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ABSTRACT: This study places constraints on the source and transport mechanisms of methane
found in groundwater within the Barnett Shale footprint in Texas using dissolved noble gases, with
particular emphasis on 84Kr and 132Xe. Dissolved methane concentrations are positively correlated
with crustal 4He, 21Ne, and 40Ar and suggest that noble gases and methane originate from common
sedimentary strata, likely the Strawn Group. In contrast to most samples, four water wells with the
highest dissolved methane concentrations unequivocally show strong depletion of all atmospheric
noble gases (20Ne, 36Ar, 84Kr, 132Xe) with respect to air-saturated water (ASW). This is consistent
with predicted noble gas concentrations in a water phase in contact with a gas phase with initial
ASW composition at 18 °C-25 °C and it suggests an in situ, highly localized gas source. All of these
four water wells tap into the Strawn Group and it is likely that small gas accumulations known to
be present in the shallow subsurface were reached. Additionally, lack of correlation of 84Kr/36Ar
and 132Xe/36Ar fractionation levels along with 4He/20Ne with distance to the nearest gas
production wells does not support the notion that methane present in these groundwaters
migrated from nearby production wells either conventional or using hydraulic fracturing
techniques.

■ INTRODUCTION

With rising demands for domestic energy resources, unconven-
tional hydrocarbon production has been extensively developed
since the early 2000s.1 The combined use of hydraulic
fracturing (HF) and horizontal drilling has greatly increased
the hydrocarbon recovery from shales, tight formations and
other unconventional reservoirs.1,2 As a result, unconventional
gas resources (e.g., so-called shale gas) accounted for more than
one-third of the total natural gas production in the United
States in 2013.1,3 However, the occasional presence of elevated
concentrations of light hydrocarbons in nearby shallow
drinking groundwater has caused public concern. For example,
enhanced permeability in targeted formations such as the
Marcellus or Barnett Shales (at depths of 1800 m to >2000 m)
may facilitate migration of natural gas, formation brines and
other contaminants into shallow aquifers (<500 m), thereby
threatening drinking-water supplies.2,4−7 Previous work has
focused on identifying sources of methane in shallow
groundwaters, for example, the Trinity Aquifer in the Barnett
Shale footprint, which can be either from thermogenic or
microbial sources.4−6,8−11 It should be noted, however, that the
occurrence of both thermogenic and microbial gas in shallow
groundwater could be due to either natural or anthropogenic
causes.8,9,12,13

The Barnett Shale in the Fort Worth Basin is the oldest shale
gas play in which HF became a major stimulation technique.1

Large sections of the basin have also undergone conventional
production for decades, including the study area where most of
the produced gas originated from the Strawn Group. Within the
Barnett Shale footprint, the presence of localized stray gas in
the shallow Trinity Aquifer has been investigated with respect
to its migration mechanisms and origin in several studies.8,9

Here, “stray gas” refers to natural gas present in shallow
aquifers of an undetermined origin. In addition, the descriptor
“Trinity Aquifer” is understood as water-bearing rocks mostly
of the Trinity Group of Cretaceous age but that can also
include the occasional sandstones of the Paleozoic Strawn
Group in hydrogeologic continuity with them. Based on well
headspace observations of hydrocarbon molar ([C2H6+]/
[CH4]), stable isotopic (e.g., δ13C−CH4) ratios and other
information, Kornacki and McCaffrey9 tentatively concluded
that stray gas in shallow water wells in the Trinity Aquifer
within Parker county is of thermogenic origin and originates
from the Strawn Group as opposed to the deep Barnett Shale.
However, microbial activity and oxidation can alter the original
geochemical signature and thus, obscure the original sources
and/or mechanisms of fluid migration.5,8,14

Received: March 25, 2016
Revised: September 6, 2016
Accepted: September 29, 2016
Published: September 29, 2016

Article

pubs.acs.org/est

© 2016 American Chemical Society 12012 DOI: 10.1021/acs.est.6b01494
Environ. Sci. Technol. 2016, 50, 12012−12021

