biogenic CH4 can be present in
groundwater wells independent of hydraulic fracturing
activity and affirm the need for isotopic or other finger-
printing techniques for CH4 source identification.
Continued monitoring of private drinking water wells
is critical to ensure that groundwater quality is not
altered as hydraulic fracturing activity continues in the
region.
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Introduction

Oil and natural gas extraction from unconventional
shale reservoirs has intensified, making the United
States the largest producer of oil and natural gas globally
(Kerr 2010; EIA 2016). Although shale gas presents
potential for a domestic, cleaner-burning fuel source in
the midst of regulatory mandates for decreasing use of
coal, environmental and health questions have been
raised about horizontal drilling and hydraulic fracturing
(Bfracking^), including uncertainties of methane (CH4)
emission rates (Howarth et al. 2011; Townsend-Small
et al. 2015, 2016c), increased seismic activity (Skoumal
et al. 2015; Kozlowska et al. 2018), and toxic air
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emissions (Marrero et al. 2016). A primary public con-
cern of expanding shale gas development is groundwa-
ter contamination by natural gas and/or fracking fluid in
production areas (Revesz et al. 2010; Brantley et al.
2014; Darrah et al. 2014; Vengosh et al. 2014; USEPA
2016). Methane degassing from well and tap may com-
bust at high concentrations and indicate the presence of
toxic chemicals from natural gas and/or oil extraction
(Department of the Interior 2001; Wilson and
VanBriesen 2012; Llewellyn et al. 2015).

In the Middle Ordovician Utica Shale, over 2000
horizontal wells have been drilled to depths of up to
3.6 km at over 2500 permitted sites in Ohio since 2011
(Ohio Department of Natural Resources (ODNR)
2017). Many residents in this rural region rely on
infrequently monitored private groundwater wells.
Studies in the adjacent Devonian Marcellus Shale re-
gion of Pennsylvania found elevated CH4 levels with
an isotopic and alkane signature consistent with that of
natural gas in groundwater wells within 1 km of active
gas wells (Osborn et al. 2011; Jackson et al. 2013)
linked to failed gas well casings (Darrah et al. 2014),
although these studies had not analyzed groundwater
prior to shale gas development. A later study indicated
variously high levels of CH4 in groundwater in the
region before fracking activity began, but did not
present CH4 source indicators (Siegel et al. 2015).
Other studies have also shown that produced water
from oil and gas wells, including conventional wells,
in the Marcellus Shale drilling region of Pennsylvania
is very high in salinity (Akob et al. 2015; Rowan et al.
2015). Groundwater affected by hydraulic fracturing
flowback water in the Marcellus Shale region would
be expected to be lower in pH as compared to unaf-
fected groundwater due to the use of hydrochloric
acid, citric acid, and/or thioglycolic acid in the fractur-
ing process (Vidic et al. 2013).

We made measurements of groundwater in the Utica
Shale drilling region of Ohio over a 4-year period of
increasing shale gas development (ODNR 2017)
(Fig. 1). These data were collected during a free ground-
water testing program offered to residents of this area by
University of Cincinnati from 2012 to 2015. We present
a dataset of dissolved CH4 concentrations, δ13C-CH4,
δ2H-CH4, pH, and electrical conductivity in shallow
groundwater wells in this area, with a subset of samples
(n = 4) also analyzed for Δ14C-CH4. We hypothesized
that CH4 concentration would increase as the number of
shale gas wells in the area increased, with the isotopic

composition of CH4 reflecting an increasingly fossil fuel
derived natural gas source (Osborn et al. 2011; Jackson
et al. 2013), and that pH of groundwater would decrease
and electrical conductivity would increase due to the
presence of acidic, salty hydraulic fracturing fluids in
groundwater. We also predicted that groundwater wells
located within 1 km of active shale gas wells would
have elevated levels of dissolved CH4 with isotopic
ratios reflecting a natural gas source (e.g., Osborn
et al. 2011; Jackson et al. 2013), and that groundwater
within this Bactive zone^ would have decreased pH and
increased electrical conductivity.

Materials and methods

Study area The majority of groundwater monitoring in
our study took place in Carroll County, eastern Ohio
(Fig. 1). Carroll County and the surrounding area reside
in the Appalachian Plateau physiographic province;
groundwater in the region is characterized by artesian
springs in Pennsylvanian sandstones and small, shallow
aquifers made up of sandstone and limestone in alluvial
valleys (Ohio Division of Geological Survey 2003). The
study began in January 2012, one year after the first
hydraulic fracturing permit was issued for Carroll
County (ODNR 2017). A lack of groundwater quality
data existed in the region due to the recent start of
unconventional gas extraction in Ohio, and at the time
the study was initiated, Carroll County had been granted
the greatest number of hydraulic fracturing permits in
the state (ODNR 2017). At the onset of our study in
January 2012, a total of 115 drilling permits had been
issued in Ohio; by the end of February 2015, almost
1600 drilling permits had been issued (ODNR 2017).
The study area also has a long legacy of conventional oil
and gas extraction, with a high density of older active
and abandoned conventional wells throughout the study
area (ODNR 2018). There are no coalbed CH4 wells in
the study area.

