Groundwater
w
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Abstract

Horizontal drilling and hydraulic fracturing have enhanced unconventional hydrocarbon recovery but raised environmental
concerns related to water quality. Because most basins targeted for shale-gas development in the USA have histories of both active
and legacy petroleum extraction, confusion about the hydrogeological context of naturally occurring methane in shallow aquifers
overlying shales remains. The Karoo Basin, located in South Africa, provides a near-pristine setting to evaluate these processes,
without a history of conventional or unconventional energy extraction. We conducted a comprehensive pre-industrial evaluation
of water quality and gas geochemistry in 22 groundwater samples across the Karoo Basin, including dissolved ions, water isotopes,
hydrocarbon molecular and isotopic composition, and noble gases. Methane-rich samples were associated with high-salinity,
NaCl-type groundwater and elevated levels of ethane, *He, and other noble gases produced by radioactive decay. This endmember
displayed less negative §'3C-CH, and evidence of mixing between thermogenic natural gases and hydrogenotrophic methane.
Atmospheric noble gases in the methane-rich samples record a history of fractionation during gas-phase migration from source
rocks to shallow aquifers. Conversely, methane-poor samples have a paucity of ethane and “He, near saturation levels of atmospheric
noble gases, and more negative §'3C-CH,; methane in these samples is biogenic and produced by a mixture of hydrogenotrophic and
acetoclastic sources. These geochemical observations are consistent with other basins targeted for unconventional energy extraction
in the USA and contribute to a growing data base of naturally occurring methane in shallow aquifers globally, which provide a

framework for evaluating environmental concerns related to unconventional energy development (e.g., stray gas).

Introduction

Although horizontal drilling and hydraulic fracturing
have enhanced unconventional hydrocarbon recovery
throughout the last decade, there have been significant
controversies regarding the cause and environmental
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implications of elevated hydrocarbon gas levels in
drinking-water wells in various petroleum basins in North
America (e.g., Osborn et al. 2011; Warner et al. 2012a,
2014; Jackson et al. 2013; Molofsky et al. 2013; Darrah
et al. 2014, 2015b; Vengosh et al. 2014; Siegel et al.
2015; Humez et al. 2016; Nicot et al. 2017a; Harkness
et al. 2017b; Darrah 2018). Several studies suggest that
shale-gas drilling leads to fugitive gas contamination in
a subset of drinking-water wells near drill sites (Osborn
et al. 2011; Jackson et al. 2013; Brantley et al. 2014;
Darrah et al. 2014; Heilweil et al. 2015; Sherwood et al.
2016), while others suggest that methane is natural and
unrelated to shale-gas development (Molofsky et al.
2013; Warner et al. 2013; Baldassare et al. 2014; Siegel
et al. 2015; Darrah et al. 2015b; Harkness et al. 2017b).

In order to evaluate the environmental effects of
hydrocarbon extraction in petroleum basins targeted
for drilling, baseline groundwater quality has been
evaluated using a multiple geochemical tracer approach
(e.g., Molofsky et al. 2013; Darrah et al. 2014, 2015b;
McMahon et al. 2015; Nicot et al. 2017a, 2017b, 2017c¢).
These studies have identified elevated levels of methane
at concentrations up to its saturation point in shallow
aquifers and revealed an association between methane
and NaCl-type waters, valley bottoms, faulting, and
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highly reducing aquifers (Warner et al. 2012a; Jackson
et al. 2013; Darrah et al. 2015a, 2015b; Harkness et al.
2017b, 2018). In general, this natural methane displayed
low levels of ethane or higher aliphatic hydrocarbons
(i.e., high ratio of methane to higher order hydrocarbons
designated as C;/C,+), intermediate to less negative
values for stable isotopes of methane (e.g., §'3C-CHy),
and a long history of multiphase hydrocarbon migration
from source rocks (e.g., Marcellus Shale, Barnett Shale)
to shallow aquifers based on noble gas evidence. By
comparison, groundwater samples associated with either
documented or interpreted anthropogenic stray gas
contamination events occur across a broad range of salt
contents and water types, display highly elevated levels of
ethane and higher aliphatic hydrocarbons (lower C/Cy+)
consistent with deeper hydrocarbon sources, more posi-
tive 8'3C-CHy, and stripping of atmospheric noble gases
(Jackson et al. 2013; Brantley et al. 2014; Darrah et al.
2014, 2015a; Sherwood et al. 2016; Wen et al. 2016).

While these and other important contributions have
addressed various aspects of the controversy surrounding
elevated levels of hydrocarbon gases in shallow aquifers,
the ongoing debate on the benefits and consequences
of shale-gas development is stymied further until the
groundwater community reaches a consensus on the
hydrogeological context of naturally occurring methane
in shallow aquifers overlying shales targeted for drilling.
To this point, although it has been nearly seven years
since the initial Osborn et al. (2011) paper, there is
still a dearth of published genuinely predrill, baseline
datasets. Although the baseline studies that have been
published are of great value, the majority of these
studies did not start until after unconventional shale-gas
drilling had commenced in these areas (Molofsky et al.
2013; Baldassare et al. 2014; Siegel et al. 2015; Darrah
et al. 2015b; Humez et al. 2016; Nicot et al. 2017a;
Harkness et al. 2017b; Nicot et al. 2017b, 2017¢). Thus,
it remains uncertain if observations from those datasets
actually represent the natural background. To further
complicate the issue, most sedimentary basins targeted
for unconventional development in the USA and Canada
were already exposed to an extensive history of coal
mining as well as legacy oil and gas exploitation, leaving
an uncertain, or at least unconstrained, potential for
contamination related to those anthropogenic activities.
Each of these factors has led to considerable confusion
about the hydrogeological context of genuinely baseline
conditions for naturally occurring methane and saline
waters in shallow aquifers overlying shales targeted for
unconventional hydrocarbon development.

Recent work has attempted to address this issue by
conducting directly paired, longitudinal studies of water
quality both before and after unconventional drilling in the
northern Appalachian Basin (e.g., Harkness et al. 2017b).
Here, we employ a different study design strategy by
examining water quality and the hydrogeological context
for the occurrence of hydrocarbon gases and salts in
a nearly pristine setting with neither a local history
of mining nor conventional or unconventional energy
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extraction in the Karoo Basin, South Africa. We designed
this study to improve the groundwater community’s
knowledge regarding not only the presence of dissolved
natural gases but also to gain a better understanding
of the source and migration mechanisms of subsurface
natural gas-rich fluids by examining their occurrence and
geochemistry in a region unaffected by coal mining,
conventional petroleum extraction, or unconventional
shale-gas development. While it is unclear if these
genuinely baseline data are globally representative, they
comprise an important piece of evidence with which to
compare existing and future datasets.

Geological and Study Background

The planned exploitation of unconventional hydrocar-
bon resources within the semiarid, water-restricted Karoo
Basin in South Africa has necessitated a comprehen-
sive evaluation of predrill baseline water quality data
throughout the region (Murray 2015; Swana 2016). In
such an environment, the consequences of compromised
drinking-water quality can have significant environmental,
agricultural, and human health implications. While scien-
tists have researched the shallow groundwater networks
throughout the Karoo Basin over the past five decades,
major uncertainties remain about the hydrogeological con-
text of naturally occurring methane- and salt-rich ground-
water throughout the region (Murray 2015; Swana 2016).

In this study, groundwater is evaluated using a com-
prehensive suite of tracers, including water parameters
(pH, Eh, electrical conductivity, temperature), dissolved
ion chemistry (e.g., Na, Ca, Cl, Br), water isotopes
(8’H-H,0, §'80-H,0), major gas geochemistry (e.g.,
N»), hydrocarbon gas geochemistry (C;-Cs), compound-
specific stable isotopes of hydrocarbons (§?’H-CHy, 6'3C-
CH,, §13C-C,Hg), noble gas elemental (He, Ne, Ar) and
isotope geochemistry (*He/*He, 2’Ne/?’Ne, 2!Ne/?’Ne,
20Ne/*0Ar, “OAr/*®Ar), and tritium (*H) following stan-
dard methods reported previously (Darrah et al. 2015b;
Moore et al. 2018; Harkness et al. 2017b).

These data were collected from two subsets of
samples: (1) methane-rich springs or (2) groundwater
boreholes sampled near bubbling springs from across the
Karoo Basin. This suite of geochemical tracers allows
us to provide the first comprehensive baseline report
of the groundwater characteristics for this hydrocarbon-
rich region which will be followed up in a longitudinal
study during and after industrial activity, develop a data
base of genuinely predrill data, and expand the growing
geochemical data base of methane-rich groundwaters
globally.