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.6b01494
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


In contrast, stable noble gases (Helium − He, Neon − Ne,
Argon − Ar, Krypton − Kr, Xenon - Xe) are chemically inert
and are thus transported without being affected by chemical
reactions.15,16 Noble gases in subsurface fluids (e.g., freshwater,
natural gas) are derived from the atmosphere, crust, and
mantle, all of which show distinct isotopic and elemental
signatures.15−19 This makes noble gases ideal natural tracers for
studying the origin and evolution of crustal fluids in
sedimentary basins.16,20−29 In most subsurface fluids in
sedimentary systems, noble gases are dominated by an
atmospheric origin (air saturated water or ASW) and/or a
crustal component deriving primarily from radioactive decay of
U, Th and 40K.15 In this study, the crustal component is
identified with the “*” notation.
Previous noble gas work on natural gas from the Barnett and

Strawn formations and from the shallow Trinity Aquifer in the

Barnett Shale footprint in Parker county suggested that
dissolved methane in groundwater is likely derived from the
Strawn Group.8 Some of this stray gas would presumably have
migrated along the annulus of a producing well due to poor
cementation.8

Here, we present noble gas concentrations and isotopic ratios
from groundwater samples collected in the Trinity Aquifer
within the Barnett Shale footprint in Parker and Hood counties
in north-central Texas (Figure 1). This data, together with
information provided by well logs of the sampled water wells is
used in an attempt to clarify both the origin of stray gas in the
Trinity Aquifer, as well as potential mechanisms responsible for
its migration from its source into the Trinity Aquifer water
wells. Based on collected data, at this stage, our findings do not
point specifically to anthropogenic causes (e.g., poor-quality
cementing of natural gas production wells either conventional

Figure 1. Spatial distribution maps of dissolved methane and total 4He concentrations for sampled Trinity Aquifer wells. The South Cluster is
located close to the Brazos River between the City of Granbury to the south and the City of Weatherford to the north whereas the North Cluster is
located north of the City of Weatherford. Small red dots represent wellhead locations of horizontal wells producing from the Barnett Shale.
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or using HF technology) that would be responsible for the
presence of methane in the Trinity Aquifer in Parker County.

■ MATERIALS AND METHODS
Barnett Shale, Strawn Group, and Trinity Aquifer. The

Fort Worth Basin, where the Barnett Shale and Strawn Group
are located, is a north−south elongated trough covering
roughly 38 100 km2 in north-central Texas in the southern
United States (Figure S1; Supporting Information (SI)).1,30 It
is floored by a Precambrian basement. The Barnett Shale of
Late Mississippian age (∼331−323 Ma) is the primary
petroleum source rock in the Fort Worth Basin and found at
a depth of ∼1800 m in the study area (SI Figure S2).2,30−34

Overlying the Barnett Shale are, from oldest to youngest, the
∼150−200 m thick Marble Falls (mostly carbonates) and
∼600−700 m thick mostly siliciclastic Bend/Atoka Formations,
of Late Mississippian and Lower Pennsylvanian age (∼323−
299 Ma).3,35,36 The 650−750 m thick Lower Strawn (Kickapoo
Creek Formation) unconformably overlain by Cretaceous rocks
in the study area consists of alternating sandstone and
dominant shale layers with episodic carbonates.36 Both the
Strawn Group and the overlying Cretaceous formations include
also minor coal seams.9,37,38 Montgomery et al.31 and Pollastro
et al.30 suggested that significant migration of hydrocarbons
occurred from the Barnett Shale into the Strawn Group over
geologic times charging commercially produced reservoirs. The
timing of migration, however, is poorly constrained.
The Trinity Group hosting the Trinity Aquifer is the main

source of drinking water in Parker and Hood counties, where it
crops out.8,9,39 The Trinity Aquifer locally consists of
sandstones, silts and conglomerates overlaid by the carbonate
Glenrose Formation that acts as a confining unit. In the study
area, the Cretaceous sedimentary cover is very thin (<200 m; cf.
SI Text S1). Basal sands of the Trinity Group overlie the
Strawn Group in an angular unconformity (SI Figure S2).9,40