Sampling methods We collected 180 groundwater sam-
ples in Eastern Ohio from January 2012 to February
2015 (Fig. 1). Of these samples, 118 were collected
from 24 drinking water wells in Carroll, Harrison, and
Stark counties from two to eight times over the study
period, depending on homeowner availability and inter-
est (dark blue triangles in Fig. 1). Other groundwater
wells were sampled only once (light blue circles in
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Fig. 1), mostly as part of a sampling campaign in the
broader area in May 2014, including Columbiana and
Belmont counties, where increased hydraulic fracturing
permitting and drilling was occurring at the time.

Sampling sites were chosen based on landowner
interest in the study; all participation was voluntary.
Sampling was exclusively conducted by the study’s
authors and not by homeowners. Wells were purged to
remove stagnant water before sampling and measure-
ment of pH, conductivity, and temperature (Yellow
Springs Instruments Model 63, Yellow Springs, OH).
All samples were taken prior to any form of water
treatment or residence time in storage tanks and as close
to the well as possible, typically from outdoor pumps,
basement water pipes, garden hose spigots, or, less
frequently, indoor faucets.Water samples were collected
into 155-mL dry narrow neck glass serum vials, which
were allowed to overfill to prevent headspace. Water
samples were preserved with 1-mL aliquots of saturated

mercuric chloride (HgCl2) solution, then capped with
gray butyl rubber septa and sealed with aluminum
crimps. Samples for radiocarbon analysis were collected
in clean 1-L glass anaerobic media bottles capped with
blue butyl rubber stoppers and preserved with HgCl2
using the same methods as described above. One water
sample collected in a 125-mL narrow neck glass serum
vial treated with HgCl2 was also used for radiocarbon
analysis. This sampling technique may lead to slight
underestimation of CH4 concentration due to outgassing
between sample collection and preservation and during
the collection process, particularly in high concentration
water samples.

We collected several samples of CH4 sources in
Carroll County for comparison to CH4 in groundwater.
We took one air sample downwind of a producing shale
gas well and one sample of cow breath from a dairy farm
in 5-L pre-evacuated stainless steel canisters filled to ~
202 kPa pressure with an oil-free bellows pump. These

Fig. 1 Time-series map of Ohio
counties where sampling
occurred. Red circles are active
natural gas wells. Blue diamonds
are sites where time series
groundwater samples were taken
and light blue circles represent
sites where single sample
groundwater measurements were
made. Groundwater sample
locations are noted when samples
were taken between the
years noted in each map. There
was a large increase in active
natural gas wells from 2013 to
2014
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air samples were analyzed for CH4 concentration and
stable isotope composition as below, and the isotopic
composition was corrected for the presence of back-
ground air as described in Townsend-Small et al.
(2012). We further determined the isotopic composition
of CH4 from an abandoned conventional gas well that
was sampled from a groundwater well that had been
drilled into an abandoned conventional gas well shaft.
This sample was taken in the same manner as other
groundwater samples.

Sample analysis Sample analytes were chosen to limit
the cost of the study and to keep the study running
longer; therefore, we mostly chose analyses that could
be done in the field or in-house at the University of
Cincinnati. Dissolved CH4 concentrations from water
samples were acquired using headspace equilibrium
methods at ambient temperature and pressure
(Yamamoto et al. 1976; Beaulieu et al. 2014). A
30-mL headspace of ultra high-purity N2 gas was
inserted into each water sample, while another inserted
needle and syringe captured the equally displaced vol-
ume of water. Samples were then agitated on a vortex
shaker for 1 min and rested 5 min before extraction was
completed. To extract the headspace gas, the previously
displaced water was slowly injected back into the sam-
ple vial as the gas sample was simultaneously extracted
with a 30-mL syringe equipped with a two-way stop-
cock and 23-gauge needle (Ioffe and Vitenburg 1984).
Extracted gas was then transferred to evacuated 20-mL
clean dry glass vials sealed with butyl rubber septa and
aluminum crimps, and containing silica gel desiccant
beads to absorb water vapor.