Brief Geologic/Hydrologic Overview of the Karoo Basin
The Karoo Basin, located in South Africa, spans an
area of more than 200,000 km? and underlies a majority of
the country (Aarnes et al. 2011; Figure 1). This sedimen-
tary basin developed as a large retro-arc foreland basin
behind the Cape Fold Belt between the late-Paleozoic
to mid-Mesozoic (Catuneanu et al. 2005). The Karoo

W.K. Eymold et al. Groundwater 56, no. 2: 204-224 205



N 0 90 180 360 540 720

Cape Town

O e—— s Kilometers

Esri, HERE, DeLorme, Mapmylindia, © OpenStreetMap contributors,
and the GIS user community

I Dolerite

Biotite-hornblende
Granite

[/ Gabbronite
I siotite Granite
Granitic Gneiss

Potassic
Granite/Gneiss

- Mudstones,
Sandstones
Mudstones,

Sandstones, and
Shales

Figure 1. Map of Karoo Basin. Sampling site locations (n = 22) are shown as yellow circles and are associated with named
sampling regions (n = 8). General geologic descriptions for surface lithology are indicated via color and in the legend. Note
the presence of dolerite sills, dikes, and intrusions (red) throughout.

Supergroup, which includes the primary and secondary
target formations for unconventional hydrocarbon devel-
opment (i.e., Whitehill and Prince Albert formations), con-
tains Carboniferous-age marine glacial deposits at its base
and is comprised dominantly of interbedded terrestrial
sandstones, silty carbonates, and shales deposited from
the Carboniferous to mid-Jurassic (Johnson et al. 1996;
Johnson et al. 2006) (Figure 2). The Permian-age White-
hill Fm., which is dominantly shale with up to 14% total
organic carbon (TOC) and contains abundant carbonates
and pyrite, has a thickness of 10 to 80 m and lies between
the underlying Prince Albert Fm. and the superior Colling-
ham Fm. (Johnson et al. 1996, 2006). Together with the
Ripon Fm., this group of Permian-age rocks is collec-
tively called the Ecca Group (Johnson et al. 1996, 2006;
Catuneanu et al. 2005).

Most active groundwater wells in this region are
producing groundwater from shallow aquifers, usually
less than 200m from the surface, while the depth to
the water table varies both locally and seasonally with a
typical range between 5 and 15m from ground surface
(Rosewarne et al. 2013). While preferential regional-
scale groundwater flow is topographically controlled,
the dominant direction varies across the Karoo Basin
(Adams et al. 2001; Rosewarne et al. 2013). In the
western Karoo, regional flow direction in shallow aquifers
is mainly to the north, while in the central Karoo,
regional flow direction in shallow aquifers is dominantly
from the north down to the southwest, south, and
southeast. The eastern Karoo is the most complex section,
having variable flow directions in shallow aquifers in
areas of the eastern sections of the Karoo (Adams
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et al. 2001; Rosewarne et al. 2013). By comparison,
heterogeneous, localized groundwater recharge occurs
primarily during seasonal flooding events (Le Maltre et al.
2009). Most of this localized recharge occurs within
fractured top-of-rock aquifers and fractured areas near
dolerite dike intrusions, which dominate actively produced
groundwater flow systems in the area (Mahed 2016).
The actively produced aquifers include Permian-age
sandstones (e.g., Waterford Fm.) and mudstones, primarily
from the Ecca Group (e.g., Collingham and Fort Brown
formations) and Beaufort Group (e.g., Koonap, Middleton,
and Balfour formations), as well as along fractured
contacts with Jurassic dolerite dykes (Adams et al. 2001).
Faulting, specifically in the northern and northwest
portions of the basin, provides additional pathways for
heterogeneous groundwater recharge and groundwater
migration (Oesterlen 1991; Johnson et al. 1996; Johnson
et al. 2006). Areas of intense faulting, or fracturing near
faults or dolerite intrusions, may be preferential pathways
for natural gas migration, as well as zones of intense
local meteoric water recharge. The groundwater residence
times, flow conditions, and geochemistry of deeper wells
(more than 1000 m) are relatively poorly understood
(Woodford and Chevallier 2002) but recent work suggests
that extensive episodes of freshwater recharge during
wetter climatic conditions reduced the salinity of basinal
brines (Harkness et al. 2018).

Design of the Study

The Water Resource Commission (WRC) of South
Africa proposed a study to develop the baseline geochemi-
cal measurements of groundwater quality within the Karoo
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Figure 2. Stratigraphic column for the Karoo Basin. Lithologic symbols are used to describe each formation name; formation
age is provided in the right column. Target formation for shale-gas development is the Whitehill Formation (shown with the
Collingham Fm.) in the Ecca Group. This formation of shales and sandstones (with TOC ~ 14 %) varies in thickness between

10 and 80 m and underlies the basin between 2 and 4 km depth.

Basin prior to shale-gas exploration (Murray 2015). They
sought to characterize both deep and shallow sources of
groundwater by collecting samples from known bubbling
methane-rich springs and nearby groundwater boreholes
and then evaluating them for major ions, metals, stable
isotopes of water and gas, and gas geochemistry (Murray
2015).

Our study targeted eight (n =8) sampling regions
across the Karoo Basin that were evaluated for gas
and water geochemistry (Figure 1). The sampling regions
were selected based on prior knowledge of the presence
of geothermal springs/artesian boreholes or the presence
of deep boreholes. The study also included other nearby
drinking-water or agricultural wells for comparison for
a total of n= 22 samples. Samples included two deep
boreholes (at depths of ~1400 and ~4200m), nine
springs/artesian wells, and 11 groundwater samples from
shallow boreholes (Murray 2015; Swana 2016). Sampling
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occurred over a 2-week period between June and July
2014.

Geochemical Techniques Implemented

A comprehensive evaluation of groundwater aqueous
and gas geochemistry is necessary to establish baseline
geochemical measurements prior to shale-gas extraction.
Data generated as part of this study are used to evaluate
the content and context of methane- and salt-rich ground-
waters throughout the region, and better understand the
source and mechanism of hydrocarbon transport to and
within shallow aquifers. This study area was chosen to
expand our knowledge of the hydrogeological and geo-
chemical context for hydrocarbon gases in an area that
serves as an example of a genuinely predrill, baseline set-
ting, thus improving our understanding of naturally occur-
ring methane in shallow aquifers globally. Additionally,
this work will help provide a framework for evaluating
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environmental concerns related to unconventional energy
development (e.g., stray gas). Various aspects of water
stable isotopes, sources of salinity, and other aspects of
water quality were presented previously (Murray 2015;
Swana 2016) and elsewhere in this volume (Harkness
et al. 2018). Thus, we provide only a summary on the
water quality parameters in the Results and Discussion
sections. The current study will focus on placing gas
geochemical data, including hydrocarbon molecular and
isotopic composition, and noble gas geochemistry, within
the context of the hydrological setting.

The molecular composition of hydrocarbons (e.g.,
C1/Cy+) and stable isotopes for hydrogen (H) and
carbon (C) in methane (8°H-CHy; 8'3C-CH,) and ethane
(8'3C-CoHg) present in groundwater can be used to
determine the genetic source (i.e., biogenic vs. thermo-
genic) of natural gases (Bernard et al. 1976; Schoell
1983; Whiticar et al. 1986). Thermogenic natural gases
are produced by the thermocatalytic degradation of
organic matter. The generation of thermogenic natural
gas produces ethane and heavier aliphatic hydrocarbons
(i.e., termed “wetter”) in addition to methane. Thermo-
genic gases display less negative stable isotope values
of §°H-CH; and §"*C-CHy (e.g., 6'3C-CHy > —55%0)
(Bernard et al. 1976; Whiticar et al. 1986; Whiticar
1999). By comparison, biogenic natural gas is produced
by methanogens and consists almost exclusively of
methane and CO; (more than 99.9%). Biogenic CHy
displays more negative values for §'°C-CH4 between
—75%0 and —55%o (Schoell 1983). The various pathways
of microbial methanogenesis impart characteristic but
sometimes overlapping ranges of §'3C-CH, and §H-CHy4
for both hydrogenotrophic and acetoclastic methanogen-
esis (Whiticar 1999). Hydrogenotrophic methanogenesis
produces CHy with a larger fractionation from the source
of organic matter (i.e., more negative 8'3C-CHy) than
acetoclastic methanogenesis (Whiticar 1999), whereas
acetoclastic methanogenesis strongly fractionates 82H-
CH,4. Thus, the §2H-CHy4 serves as an important tracer
for distinguishing between natural gas produced by
hydrogenotrophic and acetoclastic methanogenesis.

Following the formation of biogenic and thermogenic
hydrocarbon gases, additional postgenetic processes can
alter the original composition of natural gases. These
processes include: (1) mixing with either other biogenic
or thermogenic natural gases; (2) secondary biodegrada-
tion that consumes wet gas components, while yielding
CH; via methanogenesis; (3) anaerobic oxidation (e.g.,
sulfate reduction); (4) aerobic oxidation; (5) diffusive
fractionation; and (6) fractionation by solubility parti-
tioning during fluid migration (e.g., Etiope et al. 2009;
Etiope and Ciccioli 2009; Darrah et al. 2015b). Each of
these processes can alter the original composition and
obfuscate the genetic source of natural gas. Alternatively,
these changes provide important insights on the history
of natural gas in the subsurface.