Predevelopment hydraulic heads in the Trinity Aquifer indicate
that the general direction of flow in the study area is along dip
from the outcrop to the East.40

There are no mapped faults at the surface in Parker and
Hood counties but several exist at depth, impacting at least
some of the Paleozoic section. In addition to the Ouachita
thrust belt on the eastern edge of the Barnett, a major fault, “the
Mineral Wells fault”, trending SW-NE is present in southern
Denton and northern Parker counties (SI Figure S1).30,41 This
fault, which was active throughout the Paleozoic, appears to be
rooted in the Precambrian basement.30,31 Several minor normal
faults parallel to it are present in the Fort Worth Basin,
including in southern Parker county.30

Sampling and Analytical Methods. Forty-five ground-
water samples were collected from 35 wells for measurement of
He, Ne, Ar, Kr, and Xe concentrations and their respective
isotopic ratios (Table S1; Figure 1; Supporting Information).
Duplicates were collected from 10 well sites (SI Table S1).
Groundwater samples were collected in standard refrigeration
grade 3/8” Cu tubing after temperature, pH and electrical
conductivity reached equilibrium. Cu tubes were sealed by steel
pinch-off clamps42 after water was allowed to flush through the
system for approximately 10 min.
The complete measurement procedure for groundwater

samples was carried out in the Noble Gas Laboratory at the
University of Michigan. Additional sampling, extraction and
purification procedures can be found in the literature.17,28 He
and Ne were analyzed in a Thermo Scientific Helix SFT mass

spectrometer while Ar, Kr, and Xe were sequentially inlet into
an ARGUS VI mass spectrometer using a computer-controlled
double-head cryo-separator. Analysis procedures are described
in the SI Text S2.
Groundwater samples were also collected in glass serum vials

with thick rubber septa for CH4 concentrations following
Kampbell and Vandegrift43 as described in Nicot et al.35 and
were analyzed at The University of Texas at Austin (UT).35

The detection limit was 0.001 mg/L for dissolved methane.43 It
should be noted, however, that this sampling approach could
underestimate oversaturated CH4 concentrations in water.
Collected water samples for Cl−concentrations (SI Table S5)
were also analyzed at the UT Bureau of Economic Geology
(BEG).35

■ RESULTS AND DISCUSSION
Spatial Distribution of Dissolved Methane. Ground-

water samples in the Trinity Aquifer are grouped into two
clusters based on their location (Figure 1; SI Table S1): (1) the
“south cluster”, for samples located in Hood and Parker
counties, proximal to the boundary between the counties,
where high dissolved methane concentrations were previously
documented,8,9 and; (2) the “north cluster”, for samples located
in the northern portion of Parker county, that was chosen to be
away from the south cluster where high methane concen-
trations are known to be present. With the exception of one
sample (i.e., sample 31) noted in the discussion, all the
dissolved methane carries the signature of a thermogenic origin,
relatively heavy δ13C (−54.1‰ to −26.2‰) and is
accompanied by ethane and propane.35

Following the classification of methane concentrations
dissolved in groundwater by Eltschlager et al.,44 only five
groundwater samples all from the “south cluster” (samples 355,
358, 369, 533, and 555) display dissolved methane concen-
trations of concern, that is, >10 mg/L (SI Table S1). In
addition, five samples show methane concentrations between 2
and 10 mg/L, whereas 25 out of 35 wells display dissolved
methane concentrations of 0.1−2 mg/L. Many of these wells
are located in the proximity of natural gas wells currently being
exploited both in the Barnett (using HF techniques) and the
Strawn (conventional exploitation) formations, but no strong
and definite spatial correlation has been observed between
these production wells and water wells displaying high
dissolved methane concentrations.35 In addition, water wells
with concentrations >2 mg/L are located in close proximity to
wells with low and trace methane concentrations (Figure 1).
These spatial observations suggest, a priori, a lack of correlation
between high dissolved methane concentrations and the
locations of natural gas production wells from either the
Barnett Shale or the Strawn Group.