The vials were then loaded into a GC-PAL AOC
5000 autosampler, and dissolved CH4 concentrations
were measured with an interfaced Shimadzu
Scientific Instruments GC-2014 greenhouse gas an-
alyzer for measurement of CH4 concentration.
Calibrated CH4 standards were also analyzed along-
side unknown samples. Standards were purchased
from various suppliers and calibrated with a primary
NOAA ESRL greenhouse gas standard. The stan-
dards ranged in concentration from below-ambient
atmospheric CH4 levels (1.5 ppm by volume) to
100,000 ppm CH4, bracketing the CH4 concentra-
tions of unknowns. Headspace concentrations were
used to calculate the original dissolved gas concen-
trations of sampled water using temperature-specific
Bunsen solubility coefficients (Yamamoto et al.

1976; Townsend-Small et al. 2016a). The detection
limit of this method is approximately 2.5 nmol CH4/
L. Variation in final dissolved CH4 concentrations is
approximately 6% using the headspace extraction
method in our laboratory (Beaulieu et al. 2014).

The headspace equilibrium methods described
above were also performed to acquire gas samples
for stable isotope analysis of CH4. Headspace gas
samples were extracted and transferred to evacuated
12-mL glass vials (Exetainers®; Labco Ltd.,
Buckinghamshire, UK) containing silica gel desiccant
beads. Samples were then analyzed for δ13C-CH4 and
δ2H-CH4 at the University of Cincinnati via isotope
ratio mass spectrometry (Yarnes 2013). Isotope stan-
dard concentrations were matched to sample concen-
trations to avoid linearity issues with the instrument.
Stable isotope ratios were calibrated with standards
from Isometrics, Inc. (Victoria, British Columbia) that
were cross-calibrated with standards from the
University of California, Irvine (Tyler et al. 2007;
Townsend-Small et al. 2012) and the University of
California, Davis (Yarnes 2013). Stable isotope ratios
are expressed in standard delta notation with respect to
the Vienna Pee Dee Belemnite (VPDB, for 13C) and
Vienna Standard Mean Ocean Water (VSMOW, for
2H) standards. Samples were calibrated with a two-,
three-, or four-point curve using standards bracketing
the isotopic composition of the samples and ranging in
δ13C-CH4 and δ2H-CH4 from − 66.2‰ to − 28.0‰
and − 247‰ to − 156‰, respectively. The reproduc-
ibility of the published method is ± 0.2‰ and ± 4‰
for δ13C-CH4 and δ2H-CH4 (Yarnes 2013), and this
reproducibility is met or exceeded with daily analysis
of multiple isotopic standards. Not all water samples
analyzed for CH4 concentrations were also analyzed
for CH4 isotopes.

Four groundwater samples with dissolved CH4 con-
centrations above 1 mg/L were sent to the University of
California–Irvine Keck Carbon Cycle AMS Facility for
analysis of radiocarbon in CH4. A headspace extraction
technique was used to obtain CH4 from these samples.
The extracted gas samples were purified through a low-
pressure zero air flow-through vacuum line and then
combusted to produce CO2 from CH4. CO2 samples
were converted to graphite for 14C analysis using the
sealed tube zinc graphitization method (Xu et al. 2007;
Pack et al. 2015). Radiocarbon contents are presented as
Δ14C in units of per mille, as fraction modern C (FM),
and as conventional carbon age according to the
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protocol of Stuiver and Polach (1977). Radiocarbon
ages are calculated according to the following equa-
tions:

Fraction Modern ¼
14C
12C

i
sample;−25

0:95
14C
12C

i
OX1;−19:

Where Bmodern^ is defined as 1950; the numerator
refers to the 14C/12C ratio of the sample, corrected for a
carbon stable isotope fractionation of − 25‰; and the
denominator refers to the 14C/12C ratio of the standard,
OX1 or oxalic acid, the primary modern radiocarbon
standard used by the National Institute of Standards
and Technology, which had an activity of 95% in the
year 1950, and corrected for its δ13C value of − 19‰
(Stuiver and Polach 1977). The FractionModern (FM) is
used to calculate the radiocarbon age using the following
equation:

14C Age ¼ − 1=λ14ð Þ � ln FMð Þ ¼ −8033� ln FMð Þ

Sample preparation backgrounds were subtracted
based on measurements of 14C-free coal. The precision
ofΔ14C analysis is about 2‰ for modern samples based
on long-term measurements of secondary standards.