In addition to hydrocarbon composition, the inert
nature and well-constrained elemental and isotopic com-
positions of noble gases found in the atmosphere, crust,
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and mantle allow them to serve as reliable geochem-
ical tracers of fluid mean residence time, hydrocarbon
source, and transport mechanisms in groundwater (Ballen-
tine et al. 2002). The ratios and isotopes of noble gases are
distinct enough to not only discern naturally sourced fluids
from those contaminated by drilling, but also to iden-
tify the specific migration mechanisms that resulted in the
observed signature (Darrah et al. 2014). This consortium
of analyses provides a robust set of baseline data, serves
as a guideline for comparison to potentially contaminated
water in future studies, and allows us to evaluate the influ-
ence and genetic source of hydrocarbon-rich fluids formed
within or that migrated into shallow aquifers throughout
the Karoo Basin.

Methods

Sample Collection and Field Measurements

Water samples were collected after 30 min of flushing
or when the field the parameters stabilized, prior to
any treatment systems, and were filtered and preserved
in airtight, high density polyethylene (HDPE) bottles
following USGS protocols (USGS 2011). Samples were
filtered through 0.45 um filters for dissolved ions. Water
chemistry samples were stored on ice or refrigerated until
the time of their analysis.

At each of these locations, field measurements were
conducted including temperature, pH, oxidation-reduction
potential, alkalinity, and electroconductivity (EC) using
a YSI multiprobe calibrated daily. Hydrocarbon gas
samples were collected in closed volume, refrigeration-
grade copper tubes that were flushed in-line with at
least 50 volumes of sample water prior to sealing
with stainless steel clamps following methods reported
previously (Darrah et al. 2015b; Kang et al. 2016). Noble
gas samples were collected in duplicate copper tubes
following the same methods established above. Both
sample splits were shipped to the Ohio State University
(OSU) for sample analysis.

Analytical Methods

Methods and data related to major dissolved ions,
water stable isotopes, and trace element isotopes (e.g.,
B, Sr) were analyzed by standard methods (Warner
et al. 2012a, 2014) and presented elsewhere in this vol-
ume (Harkness et al. 2018). Dissolved gas samples were
measured by extracting the fluid from the copper sam-
pling tubes on a vacuum line following standard meth-
ods (Darrah et al. 2013; Kang et al. 2016; Harkness
et al. 2017a). From this gas volume, splits of samples
were taken for the measurement of major gas compo-
nents (e.g., N, O, CO,, CHy to CsHjy), noble gases
(e.g., He), and stable carbon and hydrogen isotopes
(e.g., 813C-CHy).

The major and hydrocarbon gases for each sample
were measured using an Scientific Research Instruments
gas chromatograph (GC) at OSU following methods
reported previously (Darrah et al. 2015b; Kang et al.
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Table 2

Hydrocarbon Molecular and Isotopic Signatures for Groundwater Samples from the Karoo Basin.

§?H-CH4 $3C-CH4 §3C-C,H,

Sample CHy C,Hg CsHg per mille per mille per mille
Town Date Location No. ccSTP/kg ccSTP/kg ceSTP/kg Cyi/Cr+ (%0) (%0) (%0)
Florisbad ~ 06/28/14 Florisbad Spa  FLS1 32.0 132x 1072 470 x 10~* 2334 —197.5 —=50.90 —36.26
06/28/14 Farm FLB5 340 1.14x1073 570 x 1075 2845 —201.1 —51.60 —36.31
Trompsbur 06/29/14 Vlakfontein VFB1 1.00 b.d.l. — 5915 —188.0 —65.65 —35.94
06/29/14 Vlakfontein VFB2 1.21 b.d.l. — 9869 —2827 7214 —-39.84
06/29/14 Vlakfontein VFB4 2.02 b.d.l. — 32,414 b.d.l. — —
Aliwal 06/30/14 Aliwal North  ANSI 353 772 %1073 540 x 107* 4271 —-204.0 —6498 —37.61
06/30/14 Farm ANBHI1  39.1 7.59 x 1073 b.d.L. 4877 —196.0 —65.61 —36.75
Venterstad 07/01/14 Rooiwal RWBIc 291 795x107* — 3655 —199.9  —50.68 —
07/01/14 Rooiwal RWB5 0.01 — — 36,683 b.d.l. — —
07/02/14 Vaalbank VBBI1 531 1.85x1073 537x107* 2228 —-206.4  —49.54 —35.87
07/02/14 La Rochelle LRBI 2.24 b.d.l. — 51,470 —278.6 —71.49 —
07/02/14 La Rochelle LRB2 1.61 b.d.l. — 16,547 —269.5 —73.14 —42.15
Fort 07/04/14 Sulphur Baths BFBI1 0.01 — — — b.d.l. — —
07/04/14 Sulphur Baths BFB2 23.5 456 %1073 974 x 10~* 4255 -207.7 —5536 —35.29
07/14/14 Rocky Ridge RRBI 3.67 753 x 107 — 4879 —211.7 —5588 —36.15
Cradock 07/06/14 Cradock Spa  CRSI1 0.22 b.d.l. — 15247 —2484  —72.11 —41.06
07/06/14 Waaikraal farm DRB4 3.07 1.89x107* — 16,247 —258.0 —70.14 —40.84
Leeu 07/08/14 Kruidfontein ~ WP508 0.07 b.d.l. — 7989 b.d.l. — —
07/08/14 Groot WP502 1.14 b.d.l. — 12,484 —263.1 —7445 —42.65
07/08/14 Groot WP505 0.27 b.d.l. — 9451 —-209.2 —67.64 —
Merweville 07/09/14 Farm SA1/66  — — — — — — —
07/09/14 Farm MWB2 1.05 b.d.l. — 14,120 —-270.5 —-74.61 —
MIN 0.01 7.53x107* 5.70x 107> 2228 —2827 7461 —42.65
MAX 39.1 132x 1072 974 x 10~* 51,470 —188.0 —49.54 —35.29
MEAN 757 470x1073 5.00x 107% 12,889 —229.0 —63.88 —38.21
STD 127 449x 1072 2.93x 10~* 13,078 34.2 9.36 2.68

Samples With Concentrations Below Detection Limits Are Signified by “b.d.1.,” Whereas Samples That Were Not Analyzed Are Denoted by a Hyphen.

2016). The average external precision was determined by
measurement of a “known-unknown” standard, including
an atmospheric air standard (Lake Erie, Ohio Air) and a
series of synthetic natural gas standards obtained from
Praxair. The results of the “known-unknown” average
external precision analysis are as follows: CHy (1.27%),
CyHg (1.68%), C3Hg (1.34%), N (1.25%), and CO,
(1.06%). CH4 concentrations are reported as ccSTP/kg of
water (the SI molar unit for gas abundance in water) at
standard temperature and pressure (STP), where 1 mg/kg
of gas is equivalent to 1.4 ccSTP/kg.

Procedures for analyses of stable isotopic values of
carbon in methane and ethane were described previously
(Jackson et al. 2013; Darrah et al. 2015b). Chromato-
graphic separation of gas compounds was performed
using a Thermo Fisher Trace Ultra GC and the isotopic
values were measured using a dual-inlet Thermo Fisher
Delta V Plus isotope ratio mass spectrometer (Thermo
Fisher Scientific, Waltham, Massachusetts). With this
combination, the detection limits for §'3C-CH,, §°H-CHs,
and 8'3C-C,Hg were 0.001, 0.005, and 0.001 ccSTP/kg,
respectively. The §'°C-CH4 and §'°C-C,Hg values are
expressed in per mille (designated hereafter as %o) versus
the international standard Vienna Peedee belemnite
(VDPD), with a standard deviation of =40.1%., while
8?H-CHy are expressed in per mille vs. the international
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standard Vienna Standard Mean Ocean Water (VSMOW)
with a standard deviation of +0.5%e.

The abundance and isotopic composition of noble
gases were determined using a Thermo Fisher Helix
SFT Noble Gas MS at OSU following methods reported
previously (Darrah and Poreda 2012; Darrah et al. 2013).
The average external precisions based on “known-
unknown” standards were all less than +1.46% for noble
gas concentrations with values reported in parenthe-
ses (*He (0.78%), **Ne (1.46%), and “Ar (0.38%)).
These values were determined by measuring referenced
and cross-validated laboratory standards, including an
established atmospheric standard (Lake Erie Air) and a
series of synthetic natural gas standards obtained from
Praxair, including known and validated concentrations
of CHy to CsHj, hydrocarbons, N, CO,, Hy, O,, and
each of the noble gases. Noble gas isotopic standard
errors were approximately +0.0091 times the ratio of
air (or 1.26 x 107%) for the 3He/*He ratio, less than
+0.402% and +0.689% for *°Ne/*’Ne and *'Ne/**Ne,
respectively, and less than +0.643 and +0.427%
BArAr and “°Ar/*Ar, respectively (higher
than typical because of interferences from C;Hg on
mass = 36 and 38).

for
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Figure 3. Ternary diagrams of the major cations, Ca vs. Mg vs. Na (A) and major anions, HCOj3 vs. SO4 vs. Cl (B) in Karoo
Basin groundwater. The majority of samples appear to fall along a mixing line between two groundwater types: (1) a fresh
groundwater type with a Ca-Mg-HCQO3; composition and (2) a saline water type with a NaCl composition. Samples with
[CH4] exceeding 14 ccSTP/kg (the U.S. Department of Interior limit for methane in groundwater) were observed exclusively
in NaCl-type groundwaters.