Noble Gas Signatures versus Methane Content. Total
dissolved 4He, 20Ne, 36Ar, 84Kr and 132Xe concentrations and
isotopic ratios are listed in SI Tables S2 and S3, respectively.
3He/4He ratios (R) are normalized to the atmospheric ratio Ra,
where Ra = (1.384 ± 0.013) × 10−6.45 Atmospheric
concentrations and isotopic ratios are also reported for
reference.
All groundwater samples, without exception, display 4He

concentrations in excess of ASW values, reaching over 3 orders
of magnitude above that of ASW for temperatures ranging
between 0 and 25 °C (Figure 1). Similar to the spatial
distribution of dissolved methane concentrations, highest total
4He concentrations are found in some of the south cluster wells
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(samples 355, 358, 369, 533, and 555; SI Table S2, Figure 1).
Overall, a direct correlation is observed between dissolved
methane and total 4He concentrations, suggesting a common
source for both the stray gas and 4He present in these
groundwaters (Figure 2a). Main outliers to this general trend
are samples 31 and 253, both located in the north cluster.
Higher methane concentrations in sample 31 are due to the
presence of microbial methane (2 mg/L methane, no measured
ethane, δ13C = −66‰; cf. Nicot et al.35), whereas mantle He
present in sample 253 can explain the deviation of this sample
from the observed correlation between methane and total He

concentrations (Figure 2a; cf. SI Text S3). Crustal 4He
concentrations (4He*) are estimated following Castro and
colleagues46,47 and vary by over 3 orders of magnitude, from
1.47 × 10−8 to 1.40 × 10−4 cm3STP/gH2O. Similar to
observations for total 4He concentrations, 4He* concentrations
display a good correlation with dissolved methane concen-
trations (Figure 2b). Overall, the south cluster exhibits highly
contrasting dissolved methane and 4He* concentrations within
a very limited area, an observation that is consistent with
previous findings.8 In addition to being well correlated with
dissolved methane in groundwater, concentrations of both total

Figure 2. (a) Total He concentrations, (b) 4He* concentrations, (c) R/Ra ratios, (d) 21Ne/22Ne ratios, (e) 40Ar/36Ar ratios, and (f) 136Xe/130Xe as a
function of measured dissolved methane concentrations in collected groundwater samples. Corresponding atmospheric noble gas values are
indicated (dashed lines). Samples with undetected methane concentrations are plotted at the methane detection limit (0.001 mg/L).
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4He and 4He* are very similar and point to a dominantly crustal
4He component in most samples, as opposed to atmospheric
and mantle-derived components (cf. SI Text S3).
Measured R/Ra values vary from an almost pure crustal value

of 0.030 ± 0.001 (typical crustal production values are ∼0.02−
0.05)24 for most samples to 0.889 ± 0.008 in a few samples, a
value very close to that of the atmosphere. Most of the
measured higher R/Ra ratios reflect the impact of mixing
between older groundwater and recharge water carrying a pure
atmospheric component (R/Ra = 1).21,47 Our helium
component analysis (cf. SI Text S3) also points to the likely
presence of a minor but non-negligible mantle He component
of up to 2% in some samples (e.g., samples 253 and 364),

which contributes, to a lesser extent, to increased R/Ra values.
Irrespective of the presence of an atmospheric or mantle origin
for He leading to slightly higher R/Ra values, a 4He*
component is largely dominant for most samples. As expected,
R/Ra values display an inverse correlation with methane
concentrations. This points to increased amounts of 4He*
(lower R/Ra values) with increasing methane concentrations
thus, strongly suggesting a common source for both methane
and 4He* (Figures 2b, c).
Most measured 20Ne/22Ne ratios are close to the

atmospheric value of 9.80 (SI Table S3). 21Ne/22Ne ratios
range from 0.0289 ± 0.0001 to 0.0304 ± 0.0003 reflecting the
addition of minor but non-negligible crustally produced 21Ne*