Analytical framework The time-series data provide op-
portunities to evaluate changes in water well properties
through time (CH4 concentration, δ

13C-CH4, pH, con-
ductivity). We evaluated these relationships using sepa-
rate Pearson correlation coefficients between water well
properties and the number of days between samples. In
this context, 1.0 and − 1.0 indicate perfect positive or
negative responses of a water well property with respect
to time and 0.0 indicates a random association. Data
collected to test for changes in water well properties as a
function of distance to an active shale gas well were
based on water wells sampled only once. Depending on
the water well property, the data could be strongly right-
skewed. To accommodate this, we used non-parametric
Kruskal–Wallis analyses (Sokal and Rohlf 2012) to test
for differences in CH4 concentration and δ13C-CH4 in
water wells among different distance categories from the
nearest active shale gas well (< 1 km, 1–2 km, 2–5 km,
and more than 5 km). To report a measure of central
tendency for these skewed distributions, we calculated
bootstrapped estimates (run 10,000 times) of their me-
dian and 95% confidence intervals (CIs). The pH and

conductivity datasets more closely approximated nor-
mal distributions. Thus, we tested for differences in pH
and conductivity among distance categories using one-
way ANOVA (Sokal and Rohlf 2012). Analyses were
performed in R version 3.4.1 (R Core Team 2017).

Results

Figure 2 shows concentrations of CH4 measured in
groundwaters from sites visited two or more times
throughout the study period (Btime series sites^).
Concentrations of dissolved CH4 in time series sites
ranged from 0.2 μg/L to 25.3 mg/L (Fig. 2). Of the 24
groundwater wells in the time series, three sites were
measured for dissolved CH4 concentration only twice:
sites BA^, BL^, and BU^ (Fig. 2), and, thus, do not have
sufficient time series to evaluate secular correlations
of CH4 concentration. Of datasets with three or more
observations, the majority showed negative Pearson
correlations (CH4 concentration decreasing with
time). However, only four datasets had sample sizes
greater than five and only the largest dataset (well
BJ^, n = 8) had a significant correlation (cor = − 0.71,
p = 0.049).

The δ13C-CH4 of samples collected during the time
series are shown in Fig. 3, plotted versus dissolved CH4

concentration (symbols are coded according to site the
same as in Fig. 2). Although we do not present the
isotopic data in time series format, it is clear that isotopic
composition was mostly similar in our sampling sites
throughout the study, despite some variation in concen-
tration (Fig. 3). Also shown in vertical lines in Fig. 3 are
δ13C-CH4 values for natural gas produced in the region
from a shale gas well (δ13C-CH4 = − 47.3‰; δ2H-
CH4 = − 171‰) and a conventional gas well (δ13C-
CH4 = − 41.3‰; δ2H-CH4 = − 172‰). For comparison,
our analysis of biogenic CH4 from a cow’s breath in
Carroll County had a δ13C-CH4 value of − 56.6‰ and a
δ2H-CH4 value of − 305‰. Finally, Fig. 3 also indicates
radiocarbon content and ages of CH4 in four water
samples, in text next to each sample where radiocarbon
age was measured. The complete record of CH4 con-
centration and isotopic composition for these four sam-
ples is also shown in Table 1.

Results from samples from sites visited only once are
shown in Fig. 4a and b. Figure 4a shows the relationship
of dissolved CH4 concentration in groundwater with
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Fig. 2 CH4 concentration in
groundwater wells visited two or
more times throughout the study,
over a period of increasing shale
gas permitting and drilling
activity. Each symbol represents a
different groundwater well

Fig. 3 Carbon stable isotopic
composition of CH4 versus CH4

concentration in samples
collected along the time series.
Symbols are coded the same as in
Fig. 2. Also included are
measurements of the δ13C of CH4

from a shale gas well (− 47.3‰)
and a conventional gas well (−
41.3‰) in the study area for
comparison. The radiocarbon
content of CH4 (Δ

14C-CH4) and
radiocarbon age (in years BP) of
four water samples is also shown
(Table 1)
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distance from the nearest active shale gas well. A pre-
vious study in the Marcellus Shale drilling area of
Pennsylvania defined an Bactive^ shale gas drilling area
as that with one or more producing horizontal wells
within 1 km (Osborn et al. 2011). We found that the
bootstrappedmedian and 95%CIs of CH4 concentration
within 1 km of an active shale gas well was 0.0010 (95%
CI 0.00030, 0.0016) mg CH4/L in contrast to 0.0042
(95% CI 0.00060, 0.012) CH4/L farther than 1 km of an
active shale gas well. There was no significant differ-
ence (compared using a Kruskal–Wallis test) of CH4

concentrations 1 km, 1–2 km, 2–5 km, or more than
5 km from the nearest active shale gas well (Fig. 4a).
Figure 4b shows the δ13C-CH4 of these samples, plotted
versus their CH4 concentration. The average δ

13C-CH4

of samples with CH4 concentrations less than 1 mg/L
was − 60.9 (95% CI − 67.7, − 51.4), higher than those
measured in samples with CH4 concentrations higher
than 1 mg/L (− 70.4; 95% CI − 76.7, − 61.15)
(Wilcoxon test, Z = 3.93, p < 0.05). There was no sig-
nificant difference (compared using a Kruskal–Wallis
test) between average δ13C-CH4 values within 1 km, 1–

2 km, 2–5 km, or more than 5 km from the nearest active
shale gas well.