Presentation of Data Dissolved ion and water stable isotope data are

All maps, cross sections, and well coordinates reported elsewhere in this volume (Harkness et al. 2018).
are plotted using ArcMap GIS 10.3 (ESRI, Redlands, Briefly, the CI content of the samples ranged from rela-
California). Additional published hydrocarbon data from  tively freshwater (10.1 mg/L) to saline water (4100 mg/L)
the Karoo region were taken from (Talma and Esterhuyse (Table 2), while Br concentrations ranged from 0.1 to
2015). All graphics are plotted using Sigma Plot 12.3. 23.4mg/L, and DIC (as bicarbonate) from 20 to 764 mg/L.
Statistical evaluations including mean, minima, maxima, (Harkness et al. 2018). Overall, samples from this study
standard deviation, and Pearson correlations were per- area are dominantly comprised of three endmembers:
formed using SPSS v. 24 (IBM, Armonk, New York). (Type A) low salinity Ca-HCO3 water, (Type B) low salin-
The correlation coefficient 7° reported in the text was ity Na-HCOs3-Cl water, and (Type C) a relatively high
calculated as Pearson’s correlation coefficient, and corre- salinity, NaCl water endmember (Swana 2016; Harkness
sponding p-values are provided throughout the text. et al. 2018) (Figure 3).

We present data from this study with color-coded
symbols based on the abundance of methane, where low  Hydrocarbon and Major Gases
methane concentrations close to 0 ccSTP/kg are blue and Hydrocarbon data are presented in Table 2. CHy
range up to red for methane concentrations of 40 ccSTP/kg concentrations varied from near method detection lim-
(i.e., the level of methane saturation in groundwater at its (0.01 ccSTP/kg) to near the saturation limits of
10 °C). Data from previous studies are identified by empty methane in water (39.1 ccSTP/kg). Ethane (C,Hg) ranged
green shapes which reflect the source of the data (namely, from below method detection limits (0.0005 ccSTP/kg)
circles for boreholes, squares for springs, and triangles for to 0.0132ccSTP/kg. Propane (C3Hg) was above detec-

coalbed gases). tion limits (5 x 1075 ccSTP/kg) in seven samples in
which the concentrations ranged between 5.70 x 107>
Results and 9.74 x 10~*ccSTP/kg. The corresponding ratios
of C;/Cy+ ranged from 2228 to 51,470 (Table 2;

Dissolved lon Chemistry Figure 4).
Field parameters and water chemistry data are CH,4 was strongly correlated to CoHg (2 =0.930,

presented in Table 1. Groundwater pH values varied p <0.01) and all methane-rich waters (defined here as
between 7.1 and 10.0. Groundwater temperatures ranged methane concentrations exceeding 14 ccSTP/kg based on
from 16.2 to 30.0 °C. Redox state ranged from oxidizing to the U.S. Department of Interior action level) displayed
highly reducing conditions, with field oxidation-reduction propane above the method detection limits. While there
potentials (ORP) from —232 to +197 mV. Salinity of the was a statistically significant positive correlation between
groundwater varied over three orders of magnitude, while CH; and Cl (r>=0.81, p <0.01) that correlation is
electrical conductivity ranged from 208 to 10,190 uS/cm driven by a strong correlation between these parameters
and total dissolved solids (TDS) ranged from 123 to in the top quartile of methane concentrations (i.e., there
6100 mg/kg. is significantly greater scatter in samples with lower
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Figure 4. Ratio of methane to higher-order aliphatic hydro-
carbons (C1/C,+) vs. stable isotopic composition of carbon
in methane (§'3C-CHy) of gases dissolved in groundwaters
collected in this study and those from previously published
groundwater studies in the Karoo Basin (Talma and Ester-
huyse 2015; denoted by green outlined symbols used here
and in subsequent figures). The typical ranges for thermo-
genic and biogenic methane compositions are shown as black
and blue boxes, respectively (Bernard et al. 1976). The green
and orange arrows show postgenetic, microbial alteration
by aerobic and anaerobic oxidation, respectively. The blue
trend line displays postgenetic alteration from the theoretical
thermogenic endmember following fractionation by solubil-
ity partitioning of the hydrocarbon gas components assuming
a GGS-R fractionation model (adapted from Darrah et al.
2015 and Harkness et al. 2017a). The black mixing lines
depict hypothetical mixing between (1) a theoretical ther-
mogenic endmember that was progressively modified by sol-
ubility partitioning during fluid migration and (2) a biogenic
gas. The majority of samples appear to fall along a mixing
trend between biogenic sources and a migrated thermogenic
gas that previously altered by solubility partitioning. All high
methane samples appear to fall on a mixing line between
fluids that have undergone two-phase advection (most likely
from a deeper thermogenic source) that later mix with a
biogenic endmember.

methane concentrations, including one anomalous sample
[VFB1] that has an exceptionally high Cl concentration
[4100 mg/kg], but little methane [1.0 ccSTP/kg]) (Tables 1
and 2; Figure 3).

Hydrocarbon stable isotope data are presented in
Table 2 and Figures 4—6. The carbon isotopic signature
for CH, (8'3C-CHy) ranged from —74.61%o to —49.54%o,
while the hydrogen isotope values for CHy (8%H-
CHy) ranged from —282.7%0 to —188.0%0 (Figures 4
and 5). The §'3C-CH; values correlated negatively
with C1/Cy+ (r° =—0.566, p <0.01; Figure 4). The
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Figure 5. Stable isotopic values of hydrogen (§;H-CHy) vs.
carbon (8'3C-CH4) in methane from samples collected in
this study and those from previously published groundwa-
ter studies in the Karoo Basin (Talma and Esterhuyse 2015).
The black oval represents the typical range of thermogenic
natural gases, with the red arrow indicating the trend of
increasing thermal maturity (Schoell 1983; Whiticar et al.
1986). The blue and green boxes represent methane pro-
duced by hydrogenotrophic methanogenesis and acetoclastic
methanogenesis, respectively (Schoell 1983; Whiticar et al.
1986). The dashed black arrow represents two-component
mixing between methane produced from thermogenic and
hydrogenotrophic methanogenesis, while the dashed green
arrow represents two-component mixing between methane
produced from thermogenic and acetoclastic methanogen-
esis. The purple dashed arrow represents mixing between
natural gases produced by acetoclastic methanogenesis and
hydrogenotrophic methanogenesis. The majority of methane-
rich samples appear to fall along a mixing line between
thermogenic natural gas and hydrogenotrophic microbial
methane, while low-methane samples plot as an ambiguous
mixture of methane produced by biogenic sources.

carbon isotope values for CoHg (8'°C-CoHg) ranged
from —42.65%0 to —35.29%¢ and correlated negatively
with 813C-CH; (2 =—0.566, p <0.01) and C;/C,+
(r’ =—0.895, p <0.01) (Figure 6).

Nitrogen (N;) and noble gas data are presented in
Table 3. Dissolved N; concentrations ranged between
11.03 and 24.76 ccSTP/kg (average of 14.42ccSTP/kg,
excluding the anomalously high value of 24.76 ccSTP/kg
in sample VFBI; Figure 7). Except for this anomalous
sample (VFB1), which also yielded a highly nonat-
mospheric “°Ar/*°Ar of 967.16, these N, values are
within approximately 30% of the anticipated air-saturated
water (ASW) values assuming recharge at 1200m,
15°C, and a salinity of 10mg/kg chloride (Figure 7;
Table 3). The °Ar (a noble gas isotope incorporated
into groundwater exclusively from atmospheric sources)
concentrations for the majority of samples ranged
from 828 to 1562 x 107%ccSTP/kg (average [°Ar]
of 1184 x 107%ccSTP/kg) (Table 3; Figure 7). The
sample with an anomalously high N, concentration
displayed partially stripped values of atmospheric 6Ar
([3°Ar] =561 x 1079 ccSTP/kg). Excluding this sam-
ple, the 3°Ar values are within approximately 35%
of the anticipated ASW values assuming recharge at
1200m, 15°C, and a salinity of 10mg/kg Cl. The
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Figure 6. The carbon isotopes of methane (§'3C-CHy) vs.
ethane (6'3C-C,Hg) from samples collected in this study.
The black dotted trend line shows the anticipated change in
gas isotopic composition as a source rock undergoes thermal
maturation, with vitrinite reflectance values indicative of
maturity. The orange arrow displays the anticipated trends
for aerobic oxidation inorganically or by microbes. The green
arrow displays the anticipated trends for anaerobic oxidation
by methanotrophs. The black arrow displays mixing that
occurs following the addition of biogneic methane. The data
suggest that dissolved gases in the current study area consist
of natural gas produced across a range of thermal maturities
that later mixed with varying proportions of microbial
methane.

[*Ne] (also incorporated into groundwater exclu-
sively from atmospheric sources) ranges from 131 to
527 x 10~® ccSTP/kg (average of 272 x 107 ccSTP/kg),
excluding the anomalously high N, sample that is par-
tially stripped and contained only 121 x 1076 ccSTP/kg
(Table 3; Figure 7). The upper range of 2°Ne concen-
trations is nearly three times the anticipated values for
ASW recharged in this region. Neon concentrations
correlate positively with CH; (> = 0.780, p <0.01)
and CoHg (> = 0.817, p <0.01) concentrations and
negatively to C;/Cy+ (r> =—0.500, p =0.015).