Figure 3. (a) 20Ne, (b) 84Kr and (c) 132Xe concentrations as a function of 36Ar concentrations for all collected Trinity groundwater samples.
Predicted 20Ne, 36Ar, 84Kr and 132Xe concentrations in air saturated water (ASW) are shown for temperatures varying from 0 to 25 °C (red solid
line). Predicted 20Ne, 36Ar, 84Kr, and 132Xe concentrations in the water phase are also calculated for two scenarios: (1) addition of excess air (EA)
(green solid lines) and (2) residual water phase following water−gas interaction in a closed-system (red dashed lines) at 18 and 25 °C.
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through the nuclear reactions 18O(a, n)21Ne and 24 Mg(n,
a)21Ne.48 21Ne* values are estimated following Ballentine et
al.20 and vary between 0% and 4.8% of total measured 21Ne
with an atmospheric 21Ne contribution varying between 95.2%
and 100%. It is apparent that, for all samples displaying
21Ne/22Ne ratios higher than ASW values, a direct correlation
between 21Ne* and dissolved methane in groundwater is also
observed, pointing again to a common origin between crustally
produced 21Ne* and stray gas present in the Trinity Aquifer
(Figure 2d).
All 38Ar/36Ar ratios are close to the atmospheric value of

0.188 (SI Table S3). In contrast, some groundwater samples
display 40Ar/36Ar ratios (samples 355, 358, 369, 533, and 555)
above the atmospheric value of 295.5, reflecting the addition of
crustally produced 40Ar* (SI Table S3; Figure 2e). Similar to
excess 4He from U and Th, excesses of 40Ar are commonly
observed in old crustal fluids due to the natural decay of 40K in
rock formations.20,49,50 Contribution of crustally produced
40Ar* is estimated following Ballentine et al.20 40Ar* varies from
0% to 4.6%, with atmospheric 40Ar varying between 95.4% and
100%. Similar to 4He* and 21Ne*, 40Ar* correlates well with
dissolved methane concentrations (Figure 2e), pointing once
again to an origin similar to that of dissolved methane.
In contrast, all Kr isotopic ratios (e.g., 86Kr/84Kr) are

indistinguishable from the atmospheric values (SI Table S3).
Unlike Kr, some groundwater samples display 136Xe/130Xe
ratios above the atmospheric ratio of 2.176, up to 2.206 ±
0.004, and point to the presence of excess 136Xe in these
samples (e.g., sample 211B; SI Table S3; Figure 2f). These
elevated Xe isotopic ratios suggest the presence of crustal and/
or mantle Xe components derived from 238U spontaneous
fission,51 in addition to the atmospheric component. Unlike R/
Ra, 21Ne/22Ne and 40Ar/36Ar ratios though, 136Xe/130Xe ratios
display no correlation with dissolved methane concentrations.
In contrast to total 4He, 21Ne and 40Ar, sedimentary Xe can be
released from organic matter that has accumulated Xe due to a
diffusion-controlled fractionation process and this may
contribute to the total 136Xe. This contribution may dilute
excess 136Xe and thus weaken the correlation between
136Xe/130Xe and methane contents. This hypothesis was
previously suggested in the literature.27,52−55

Stray Gas Source and Migration Mechanisms −
Production Wells versus Water Wells. As shown above,
dissolved methane concentrations display positive correlations
with multiple crustal noble gas isotopes, in particular, 4He*,
21Ne* and 40Ar* suggesting that noble gases and methane in
the Trinity Aquifer originate from a common source. Here,
through a combined analysis of atmospheric-derived 20Ne, 36Ar,
84Kr and 132Xe together with information provided by well logs,
we place constraints on the specific stray gas source and, in
particular, whether the presence of methane in the Trinity
Aquifer might originate from production wells or not have a
connection with gas production.
To determine whether this external origin is the Strawn