Figure 5 shows carbon and hydrogen stable isotopic
compositions of all groundwater samples measured dur-
ing this study, categorized according to whether they
were sampled along the time series or only once, and
also classified by dissolved CH4 concentration. Also
shown are isotope values for other CH4 sources sampled
during this study as well as CH4 in clean background air
(from Townsend-Small et al. 2016c). Finally, we show
literature values for CH4 source categories from
Whiticar (1999).

Measurements of pH and conductivity from the
time series sites are shown in Fig. 6a and b. No
time-series sites with more than three measurements
exhibited a significant change in pH over the study
period (defined as a Pearson correlation with p <
0.05). We expected that pH would exhibit small
natural temperature-related or other changes over
seasonal and annual time scales, whereas we expect-
ed there would be fewer natural controls on CH4

concentrations in groundwater. Three sites (D, J, and

Table 1 Summary of radiocarbon and stable isotope data of four groundwater samples containing elevated CH4 concentrations (samples
were taken in February 2015)

Sampling location [CH4] (mg/L) δ13C-CH4 (‰) δ2H-CH4 (‰) Fraction modern C Δ14C-CH4 (‰) 14C Age (years BP)

Site W 12.1 − 72.4 − 227 0.0341 − 966.1 27,130

Site C 22.6 − 67.7 − 217 0.0028 − 997.2 47,120

Site S 25.0 − 67.8 − 219 0.0028 − 997.3 47,350

Site J 1.9 − 67.8 − 195 0.9625 − 45.1 305

Fig. 4 a Relationship of dissolved CH4 concentration with distance from the nearest active shale gas well in groundwater wells sampled
only once. b Carbon stable isotopic composition of CH4 in the same samples
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W) had a significant decrease in conductivity over
the study period. Conductivity did not change sig-
nificantly in any other regularly monitored well.

Data for pH and conductivity from sites sampled
once are shown in Fig. 7a and b. The average (± stan-
dard deviation) pH of groundwater sampled within 1 km

Fig. 5 Carbon and hydrogen
isotopic compositions of
groundwater samples taken
during this study, along with
isotopic composition of several
sources (value for background air
is from Townsend-Small et al.
2016c). Also shown are approxi-
mate literature values for different
endmembers of CH4 sources from
Whiticar (1999). Groundwater
samples are shown in blue circles,
for time series samples, and pur-
ple diamonds, for single samples,
with shading corresponding to
sample CH4 concentration, with
increasing shading corresponding
to increasing concentration

Fig. 6 pH and conductivity measurements from time series sites presented versus sampling date
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of an active shale well was 7.16 ± 0.42 and 7.17 ± 0.55
farther than 1 km from an active shale well. The average
(± standard deviation) conductivity of groundwater
sampled within 1 km of an active shale well was 520
± 365 μS/cm and 524 ± 267 μS/cm farther than 1 km
from an active shale well. There was no significant
difference (evaluated using an ANOVA) in pH or con-
ductivity of groundwater within 1 km, 1–2 km, 2–5 km,
or more than 5 km from the nearest active shale gas well
(Fig. 7a, b).

Discussion

Time series Contrary to our hypothesis, we did not see
an increase in CH4 concentration or change in isotopic
composition of CH4 in groundwater in regularly moni-
tored wells over the study period (Figs. 2 and 3), despite
a large increase in the number of producing shale gas
wells in our study area (Fig. 1). In fact, we saw a
decrease in CH4 concentration in some of our regularly
monitored wells, although the number of samples in our
time series is relatively small. The low numbers of
significant correlations indicate there may be natural
variability in concentrations of biogenic CH4 in ground-
water in our study area (contrary to our expectation),
and/or wemay simply lack statistical power to uncover a
robust signal. It is difficult to pinpoint exactly when
shale gas wells were drilled, Bfracked,^ or began pro-
ducing in our study area, making it hard to relate dis-
solved CH4 concentration to distance from the nearest
active shale gas well for time series samples, although

we have analyzed the relationship between CH4 con-
centration and distance from the nearest active gas well
for sites sampled only once (see below). We found that
CH4 concentrations in groundwater varied across sever-
al orders of magnitude in our study area (Fig. 2), from
0.2 μg/L to 25.3 mg/L. Three of our regularly monitored
sites had CH4 levels posing a fire or explosion hazard in
enclosed spaces (above 10 mg/L; US Department of the
Interior 2001).