Helium concentrations ranged from [He]=
48.2 x 1079 ccSTP/kg, which is near the ASW value
of 40.5x 107%ccSTP/kg to 0.483ccSTP/kg ([He]=
483,493 x 10°° ccSTP/kg) or 11,938 times the antici-
pated ASW values of helium (Table 3). These values
corresponded to He/Ne ratios from 0.190, which is near
ASW value of 0.230 to 3011 (Figure 8). Helium concen-
trations were highly correlated to methane (r° =0.623,
p <0.01), ethane (r° = 0.740, p <0.01), CI (> =0.798,
p <0.01), and Br (+> =0.7, p <0.001) (Figure 9). Except
for sample VFB1 from Trompsberg, groundwater samples
with the highest concentrations of “He also displayed the
highest CH,4 concentrations (Figure 9).

Helium isotopic values (i.e., *He/*He), presented
as R/Rs, where R is the ratio of *He to “*He in
a sample compared to the ratio of *He to “He
in air (Rpo=1.384x107%), ranged between 0.0114
Ra and 1.1562 R, (Table 3; Figure 8). The upper
limit of this range suggests that the helium content
is dominated by contributions from ASW and small
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Figure 7. The concentrations of N, (A) and 2°Ne (B) vs.
36Ar and the concentration of methane vs. the ratio of
20Ne/3%Ar (C) from samples collected in this study. The
majority of samples display N, and 6Ar within 30% and
35% of their anticipated ASW levels, respectively, based on
local groundwater recharge conditions with the exception
of one anomalous sample which displays nearly twice the
anticipated ASW levels of N, and partial stripping of 3°Ar
and 2’Ne. The subset of methane-rich samples also displays
elevated levels of exogenous 2’Ne.

contributions of 3He ingrowth following the decay of
tritium (Harkness et al. 2018). There is a trend of
decreasing 3He/*He values with both increasing con-
centrations of “He and increasing ratios of He/Ne.
Although four samples (VFB4, BFB1, LRBI, and
RWBS) contain quantifiable mantle contributions (~1%)
and elevated methane concentrations, the correlation of
increasing “*He/?°Ne with decreasing *He/*He indicates
that the majority of helium is predominantly from a
crustal/radiogenic source (Figure 8). The *He/*He ratio
also displays significant negative correlations to §'3C-
CH4 (r? = —0.686; p <0.01), §'3C-C,Hg (r° =—0.797;
p <0.01), and C/Co+ (r> =0.797; p <0.01).

Neon and argon isotope ratios provide additional
information about the source, water-rock interactions, and
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Figure 8. A comparison of the helium isotopic ratio *He/*He
(shown as R/R,, where R, is the ratio of 3He/*He in
atmospheric air; Ry =1.384 x 107%) vs. the ratio of He/Ne
of gases dissolved from groundwater collected in the Karoo
Basin. The green and black boxes denote the globally
constrained values for ASW (green) and tritiated ASW
(black) endmembers, respectively. The dashed lines represent
mixing between these endmembers and crustal helium across
a range of mantle contributions. The majority of samples fall
along two-component mixing lines between meteoric water
(with varying degrees of tritiogenic 3He contributions) and
crustal helium. Nonetheless, we note a resolvable mantle
contribution in a subset of samples with elevated methane
and helium concentrations.

residence time of groundwater (Figures 10 and 11). The
20Ne/?*Ne and 2'Ne/*’Ne ratios ranged from 9.412 to
10.027 and from 0.0276 to 0.0472, respectively (Table 3;
Figure 11). The “°Ar/*0Ar and 3¥Ar/*°Ar ratios ranged
from 294.88 (where ASW is 295.5) to 967.16 and from
0.1829 to 0.1930, respectively (Table 3; Figure 11). Both
the neon and argon isotope values range from near ASW
levels (i.e., 'Ne/”?Ne=0.0289 and “*Ar/*°Ar=295.5)
to quantifiable excesses of noble gases produced from
radioactive decay, where the abundance of 2INe and
40Ar produced by radioactive decay are denoted by
2INe* and “°Ar*, respectively (Hunt et al. 2012). The
2INe/?*Ne correlates significantly to the proportion of
“He (r’ =0.818, p <0.001), salinity (Cl: r?>=0.831,
p <0.001; Br: 2 =0.767, p <0.001), the concentrations
of methane and other hydrocarbon gases (e.g., CHy:
r? =0.582, p=0.003; CHg: r?=0.510, p=0.015),
and hydrocarbon stable isotopes of hydrogen (§H-CHy:
r? =0.666, p =0.001) (Tables 2 and 3; Figure 11). The
YOArOAr also correlates strongly to “He (r? =0.695,
p <0.001) and salinity (Cl: r? =0.98, p <0.001; Br:
r?2 =0.99, p <0.001). While we do observe a general
trend of increasingly radiogenic “CAr/*®Ar ratios with
increasing concentrations of CHy (Figure 9) and hydro-
carbon stable isotopes of carbon (Figure 11), these trends
are not statistically significant.

There are other gas isotope ratios that provide
important clues about the ratios of gas and water,
gas and groundwater transport mechanisms, and gas-
water and water-rock interactions that occur in the
subsurface (Darrah et al. 2014, 2015b; Moore et al.
2018; Figure 12). The CH4/*%Ar serves as a proxy for

NGWA.org

the relative abundance of natural gas and ASW irre-
spective of any gas-water partitioning that may have
occurred. The CH4/2°Ar (gas/water ratio) in this study
ranges from 13.8 to 42,636 and correlates to C,Hg
(r? = 0913, p <0.01), Cl (r* = 0.819, p <0.01), and
4He (> = 0.833, p <0.01). The “*He/CHj4 ratio is a sen-
sitive indicator of biogenic vs. thermogenic contributions
and water-gas interactions. The *He/CH, ratios ranged
from 24 to 406,302 and correlate significantly to CI
(r> = 0.724, p< 0.01) and Br (+* = 0.775, p <0.01).
The fractionation of the 2°Ne/3¢ Ar ratios record diagnos-
tic partitioning between the gas and water phases during
fluid transport. The 2°Ne/**Ar ratios ranged from 0.112
to 0.480 and correlated to CH; (> = 0.852, p <0.01),
C,He (r> = 0912, p <0.01), 83C-CH; (r? = 0.547,
p=0.012), 813C-C,Hg (r> = 0.517, p =0.048), C,/C,+
(r? =—-0.509, p =0.013).

Discussion

The nearly pristine nature of the Karoo Basin, South
Africa, provides a rare opportunity to determine the
hydrogeological context for the presence of naturally
occurring hydrocarbon gases in a setting with neither a
local history of mining nor conventional or unconven-
tional energy extraction. In this volume, Harkness et al.
(2018) demonstrate that groundwater in this region rep-
resents a mixture between multiple sources of shallow
freshwater (i.e., defined therein as Type A: Ca-HCO3 and
Type B: Na-HCO3-Cl) and various ranges of contribu-
tions from an exogenous source of high-salinity, NaCl
waters (defined therein as Type C). Similarly, we observe
broad ranges in levels of hydrocarbon gases and levels
of exogenous noble gases produced by radioactive decay.
The levels of each of these parameters provide important
clues that inform us about (1) the occurrence of natu-
rally occurring hydrocarbon gases in a genuinely predrill,
baseline study; (2) the genetic sources of hydrocarbon
gases; (3) the relative contributions (i.e., mixtures) of
deep, hydrocarbon-rich saline fluids in shallow aquifers;
and (4) the pathways and mechanism(s) for the migration
of these fluids to shallow aquifers.

The Presence of Naturally Occurring
Hydrocarbon Gases in a Pristine Shallow
Aquifer

All samples contained measurable and quantifiable
concentrations of methane. Methane concentrations from
the current study ranged up to 39.1ccSTP/kg. Impor-
tantly, this value approaches, but does not exceed, the
calculated saturation conditions for methane in freshwa-
ter in this region (saturation for [CHy] is ~40ccSTP/kg
at P(CHy)=1atm with normal levels of air-saturated
water gases [predominantly N,] at 10°C at 1200 m ele-
vation). These data support previous observations of
methane concentrations at or below saturation conditions
in baseline samples thought to be unaffected by shale-gas
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and relatively fresh meteoric water.

drilling in other areas. Furthermore, this upper range of
concentrations reinforces the premise that conditions of
gas saturation (i.e., bubble point) in regional groundwater
both regulate the concentration of methane and physi-
cally control the migration of naturally occurring methane
within shallow aquifers.