Group or the Barnett Shale and, more importantly, to assess
whether or not the presence of stray gas results from a
conventional or HF production well, we examine measured
20Ne, 36Ar, 84Kr, and 132Xe concentrations of Trinity Aquifer
samples (Figure 3). All four isotopes in these groundwater
samples are almost entirely of atmospheric origin and are
introduced by freshwater recharge previously equilibrated with
the atmosphere (ASW). Predicted ASW 20Ne, 36Ar, 84Kr, and

132Xe concentrations for temperatures varying between 0 and
25 °C are shown (Figures 3a, b, c; bold red line). All
groundwater samples from both the south (closed black circles)
and north (closed blue squares) clusters are shown. Figure 3a
shows that 20Ne concentrations in most groundwater samples
are above the predicted ASW composition. These include all
north cluster and most south cluster samples. Because
20Ne/22Ne ratios for most samples display atmospheric values
within a 2-sigma error and because most samples fall on the
predicted excess air-line (cf. Figure 3), most of the observed
20Ne excesses in these groundwaters are expected to result from
incorporation of excess air (EA) due to rapid fluctuations of the
water table level.56 Some previous studies have associated the
presence of 20Ne to an exogenous source, possibly due to
natural brine migration. This was the case, for example, of
groundwaters within the Marcellus Shale footprint and
groundwaters of the Michigan Basin.8,17,52,57 However, as
indicated below, this does not seem to be the case in this study.
Significant levels of EA are commonly present in modern Texas
groundwaters (e.g., Castro et al.58). Predicted 20Ne and 36Ar
ASW values in water with addition of increasing EA amounts
are shown for temperatures of 18 and 25 °C, which correspond
to the average mean annual air temperature (MAAT) for
Springtown (1962−1978), Weatherford (1946−2014) and
Mineral Wells (1948−2014) in north-central Texas (http://
www.ncdc.noaa.gov/cdo-web/search) and to the highest
measured water temperature of Trinity Aquifer groundwater
samples,35 respectively (green solid lines, Figure 3a). In
contrast to most samples and as also previously documented
by Darrah et al.8 in a few water wells, four groundwater
samples, all from the south cluster (samples 355, 358, 369, and
555; Figure 3a) display 20Ne and 36Ar concentrations below the
ASW composition and point thus to significant depletion of
atmospheric-derived 20Ne and 36Ar, that is, stripping of
atmospheric noble gases. All four of these groundwater samples
have high measured methane concentrations, between ∼12
mg/L and ∼23 mg/L. In particular, during sampling collection,
a sustained natural gas flow of ∼3L/min was measured at well
555 (drilled as a water well but not used and left unplugged).
The presence of a gas phase (mostly CH4) within the aquifer in
these four groundwater samples leads to exsolution of noble
gases. This exsolution will be more severe for the light noble
gases and that of 20Ne in particular, as opposed to the heavier
ones (84Kr and 132Xe) as the lighter noble gases will go
preferentially into the gas phase.59,60 Expected noble gas
concentrations in a residual water phase in contact with a gas
phase for an initial ASW composition at 18 and 25 °C assuming
a closed-system (cf. Ballentine et al.61) are shown in Figure 3a
(red dashed lines). It is apparent that all these four samples are
consistent with predicted stripped water values, sample 555
displaying the most severe depletion with values down to 0.18
and 0.22 times that of ASW at 18 °C for 20Ne and 36Ar,
respectively (SI Table S2). Similar depletion trends, also
consistent with stripping due to the presence of a gas phase, are
observed for 84Kr and 132Xe (Figures 3b, c) with values down to
0.28 and 0.36 times that of ASW at 18 °C for sample 555,
respectively. As expected, the heavier noble gases 84Kr and
132Xe point to a lower level of stripping with respect to the
lighter noble gases (Figures 3a, b, c). This is clearly observed in
sample 533, also with a high methane concentration, where
stripping is observed for 20Ne but not for 36Ar, 84Kr and 132Xe.
These observations likely suggest not only the presence of
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localized gas sources but also a short contact time between the
gas and liquid phases precluding equilibration between these
two phases for the heavier noble gases in well 533. From Figure
3b, c, it is also apparent that sample 533 displays relative
enrichment in water-phase atmospheric 132Xe as opposed to
36Ar and 84Kr, which points to an equilibration temperature
lower than the MAAT, at around 14 °C (see also, e.g., Castro et
al.58). This, however, is unrelated to water−gas phase
interaction processes.
If a gas phase (gaseous methane) were present throughout

the Trinity Aquifer, fractionation of atmospheric noble gas
components in the water would be widely observed.61,62