As observed with CH4 concentrations, isotopic con-
centration of CH4 was consistent over time in regularly
monitored groundwater wells, and the highest CH4 con-
centrations had lower δ13C values than known natural
gas sources from the region (Fig. 3), indicating a bio-
genic CH4 source. Biogenic CH4 can be derived from
anaerobic acetate fermentation from an organic matter
source, such as soil or plant organic matter, or from
reduction of carbon dioxide as in the case of coalbed
CH4 (Fig. 5). Radiocarbon dating of CH4 from four
samples indicates two of the four consist of fossil C
(14C age = 47,000 years; Δ14C = − 997‰), the third
consists of more modern C (14C age = 305 years;
Δ14C = − 45.1‰), and the fourth has an intermediate
age (14C age = 27,000 years; Δ14C = − 966.1‰)
(Table 1; Fig. 5). All of the samples that were tested
for radiocarbon age had stable isotope ratios indicating a
bacterial carbonate reduction source signature. Some
samples with very low dissolved CH4 concentrations
did have high δ13C values near the range observed for
natural gas sources (Fig. 3), but δ2H analyses values
indicate these may be attributed to in situ CH4 oxidation
(Fig. 5) (see further discussion of CH4 sources below).

Fig. 7 pH and conductivity measurements from groundwater wells sampled only once, presented versus distance from the nearest active
shale gas well
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Two sites had changes in δ13C values over the
study period that might indicate the introduction of
natural gas CH4 in groundwater, but only two mea-
surements of δ13C, which we considered insufficient
to establish a statistical trend. The concentration of
methane in well BN^ ranged from 0.0002 to
0.0007 mg/L and there were two δ13C measurements
over the time series, one indicating a δ13C of −
35.4‰ and one of − 48.3‰. The heavier carbon
isotopic measurement, combined with its δ2H mea-
surement, puts it into the Bgeothermal, hydrother-
mal, crystalline^ category in Fig. 5, but the other
measurement is in the thermogenic range. The
change in CH4 source from geothermal to thermo-
genic was accompanied by a change in dissolved
CH4 concentration of 0.0002 mg/L, which is small
compared to the range of concentrations observed
throughout the study area. There was no change in
the distance to the nearest active gas well between
these two samples for well BN^. The concentration
of methane in well BV^ ranged from 0.0003 to
0.0009 mg/L with two δ13C measurements, one of
− 68.2‰ and one of − 45.2‰. The change in CH4

source from biogenic to thermogenic was accompa-
nied by a change in dissolved CH4 concentration of
0.0005 mg/L. There was no change in distance to
the nearest active gas well during the study period
for well BV .̂ For both of these sites, small amounts
of atmospheric CH4 (δ13C ~ − 47‰) dissolved in
groundwater may also partially explain the results.
Nevertheless, the change in isotopic composition of
CH4 in these wells may indicate that further changes
in dissolved gas concentration, composition, and/or
water quality are incipient.

Single samples Data collected from sites sampled only
once were analyzed for the relationship of dissolved
CH4 concentration and δ13C-CH4 with distance from
the nearest producing shale gas well, similar to analyses
done in the Marcellus Shale of Pennsylvania (Osborn
et al. 2011; Jackson et al. 2013). Unlike in the previous
studies, and contrary to our initial hypothesis, we did not
observe increased CH4 concentration in groundwater
wells located within 1 km of a producing shale gas well
(Fig. 4a). In fact, some of the highest concentrations (up
to ~ 20 mg/L) were observed outside of this 1 km
Bactive^ zone (as defined by Osborn et al. 2011 and
Jackson et al. 2013). Carbon stable isotopic data from
these single sample sites also indicate that the highest

CH4 concentrations have a biogenic isotopic signature
(δ13C-CH4 between − 70 and − 60‰) (Fig. 4b). As also
observed in our time series data, groundwater had a
wide range of CH4 concentrations.

Sources of CH4 in groundwater Figure 5 compares C
and H stable isotopic compositions of time series and
single sample data, grouped by dissolved CH4

concentration, and also showing biogenic and
thermogenic endmembers from the same region. The
majority of our samples, particularly in the highest
concentrations, fall into the range defined by Whiticar
(1999) as produced by bacterial carbonate reduction. A
few samples with lower CH4 concentrations fall in the
range of bacterial methyl-type fermentation and thermo-
genic CH4, similar to endmembers from cow breath and
oil and gas wells, respectively (Fig. 5). Furthermore, we
see evidence that oxidation of CH4 in groundwater is
occurring in our region, leading to high δ13C and δ2H
signatures and decreased concentrations (Whiticar
1999; Townsend-Small et al. 2016a), as some low CH4

concentration samples fall outside the range of known
CH4 sources (Fig. 5).