Typical of all petroleum basins, the complex tec-
tonic history of the Karoo Basin has led to a diverse
suite of hydrocarbon sources and the occurrence of pref-
erential fluid migration pathways. As a result, there is a
correspondingly diverse nature of groundwater geochem-
ical compositions and groundwater quality in the shallow
aquifers from this region. Similar to observations in other
basins around the world, elevated methane concentrations
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(defined here as greater than 14 ccSTP/kg or 10 mg/L)
corresponded to samples that also displayed elevated lev-
els of salts with a NaCl composition (defined as Type C
in Harkness et al. 2018), ethane, and 4He concentrations.
In other basins, the relationship between methane, ethane,
chloride, and “He has been attributed to the migration
of a hydrocarbon-rich brine from source rocks to shallow
aquifers over unknown periods of geological time (Warner
et al. 2012a; Warner et al. 2012b; Jackson et al. 2013).
These data reinforce our hypothesis for a common origin
and migration process for an exogenous hydrocarbon-
rich brine that apparently migrated to and mixed with
fresh groundwater within shallow aquifers across the
study area.
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Figure 10. A comparison of methane concentration [CH4]
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49Ar#) in the methane-rich endmembers, supporting the
hypothesis for mixing between biogenic and thermogenic
natural gas.

In comparison to the methane- and salt-rich NaCl
waters, the two low-chloride, fresh water endmembers
displayed significantly lower methane, helium, and ethane
concentrations. One notable exception from this study is
a sample collected from a deep borehole in Trompsburg
(VFB1), which displayed the highest salinity and one of
the highest “He concentrations recorded in the study but
only contained 1 ccSTP/kg of methane.

The Sources of Naturally Occurring
Hydrocarbon Gases in Shallow Aquifers

Traditional Hydrocarbon Tracers
Hydrocarbon gas within groundwater can be pro-
duced in shallow aquifers by biogenic (via microbes) or
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thermogenic processes, or result from subsurface migra-
tion from an exogenous source of biogenic or thermo-
genic gas (Darrah et al. 2015a, 2015b). Typically, the
source or genetic origin of hydrocarbon gases in shallow
aquifers is determined by a combination of the molecular
composition of gases (e.g., the ratio of methane [C;] to
higher-order hydrocarbons [C,+], or C{/C,+), the stable
isotopic compositions of methane (e.g., $?H-CHy, §'3C-
CH,), and where possible the stable isotopic composition
of heavier aliphatic hydrocarbons (e.g., §'3C-C,Hg) (Jack-
son et al. 2013; Harkness et al. 2017b). Here, we inte-
grate hydrocarbon molecular and isotopic compositions
and noble gases to provide important constraints on the
genetic sources and proportions of biogenic and thermo-
genic natural gas, and to validate the use of noble gases
as a source tracer in shallow aquifers.

In the current study, most samples with low methane
concentrations (<14 ccSTP/kg) display extremely high
C1/C,+ and very negative 83C-CH; (< ~70%0)
(Figure 4). Data from these samples are consistent with
contributions from a purely microbial source of natural
gas in shallow aquifers (blue box in Figure 4). It should
be noted that the subset of samples with a nearly pure
microbial molecular and isotopic hydrocarbon compo-
sition displays low salt contents (fresh water) and are
dominantly found in the low salinity water types (Types A
and B from Harkness et al. 2018). Conversely, the subset
of methane-rich contains higher levels of ethane (and in
some cases propane), displayed C;/C,+ ratios between
2334 and 4877, and relatively more enriched isotopic
signatures for carbon (813C—CH4=~—65 to —50%o)
(Figure 4). Because ethane is not produced by microbial
processes, its presence in the Karoo Basin suggests that a
resolvable mixture of thermogenic gases likely influences
these samples. However, we note that the combination
of high C;/C>+ and intermediate §'*C-CHy4 values is
inconsistent with any known thermogenic sources of
natural gas.

A comparison of the stable isotopes of hydrogen
(82H-CH,) and carbon (8'3C-CHy,) in methane also distin-
guishes low-methane and low-salinity samples from their
high methane counterparts. The subset of low methane
plots between hydrogenotrophic and acetoclastic micro-
bial endmembers, and indicates a nearly pure biogenic
source of methane present in the low salinity ground-
water (Figure 5). While these low-methane samples
appear to cluster near the hypothetical hydrogenotrophic-
acetoclastic mixing line, they display more negative
813C-CH, than a simple two-component mixture from
these two sources (Figure 5). Conversely, while the
methane- and salt-rich samples display significant propor-
tions of hydrogenotrophic (microbial) methane, most sam-
ples plot along a two-component mixing trend between
hydrogenotrophic (microbial) methane and an unidenti-
fied thermogenic natural gas endmember (Figure 5). Sim-
ilar observations have been reported in shallow aquifers
around the USA and Canada, reinforcing the interpre-
tation that (1) there is a mixture of thermogenic natu-
ral gas in shallow aquifers overlying the Karoo and (2)
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mixing between hydrogenotrophic (microbial) methane
and thermogenic natural gas occurs commonly and nat-
urally in shallow aquifers overlying petroleum systems
(Revesz et al. 2012; Jackson et al. 2013; Darrah et al.
2015b; Harkness et al. 2017b).

A comparison of 813C-CH, and 813C-C,Hg reinforces
the interpretation that a low abundance of thermogenic
natural gas is present in these samples (Figure 6).
When thermogenic natural gas is generated by increasing
heat and pressure, the isotopic signatures for both
methane and ethane evolve simultaneously with increasing
temperature along a generally linear trend and record
important clues about the genetic source, thermal maturity,
and subsequent postgenetic alteration of natural gases
(Whiticar et al. 1994). In general, the §'*C-C,Hg values
from this study area are consistent with the expected
composition of thermogenic gases derived from either
marine (e.g., shale) or terrestrial (e.g., coal) organic matter
(Whiticar et al. 1994). The broad range of §'*C-C,Hg
(—42.65%0 to —35.29%0) equates to vitrinite reflectance
values of approximately 0.33%R, to 0.72%R, (solid
black line in Figure 6) (Whiticar et al. 1994). These
vitrinite reflectance values correspond to temperature
ranges between thermally immature (~50 °C) to the peak
of the oil window (~80°C) and an apparent burial depth
of approximately 1.75 to 3 km. The methane-rich samples
typically plot on the higher end of the apparent thermal

218

W.K. Eymold et al. Groundwater 56, no. 2: 204-224

maturity range and display 8'3C-C,Hg values equivalent
to a vitrinite reflectance of approximately 0.5%R, to
0.72%R,, which is within the oil window (60 to 80 °C).

Although the §'3C-C,Hg values provide important
clues about both the presence and thermal character of
thermogenic natural gas, our data are inconsistent with
the simplistic evolution of a thermogenic natural gas
(Figure 6). Because all of our samples fall below the
anticipated thermal maturation line, we suggest that the
combination of §'3C-CH, and 8'3C-C,H¢ data indicate
significant mixtures of biogenic methane with variable
contributions of natural gas derived from an unidentified
thermogenic source, consistent with the other hydrocarbon
data mentioned above.

The Utility of Noble Gas Tracers for Determining
the Genetic Source of Natural Gas

The application of traditional molecular and isotopic
hydrocarbon tracers can be complicated by uncertainties in
overlapping isotopic composition of endmembers, mixing,
and postgenetic modification (Whiticar 1999; Etiope et al.
2009; Darrah et al. 2015b; Vinson et al. 2017). Because
they are not altered by chemical reactions or microbial
oxidation, noble gases present an advantageous addition
to studies of natural gas geochemistry. Still, there are a
limited number of studies that have attempted to integrate
noble gases with traditional hydrocarbon molecular and
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Figure 12. A plot of “He/CH4 vs. 2’Ne/*°Ar from samples
collected in this study. The green square represents a
theoretical thermogenic endmember for the Collingham Fm.
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arrow represents one-phase advection of a thermogenic-
like gas source. The solid green arrow represents mixing
of thermogenic-like production gas with a “young” biogenic
source. The dashed blue trend lines represent temperature-
dependent two-phase advection of a thermogenic-like gas
from depth to the surface. The black dashed line represents
a hypothetical mixing between a migrated thermogenic
source with a young biogenic source. Two-phase solubility
fractionation and advection trends are based on the two-
stage groundwater gas stripping and redissolution (GGS-
R) model developed in Darrah et al. (2015b). Methane-
rich samples appear consistent with two-phase migration of
natural gas from depth to the shallow aquifers.

isotopic geochemistry in groundwater studies (Jackson
et al. 2013; Darrah et al. 2014, 2015a, 2015b; Wen et al.
2016; Harkness et al. 2017b).

Similar to ethane, *He and heavier crustal noble
gases (*!Ne*, “°Ar*) occur at elevated levels in older,
higher temperature thermogenic natural gases, whereas
recently formed microbial gases are nearly devoid of
ethane or radiogenic noble gases (Darrah et al. 2015b;
Harkness et al. 2017b; Hunt et al. 2012; Moore et al.
2018). Our data reveal significant correlations between
various hydrocarbon tracers and the levels of the crustal
noble gases 4He, 2!Ne*, and *°Ar* in groundwater sam-
ples from this region. Each of the noble gases produced
by radioactive decay (4He, 2INe*, and 4OAr*) included in
this study correlate to each other and to various hydro-
carbon tracers, suggesting a clear presence of thermo-
genic methane. Radiogenic “He correlates to both CHy
and CoHg (2 = 0.623, p =0.001; r? = 0.740, p < 0.01),
salinity (Cl [r? =0.798, p <0.001]), as well as 8°H-
CH; (r> =0.603, p =0.005) (Figures 9 and 11). Simi-
larly, 2!Ne* correlates strongly with CHy (r? =0.909,
p <0.001) and C,Hg (r? =0.893, p <0.001) concen-
trations, whereas “CAr* correlates with salinity (Cl
[#? =0.591, p =0.005]), and displays generally higher
§13C-CHy, 8’H-CHy, and 8'3C-C,Hg values (Figures 9
and 11). Consistent with our interpretations of hydro-
carbon molecular and isotopic composition, each of
these observations supports the presence of thermo-
genic methane and validates the use of radiogenic noble
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gases as a tracer for thermogenic natural gas in shallow
aquifers.