Because, as pointed out earlier, EA has a greater impact on the
light noble gas composition compared to the heavy noble gases
(Figures 3a, b, c) in groundwater, we now focus solely on the
heavy 84Kr and 132Xe noble gases fractionation in an attempt to
reduce the impact of EA as much as possible and thus, any
potential bias that might result. Unlike 20Ne, most samples
display 84Kr and 132Xe corresponding to that of ASW
composition as the heavier noble gases are not significantly
affected by the EA component.
Figure 4 shows F(132Xe/36Ar) versus F(84Kr/36Ar) for all

collected water samples. F(132Xe/36Ar) and F(84Kr/36Ar) are

measured ratios normalized to corresponding ASW values at 18
°C (MAAT) of 2.51 × 10−3 and 3.83 × 10−2 for 132Xe/36Ar and
84Kr/36Ar, respectively (SI Table S5 and Figure S7). The air
value (red diamond) as well as the calculated closed system
fractionation curve (red dashed line; cf. Ballentine et al.61) for a
residual water phase that has an initial ASW composition at 18
°C are also shown. From Figure 4, it is apparent that most
water samples display minimal fractionation in 132Xe/36Ar and
84Kr/36Ar ratios. In contrast, those samples with the highest

methane contents do show significant fractionation. Samples
555 and 358 with the highest methane concentrations show, by
far, the greatest fractionation, with F(132Xe/36Ar) and F-
(84Kr/36Ar) of 1.629 and 1.403, respectively (see also SI Figure
S7). In contrast, samples 355 and 369, which also have elevated
methane concentrations show only minor fractionation. The
observed fractionation in these four samples which, as discussed
above, underwent stripping of all atmospheric noble gases
(Figures 3a−c) is consistent with water−gas phase interactions
in a closed-system model. It should be noted that large
quantities of EA in samples 179 and 354 drive their
F(132Xe/36Ar) and F(84Kr/36Ar) values closer to that of air.
The fact that only four samples (i.e., 355, 358, 369, and 555)
show visible fractionation for all noble gases points, as
suggested earlier, to localized gas-phase methane sources in
the vicinity of these four wells, indicating that other water
samples have likely never been in contact with a gas phase. If
that were the case, significant stripping and fractionation of
noble gases should be visible in dissolved noble gases in the
Trinity Aquifer groundwater with F values following either a
closed or open system fractionation curves (that is, in the upper
right quadrant). Thanks to a downhole camera, we observed a
continuous source of natural gas actively migrating into well
555 since well completion in 2012, a confirmation that water
exposed to a natural gas pocket will show heavy noble gas
depletion. Additional information on natural gas accumulations
in the Strawn is provided in SI Text S4. Several hydrocarbon
fields hosted in the Strawn Group are present in Parker and
Hood counties.63

A close analysis of driller log data available for these wells
shows that all four of these wells are drilled through the
unconformity into the Strawn Group as opposed to being only
in the Trinity Group. It is likely that shallow noncommercial
small gas accumulations, as are known to exist in the Strawn,
were reached by these water wells (e.g., well 555) or that the
wellbores are located close to one (e.g., well 358). Heavy
depletion of atmospheric noble gases and, in particular, of the
heavier 84Kr and 132Xe in only these four wells is consistent
with continuously sustained gas-phase methane migration from
a nearby source. Comparison of noble gas analyses from this
stray gas and that from the Barnett Shale and Strawn Group
further reinforce the finding that the source of the gas is in the
Strawn Group (see also Nicot et al.35). Darrah et al.8 and
Kornacki and McCaffrey9 have also concluded that the source
of stray gas in these groundwater samples is likely the Strawn
Group as opposed to the Barnett Shale.
In contrast to these four water wells with high dissolved