Other studies of thermogenic natural gas in
Appalachia have found that it has δ13C-CH4 values
above − 52‰ (Jenden et al. 1993; Laughrey and
Baldassare 1998), and δ13C-CH4 values above − 50‰
in drinking water wells were interpreted as natural gas
dissolved in groundwater near Pennsylvania gas wells
(Osborn et al. 2011; Jackson et al. 2013). In contrast,
biogenic coalbed CH4 in Appalachia can be produced
by microbial carbonate reduction and has a more 13C-
and 2H-depleted isotopic signature than thermogenic
natural gas (Laughrey and Baldassare 1998;
Townsend-Small et al. 2016b). While some of our sam-
ples have isotope signatures similar to previous mea-
surements of coalbed CH4 in Appalachia (δ13C from −
55.1 to − 39.9‰; δ2H from − 121 to − 219‰; Laughrey
and Baldassare 1998), many are even more depleted in
13C and/or 2H, similar to coalbed CH4 in other regions
(Rice 1990; Scott et al. 1994; Smith and Pallasser 1996;
Clayton 1998; Martini et al. 1998; Schlegel et al. 2011).
Production-scale coalbed CH4 reservoirs are located in
eastern Harrison County and east-central Carroll
County, although there are no active coalbed CH4 ex-
traction wells in these counties (ODNR 2018).
Appalachian Ohio in general has coal-bearing strata that
could support methanogenesis via carbonate reduction,
followed by CH4 migration from coal seams into
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selected groundwater wells (Ohio Division of
Geological Survey 2004). Close examination of water
well logs showed that some of our groundwater wells
were drilled through coal seams (Ohio Division of
Water and Soil Resources 2016), although the water
well log database is incomplete in this area, particularly
for older groundwater wells. Future studies may confirm
the presence of biogenic rather than thermogenic CH4 in
these groundwater wells through analyses such as the
ratio of CH4 to higher chain hydrocarbons or dissolved
inorganic C concentration and δ13Cmeasurements (Rice
and Claypool 1981; Martini et al. 2003; Jackson et al.
2013).

A small number of groundwater samples fell within the
mixed biogenic/thermogenic, methyl-type fermentation,
or thermogenic source ranges based on stable isotopic
analysis, mostly in water wells with dissolved CH4 con-
centrations less than 1 mg/L (Fig. 5) (Whiticar 1999). We
also had one sample that fell in the range of Bgeothermal^
CH4 (Fig. 5) (Whiticar 1999). Samples that fall to the right
of the defined ranges in Fig. 5 are likely affected by partial
CH4 oxidation, which causes increased δ13C-CH4 and
δ2H-CH4 values of residual CH4 and is frequently ob-
served in aquatic environments (Whiticar 1999;
Townsend-Small et al. 2016a). Samples that fall into the
range of thermogenic CH4 or mixed biogenic/
thermogenic CH4 may represent groundwater wells that
have small amounts of natural gas, perhaps because of
nearby existing conventional or newly drilled unconven-
tional oil and gas wells. There may also be a time lag
between the onset of hydraulic fracturing in the region and
the appearance of natural gas in groundwater, in which
case these data may represent the first sign of thermogenic
CH4 in groundwater in the region. Clearly, additional
monitoring is needed to determine whether CH4 concen-
trations and source signals change in this region as the
number of oil and gas wells continues to increase.

Radiocarbon analyses of CH4 on samples from four
groundwater wells containing dissolved CH4 concentra-
tions consistently > 1 mg/L were performed to deter-
mine whether biogenic CH4 is derived from fossil or
modern C (Aravena et al. 1995; Levin and Hesshaimer
2000; Townsend-Small et al. 2012; Garnett et al. 2013;
Pack et al. 2015) (Table 1; Fig. 3). All of these samples
had a stable isotopic composition indicative of a bacte-
rial carbonate reduction CH4 source. Three of these
groundwater wells contained CH4 in concentrations
within the action level for mitigation (> 10 mg/L) and
had 14C ages between 27,000 and 47,000 years BP,

ind ica t ing microbia l reduc t ion of anc ien t ,
Bradiocarbon-dead^ CO2 (Table 1). In contrast, the
Δ14C-CH4 of − 45‰ for the fourth well, with the lowest
CH4 concentration, had a 14C age of 305 years or
approximately 96% modern C, indicating it is derived
from carbonate reduction from a modern soil respiration
or atmospheric CO2 source (Table 1).