Noble gases can also be a powerful suite of tracers
for resolving the presence of exogenous fluids, discerning
the processes that bring salt-rich natural gases to shallow
aquifers, and providing a genetic fingerprint of migrated
gases. As discussed in Harkness et al. (2018), the
presence of extremely high “He concentrations up to
483,493 x 1079 ccSTP/kg (or approximately 1.07 x 10*
times atmospheric levels) greatly exceed atmospheric
contributions and/or the maximum plausible endogenous
sources. Moreover, the presence of these extremely high
“He concentrations that correlate with hydrocarbon tracers
of thermogenic gases (ethane, less negative §'3C-CHy4 and
8?H-CHy4) and 8'3C-C,Hg) in groundwater samples with
elevated (thermogenic) methane and salts suggests that an
exogenous source of relatively old groundwater migrated
into the shallow aquifers within the Karoo Basin and
mixed with an apparently young, tritium-active source of
meteoric waters.

While the extremely high “He concentrations
unequivocally indicate the presence of exogenous fluids
in shallow aquifers from the Karoo Basin, other major
gas and noble gas isotope data provide important clues
about the source and migration processes that brought
exogenous fluids to the shallow aquifer. Because atmo-
spheric gases, namely 2°Ne, N», and 3®Ar, have a nearly
uniform starting composition, with small differences
related to changes in temperature, salinity, and elevation
(atmospheric pressure), they have proven to be a useful
tracer for identifying the history of hydrocarbon-rich
brine migration (Darrah et al. 2014; Barry et al. 2016)
and serving as a diagnostic indicator of migrated gases
(Darrah et al. 2015a, 2015b; Harkness et al. 2017b;
Moore et al. 2018). For example, elevated concentrations
of ®Ne or an increase in the 2°Ne/*®Ar without a
corresponding increase in other atmospheric noble gases
(i.e., °Ar) are diagnostic of solubility fractionation
during two-phase (free gas+brine) fluid migration.
Notably, we observe a marked excess in 2’Ne and highly
elevated ratios of 2’Ne/*®Ar in samples with elevated
salt, “He, and methane and ethane levels, and less
negative 8'3C-CH, and 6°H-CH, values in this study.
The thermogenic methane-rich endmember displays
20Ne/*® Ar ratios significantly above the ASW equilibrium
value of approximately 0.147 (up to 0.480; Figure 7).
Importantly, the increase in 2°Ne/*®Ar relates almost
exclusively to an increase in [2°Ne] concomitantly with
[CH4], [C2Hg], and [*He] but without any observable
increases (small decrease is observed) in [°Ar], preclud-
ing increased levels of air in these samples (Figure 7).
Based on these observations, we conclude that the source
of thermogenic natural gas is an exogenous fluid that has
experienced multiple-stage, two-phase partitioning during
fluid transport (secondary hydrocarbon migration) from
its source (yet to be identified) to shallow aquifers across
the region.

Similar processes of solubility partitioning that frac-
tionated the 2°Ne/*® Ar ratio during fluid transport can also
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account for the range of *“He/CH, in the thermogenic end-
member. The relative concentration of exogenous “He
in crustal fluids (e.g., 4He/CH4, *He/*°Ne) results from
a combination of the “He released within the original
thermogenic natural gas source and the subsequent modi-
fication that occurs during postgenetic alteration processes
(e.g., fluid migration, oxidation, and methanogenic inputs)
(Darrah et al. 2014, 2015a; Moore et al. 2018; Harkness
et al. 2017b). While one-phase (gas dissolved in brine)
migration or mixing between thermogenic and biogenic
gases would be associated exclusively with enrichment
of “He and hence *He/CH,4 (Darrah et al. 2014, 2015a;
Harkness et al. 2017b), the paired enrichment of “He/CHy4
and 2’Ne/*°Ar is consistent with two-phase fluid migra-
tion (Darrah et al. 2014). These data further support our
conclusion that the exogenous thermogenic natural gas
migrated to the shallow aquifers, presumably along pref-
erential pathways, as a two-phase fluid.

Resolving the Unidentified Thermogenic
Endmember

While both traditional molecular and isotopic hydro-
carbon and noble gas approaches individually point to the
naturally occurring presence of thermogenic natural gas in
shallow aquifers with a highly ambiguous composition, a
parsimonious explanation requires careful integration of
all data. The simultaneous presence of higher C;/Cy+
values than any known (or at least documented) ther-
mogenic endmembers, yet heavier §'>C-CHy values than
any known (or at least documented) biogenic endmem-
bers is confounding. Interestingly, these observations from
Karoo are consistent with previous observations from
other petroleum basins around the world (Darrah et al.
2014, 2015b; Moore et al. 2018; Harkness et al. 2017b).

The need to understand the source of this apparently
thermogenic methane is not simply esoteric or academic
as it is becoming increasing apparent in the published
literature that this poorly defined source of natural
gas is common in many aquifers overlying petroleum
systems and provides a useful template understand the
diagnostic geochemical signatures of natural hydrocarbon
gas migration to shallow aquifers and conduct stray gas
investigations (Etiope et al. 2009; Darrah et al. 2014,
2015b; Harkness et al. 2017b). Yet, despite the importance
and preponderance of these trends, there is relatively little
discussion about the implications of these data in the
literature (Jackson et al. 2013; Darrah et al. 2014, 2015b;
Moore et al. 2018; Harkness et al. 2017b) and previous
studies that have identified this trend have struggled to
converge on a consensus for the cause of natural gas with
this composition.

Because of the presence of elevated C/C,+ values,
the most common interpretation for this composition
is mixing between biogenic methane and thermogenic
natural gas. The issue with this interpretation is that
the observed composition falls along a convex mixing
line (rapid increase of C;/C,+ followed by a decreasing
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813C-CH4) as opposed to the concave mixing line
(rapid decrease of 8'3C-CH, following by an increasing
C1/Cy+), the latter of which fits simple two-component
mixing between biogenic and thermogenic sources
(Darrah et al. 2015b; Moore et al. 2018; Harkness et al.
2017b). Previously, this convex trend has been variably
attributed to a complex three-component mixing (Osborn
et al. 2011; Revesz et al. 2012), diffusion (Prinzhofer
and Pernaton 1997), solubility partitioning (Etiope et al.
2009; Darrah et al. 2014, 2015b; Harkness et al. 2017b),
or oxidation by various potential mechanisms (Etiope
et al. 2009; Etiope and Ciccioli 2009; Vinson et al. 2017).

We propose that it is useful to view the traditional
hydrocarbon molecular and isotopic tracers in light of
all of the geochemical data and consider the potential
for postgenetic modification during fluid transport. The
combination of elevated C;/C,+, intermediate to heavy
813C-CHy, exogenous “He (and other noble gases pro-
duced by radioactive decay), and elevated 2°N/*®Ar in
this dataset, which is consistent with a growing body
of data from aquifers overlying other petroleum basins,
sheds light on this poorly defined thermogenic endmem-
ber. Here, we describe an ad hoc interpretation based on
two-phase (gas + water) solubility partitioning to explain
this endmember. While this interpretation is clearly ad
hoc, it does attempt to find a parsimonious interpreta-
tion that integrates all of the geochemical results and
produce a viable explanation for both elevated C;/C,+
and intermediate to heavy §'*C-CHy in naturally occur-
ring hydrocarbon gases in shallow aquifers.

During the multiple-phase  fluid  migration
(gas+ water) of thermogenic natural gas, a two-
phase thermogenic natural gas and formational brine
would initially migrate out of the source rocks (primary
hydrocarbon migration) and into nearby formations as a
result of buoyancy and hydrodynamics processes. The
geochemistry of these fluids would record an initial
Ci/Cy+, 8'3C-CHy, 8*H-CH4, 8'°C-CHg, and noble
gas composition, which varies according to thermal
conditions of gas generation. As two-phase fluid migra-
tion proceeds from the hydrocarbon source to reservoirs
and eventually shallow aquifers, solubility partitioning
will fractionate the gas components according to their
respective  solubilities. Solubility partitioning would
fractionate the gas components leading to increases
in the initial C;/C+ but negligible changes in the
§13C-CHy, 8H-CHy, or §'3C-C,H,, while also leading to
increases in diagnostic noble gas tracers (e.g., 2’Ne/*0Ar,
4He/CH4). Once this postgenetically modified natural
gas reached shallow aquifers, it can then mix with
variable amounts of biogenic methane. This late stage of
mixing with biogenic methane in shallow aquifers would
decrease the 8'3C-CHy4 of methane in shallow aquifers.