methane concentrations showing depleted 20Ne, 36Ar, 84Kr, and
132Xe, other water wells with significantly lower methane
concentrations that display expected or higher than ASW 20Ne,
36Ar, 84Kr, and 132Xe concentrations have also penetrated the
Strawn Group and do not show stripping of heavy noble gases.
The discrete distribution of small shallow natural gas
accumulations in the Strawn explains both the scattered
distribution of water wells with high methane concentrations
and noble gas stripping as well as the presence of water wells
penetrating into the Strawn Group but displaying significantly
lower methane concentrations.
SI Figures S8a, c, e show F(132Xe/36Ar) as a function of

distance to the nearest production well (Barnett and/or non-
Barnett well) for all collected water samples. From SI Figures
S8a, c, e, it is apparent that F(132Xe/36Ar) in water samples is
not correlated with distance to nearest Barnett gas well (r =

Figure 4. Comparison of fractionation F levels of atmospheric noble
gas isotopic ratios 132Xe/36Ar versus 84Kr/36Ar for all Trinity Aquifer
groundwater samples. 132Xe/36Ar and 84Kr/36Ar ratios are normalized
to the ASW value at 18 °C (SI Table S5). The air value is indicated by
a red diamond. Calculated closed-system fractionation curve (red
dashed line; cf. Ballentine et al.61) for a residual water phase that has
an initial ASW composition at 18 °C is also indicated.
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0.19; P = 0.20), distance to nearest non-Barnett gas well (r =
0.01; P = 0.95) and distance to nearest gas production well (r =
0.02; P = 0.91; including both Barnett and non-Barnett). This
lack of correlation further reinforces the hypothesis that
dissolved gas in wells with high methane content has a natural
origin and likely migrates into the Trinity Aquifer from the
Strawn Group through natural pathways such as Strawn
sandstone lenses in hydrological contact with Trinity Sands
as opposed to faulty production wells as previously suggested.8

By comparing 4He/20Ne ratios of dissolved gas in ground-
water samples and of natural gases from the Strawn Group, the
impact of gas production wells can be evaluated.8 With Strawn
gas migrating away from production wells (Barnett and/or non-
Barnett wells), 4He/20Ne values in groundwater should display
a gradual decrease from the 4He/20Ne values observed in
Strawn natural gases8 (4800−29 000; gray domain in SI Figures
S8b, d, f) to the ASW value at MAAT (0.265; dashed line in SI
Figures S8b, d, f). However, 4He/20Ne values show a complete
absence of correlation with distance to nearest Barnett gas well
(r = 0.20; P = 0.19), distance to nearest non-Barnett gas well (r
= 0.09; P = 0.55) and distance to nearest gas production well (r
= 0.07; P = 0.66; including both Barnett and non-Barnett), and
thus do not support the notion that stray gas present in these
water wells migrated from some nearby production wells from
leaks along faulty surface casing as suggested by previous
research.8

Furthermore, positive correlation between CH4/
36Ar ratios

and Cl− concentrations in water would indicate natural or
anthropogenic deep brine migration.8 However, no correlation
between CH4/

36Ar with Cl− is observed for samples either
above or below the CH4 saturation line (r = 0.12; P = 0.48; SI
Figure S9). Therefore, based on CH4/

36Ar ratio versus Cl−

concentrations in water and/or on calculated 4He/20Ne values,
there is no basis at this stage to infer an influx of deep brine
along with stray gas either from leaks of production wells or
from natural flow along minor faults. Rather, our findings
suggest that stray gas in the Trinity Aquifer is likely related to
noncommercial small gas accumulations in the Strawn Group.
At this stage, none of our observations and measurements
points to migration of stray gas from nearby Strawn or Barnett
production wells.
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