Previous studies of Δ14C-CH4 in groundwater have
found a similar range in radiocarbon ages that vary with
the stable isotopic composition and therefore the CH4

production pathway and/or C source. Groundwater CH4

in the Alliston Aquifer, southern Ontario, Canada, was
produced primarily by CO2 reduction (as determined by
δ13C-CH4 and δ2H-CH4) and ranged in age from ~
15,000 to 44,000 years BP (Aravena et al. 1995). A study
of groundwater in central Iowa found that CH4 was
produced from methanogenesis of old organic C, pro-
ducing CH4 with ages from 14,000 and 17,000 years BP

(Parkin and Simpkins 1995). Methane in arsenic-
contaminated groundwater in Taiwan had a larger range
of radiocarbon ages (~ 6200 to 42,000 years BP) and
δ13C-CH4 values that largely indicated a CO2 reduction
source (Liu et al. 2009).

Other studies in the Appalachian Basin have used
additional tracers to distinguish between biogenic and
thermogenic CH4 sources or to determine gas intrusion
pathways, including the concentration of ethane (C2H6)
and higher alkanes (Jackson et al. 2013; Moritz et al.
2015; Humez et al. 2016a), concentrations of toxic
hydrocarbons associated with oil and gas activity
(Drollette et al. 2015), noble gases (Darrah et al. 2014,
2015), and/or isotopic analysis of C2H6, H2O, CO2, or
other dissolved constituents (Warner et al. 2012, 2013).
In the current study, we chose a smaller number of
analytes that could be analyzed in our own laboratory
at the University of Cincinnati in order to conserve
funds to providemore water tests for more homeowners.
This also allowed us to run our study for a longer period
of time. Despite the relatively small number of analytes,
our data indicate that the dominant source of CH4 in
groundwater in the Utica Shale region is biogenic, and
that neither the CH4 concentration nor its source change
with an increasing number of shale gas wells or with
changing distance to shale gas wells.

pH and conductivity As with concentration and isotopic
composition of CH4, conductivity did not change as shale
gas drilling increased in the region in regularly monitored
groundwater wells, nor was there a difference in
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conductivity with distance from the nearest shale gas well
(Figs. 6b and 7b), in contrast to our expectations. For the
most part, conductivity levels in groundwater in our study
were somewhat above the normal range for surface
stream water for the northern Appalachian/Allegheny
Plateau region, which is generally between about 50
and 350 μS/cm with other values recorded outside this
range, up to 3000 μS/cm (Griffith 2014). However,
groundwater is naturally more enriched in dissolved ions
than surface water, and our data do not indicate any
intrusion of high conductivity fracking fluids as the num-
ber of fracking wells increased in the region (Vidic et al.
2013; DiGuilio and Jackson 2016). In contrast, a stream
in West Virginia next to a fracking wastewater injection
well had elevated conductivity levels approximately five
times greater than upstream of the injection well (Akob
et al. 2016). Future studies of groundwater in the Utica
Shale drilling region of Ohio may also consider including
measurements of specific ions that may be indicative of
hydraulic fracturing fluids or natural brines (Warner et al.
2012, 2013; Akob et al. 2016).

We did not see any major changes in pH levels in
groundwater over time in our study area, or an indication
that proximity to shale gas wells leads to reduced pH in
groundwater due to the presence of acidic hydraulic
fracturing fluids (Figs. 6a and 7a). At least one prior
study in Appalachian West Virginia has shown that the
accidental introduction of hydraulic fracturing wastewa-
ter to surface waters can lead to reduced pH (Akob et al.
2016). Our data indicate that pH values of groundwater in
east-central Ohio vary widely, and that some groundwa-
ter wells have low pH values that may indicate the
presence of acid mine drainage (site F, Fig. 6a). Our pH
and conductivity measurements, along with our other
data, provide a useful baseline for assessing future chang-
es in groundwater quality in the region as more oil and
gas development and its associated urbanization occur.

Implications While interactions of shale gas extraction
and drinking water have been examined in the
Marcellus Shale drilling area of Pennsylvania and
West Virginia (Osborn et al. 2011; Jackson et al. 2013;
Brantley et al. 2014; Darrah et al. 2014; Llewellyn et al.
2015; Harkness et al. 2017), our study is the first to
characterize CH4 sources in groundwater in the Utica
Shale drilling region of Ohio, and is one of only a
handful of time series studies of CH4 concentration
and associated isotopic composition in an oil and gas
extraction area (e.g., Humez et al. 2016b). Continued

monitoring will determine whether increased hydraulic
fracturing activity will lead to natural gas or fracking
fluid intrusion into groundwater, as has been shown
elsewhere (Osborn et al. 2011; Jackson et al. 2013;
Darrah et al. 2014; Llewellyn et al. 2015; Hildebrand
et al. 2015; DiGuilio and Jackson 2010). More research
is needed on the composition and sources of biogenic
CH4 in subsurface Appalachia, particularly on the inter-
action of this CH4 source with current and past oil and
gas extraction (Caulton et al. 2014; Townsend-Small
et al. 2016b).
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