Alternative theories may include oxidation or other
forms of transport-induced fractionation (e.g., adsorption,
diffusion, and dispersion). We suggest that the key to
evaluating these processes is understanding the degree
of fractionation imparted by various transport phenomena
and/or oxidation. Significant volumes of previous work
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have demonstrated the diffusion and dispersion are not
viable mechanisms for the fractionation of the C;/C,+
(reviewed in Darrah et al. 2015b). However, because
both solubility partitioning and oxidation remain viable
mechanisms, we briefly compare them here.

Because the relative solubility of C; and C,+ vary
by approximately 2x (i.e., 200%), while '>C'Hy is
only 0.05% to 0.1% (0.5%¢ to 1.0%0) less soluble than
12CD'H; or 3C'Hy, one would anticipate the C;/Co+
composition of a natural gas could increase dramatically
relative to §'3C-CH, if solubility partitioning occurred
during fluid migration. Similar increases in C1/C,+ could
result from aerobic oxidation, while anaerobic oxidation
would actually decrease the C;/C,+ and therefore can
be discounted as a mechanism to describe natural gas
with this composition (Etiope et al. 2009; Etiope and
Ciccioli 2009). Therefore, it is reasonable to conclude that
mixing with biogenic methane following either solubility
partitioning or oxidation could produce a natural gas with
both elevated C;/C,+ and more negative §'°C-CHy (12C
enriched) in the resulting mixture.

The challenge is distinguishing fractionation induced
by solubility partitioning from that induced by aerobic oxi-
dation. To do this, we must again consider the consortium
of data simultaneously. Solubility fractionation would not
appreciably change the residual the §'3C-CHy, 8H-CHy,
or §13C-C,Hg, whereas aerobic oxidation would lead to a
progressive enrichment in these components (and increase
the C1/Cy+ in the residual natural gas). Conversely, sol-
ubility partitioning would increase the ratio of diagnostic
noble gas tracers (e.g., ’Ne/*®Ar), while aerobic oxi-
dation would leave this ratio unchanged. Because data
from the current study display elevated §'*C-CHy, §'3C-
CyHg, and C/Cy+ in the inferred migrated thermogenic
endmember, it is unclear if we can definitively distin-
guish between solubility partitioning and oxidation pro-
cesses. However, because the thermogenic endmember
also demonstrates elevated 2°Ne/*0 Ar values, we suggest
that solubility partitioning must account for at least some
of the observed postgenetic modification of the thermo-
genic endmember, specifically the C{/Cy+. It is inter-
esting to note that, like other petroleum basins around
the world, if one considers postgenetic modification of
a migrated thermogenic gas, the majority of the data
can be accounted for by simple two-component mixing
between a biogenic endmember and a thermogenic end-
member that previously experienced postgenetic modifi-
cation (Figure 4B).

The Migration and Influence of Fluids from
Depth

Previous work from the Karoo Basin suggests that,
like other petroleum basins, discrete conduits of hydrocar-
bon and salt water discharge throughout the Karoo Basin
are often located in close proximity to conventional strati-
graphic and structural hydrocarbon traps (Rowsell and De
Swardt 1976; Talma and Esterhuyse 2015). These observa-
tions suggest that regional-scale structural geology and the
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occurrence of planar discontinuities (i.e., faults and frac-
ture) likely regulate the migration of hydrocarbon gases
and salts from depth to the shallow aquifers.

Many aspects of the geochemistry of hydrocarbon
gases and saline fluids in the Karoo Basin are also similar
to other petroleum basins that have been examined around
the world. For example, remnants of more deeply-sourced
high-salinity formation waters from the Karoo Basin
observed in shallow groundwater as part of this study have
been diluted by meteoric water in multiple stages (i.e.,
both prior to and during the migration of hydrocarbon- and
salt-rich fluids to near-surface formations), leading to the
paradoxical observation of Modern tritium-active water
in the presence of highly saline, thermogenic methane-
rich groundwater with extremely long apparent mean
residence times (Harkness et al. 2018). It is important to
remember that these observations from the Karoo Basin
are consistent with a growing number of observations
from shallow aquifers in other petroleum basins around
the world (Darrah et al. 2014; Moritz et al. 2015; Darrah
et al. 2015a, 2015b; Humez et al. 2016; Wen et al. 2016;
Harkness et al. 2017b; 2018).

Consistent with Harkness et al. (2018), we observe
a striking spatial relationship between samples with
highly elevated 4He concentrations, “He/CH,, *He/*°Ne
20Ne/*0Ar, and zones of intense fracturing related to the
intrusion of the dolerite sills. The significant excesses
of “He distinguish the presence of quantifiable fluxes
of exogenous fluids to shallow aquifers across the
Karoo and suggest that the highly fractured zones near
dolerite sills likely provided preferential pathways for
the transmission of deeper, saline- and methane-rich
fluids to the shallow aquifers on yet unknown geological
timescales. In addition to serving as pathways for fluid
migration from depth, the zones of intense fracturing
near dolerite intrusions also likely remain as preferential
pathways for fluid migration within shallow aquifers
in this region today. The latter point stems from the
fact that shallow aquifers in the region consist of
dominantly low porosity and low permeability rocks
(Le Maltre et al. 2009; Rosewarne et al. 2013), which
is consistent with recent numerical simulations and
highlights the importance of fractures in controlling the
rate and distribution of gas migration in low permeability
formations (Moortgat et al. 2018).

The presence of mantle-derived helium (up to 1%)
in groundwater samples rich in methane and salt further
supports our interpretation for the presence of exogenous
sources of natural gas in the shallow aquifers in the
Karoo Basin (Figure 8). Each of the samples with
methane concentrations exceeding 14 ccSTP/kg displayed
helium isotopic compositions (i.e., *He/*He reported as
R/R4) above the anticipated crustal production ratio
(0.02R4) commonly observed in thermogenic natural
gas (Ballentine et al. 2002; Ballentine and Burnard
2002). Importantly, samples with elevated helium isotopic
compositions also displayed He/Ne more than 100 times
atmospheric levels precluding atmospheric contamination
or tritiogenic *He as a viable source for the elevated levels
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of *He. Additionally, the presence of elevated *He/*He,
specifically within helium-rich samples, provides support
for the hypothesis that thermogenic methane- and salt-
rich fluids migrated to the near-surface aquifers along
preferential pathways induced by the presence of dolerite
intrusions.

Mantle-derived fluids (e.g., *He and CO;) can be
degassed from an intrusive igneous body, such as the
dolerite intrusions commonly observed across the Karoo
Basin (Ballentine and Sherwood Lollar 2002; Darrah et al.
2015b; Moore et al. 2018). Following the emplacement
of magmatic intrusions, mantle-derived 3He can be
stored within sedimentary reservoirs, such as structural
or stratigraphic hydrocarbon traps, for extended periods
of geological time and can subsequently mix with or
migrate into regions of locally produced fluids (Ballentine
and Sherwood Lollar 2002). It remains unclear if these
resolvable mantle contributions are related to the dolerite
intrusions or serve as evidence for active fluid migration
along preferential migration pathways. We do note that it
is intriguing that the samples with the highest *He/*He
ratios are those with the highest proportions of methane
and salinity, which could suggest that the same deep-
reaching conduits that provided preferential pathways for
magmatically derived volatiles also permit the migration
of thermogenic natural gas and brines to the shallow
aquifers in the region.

Conclusion

Global Context for the Occurrence of Biogenic
and Thermogenic Natural Gas

Within the Karoo Basin, the subset of methane- and
salt-rich samples displays a higher proportion of thermo-
genic natural gas, whereas the low-salinity freshwaters
display almost exclusively low abundances of microbial
methane derived via a variety of methanogenic pathways.
These trends, recorded in pristine aquifers without any
history of conventional or unconventional energy extrac-
tion or mining, are broadly consistent with a growing
body of data that document a naturally occurring back-
ground of elevated levels of thermogenic natural gas in
aquifers overlying petroleum systems in the USA and
Canada (e.g., Warner et al. 2013; Moritz et al. 2015; Dar-
rah et al. 2015b; Humez et al. 2016; Nicot et al. 2017a;
Harkness et al. 2017b; Nicot et al. 2017b, 2017¢). Fur-
thermore, these data confirm the relationship between
a naturally occurring background of thermogenic natu-
ral gas and elevated levels of salts with a NaCl-type
composition. By comparison, the low, natural presence
of microbial methane occurs in freshwater and can be
clearly distinguished by the molecular and isotopic com-
position of hydrocarbons and the elemental and iso-
topic abundances of noble gases. Each of these factors
is important to consider in future studies that exam-
ine the occurrence of methane in shallow aquifers or
stray gas investigations. In addition to evaluating the
characteristics of methane occurrence and source, we
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document the utility of integrating multiple geochemical
tracers (hydrocarbon molecular and isotopic composition,
noble gases, and water chemistry) when evaluating the
occurrences, sources, and processes that regulate naturally
occurring methane contamination in shallow aquifers. The
integration of these techniques is specifically important in
light of the growing realization that the geochemical com-
position of naturally occurring methane has experienced
alteration by postgenetic modification in the subsurface.
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