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Abstract

The expansion of unconventional petroleum development enhanced production of natural
gas and oil globally, but also raised concerns related to groundwater contamination resulting from
drilling activities. Extensive research recently has focused on identifying contaminants (e.g., CHa,
brines) related to drilling or natural processes, as well as the processes that emplace these
contaminants into shallow groundwater systems. The integrated utilization of inert (e.g., noble
gas), hydrocarbon (e.g., C1/C2+, compound-specific stable isotopes), and aqueous geochemical
tracers has become a standard technique for identifying naturally-occurring hydrocarbon gas or
brine from human-induced contamination. Still, it is often difficult to make determinations of
groundwater contamination due to lack of understanding of the many processes that can alter the
hydrocarbon and aqueous geochemistry following emplacement into groundwater (post-genetic
modification) and a lack of baseline geochemical data.

Advection, diffusion, mixing with primary microbial gas, microbial oxidation, and
secondary methanogenesis can all obfuscate the geochemical characterization of a groundwater
system making it essential to understand the effects of these individual processes. Here, numerical
models were developed using a hypothetical thermogenic natural gas to illustrate how traditional
geochemical tracers are affected by post-genetic modification following gas emplacement.

The current work also examined the aqueous and gas geochemistry of groundwater samples

collected from observation boreholes and residential drinking-water wells in the Saint-Edouard



region of southern Quebec, Canada, and from drinking-water wells that were previously
interpreted to contain fugitive gas contamination in Parker County, TX. In the Saint-Edouard
region, the widespread presence of hydrocarbons in shallow groundwater and the relative lack of
petroleum development provides a rare opportunity to understand naturally-occurring
hydrocarbons prior to drilling and in a nearly-pristine environment. In comparison, the drinking-
water wells in Parker County, TX with prior evidence of fugitive gas provides an opportunity to
broaden the geochemical framework used to identify fugitive gas contamination and develop a
detailed understanding of the ongoing factors that alter groundwater geochemistry in regions
influenced by fugitive gas contamination.

The Saint-Edouard dataset was combined with previously published stable isotopic and
aqueous geochemical data, while the Parker County samples were analyzed for a suite of inorganic
and stable isotopic tracers and major gas ratios in addition to more traditional geochemical tracers.
Both datasets suggest microbial oxidation of thermogenic hydrocarbons is occurring in these
regions, while positive trends in 8C-DIC, [HCOs3], and negative &C-CHs may indicate
secondary methanogenesis. In the Saint-Edouard region, the absolute and relative abundances of
noble gas isotopes suggest groundwater degassing, perhaps as the result of the addition of
secondary microbial CHa. In Parker County, TX, the generation of H2S following sulfate-paired
oxidation of fugitive hydrocarbons enhances the potential environmental and health risks
associated with fugitive gas contamination.

In combination, the numerical models for post-genetic modification and groundwater
geochemical data from areas with natural and anthropogenic hydrocarbon contamination provide

insight into the evolution of hydrocarbons in shallow groundwater.
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Chapter 1. Introduction

The development of unconventional drilling and hydraulic fracturing rejuvenated oil and
natural gas production in the US Kerr (2010), however the increased drilling activity in the past
~15 years led to considerable environmental concern that these drilling practices may contaminate
drinking-water aquifers near areas of unconventional development (Harkness et al., 2017b;
Jackson et al., 2013; Osborn et al., 2011). In petroleum-rich sedimentary basins such as the
Appalachian Basin and Fort Worth Basin in the USA, the natural migration of hydrocarbons and
brines from deep formations to shallow groundwater are common (Darrah et al., 2015b; Harkness
et al., 2017b; Kreuzer et al., 2018; Molofsky et al., 2013; Nicot et al., 2017c; Siegel et al., 2015;
Warner et al., 2012), leading to significant debate as to the source of contamination (natural versus
anthropogenic) when present in drinking-water aquifers (Darrah, 2018; Darrah et al., 2015b;
Darrah et al., 2014; Harkness et al., 2017b; Jackson et al., 2013; Molofsky et al., 2013; Nicot et
al., 2017a; Nicot et al., 2017b; Nicot et al., 2017c; Osborn et al., 2011; Siegel et al., 2015; Warner
etal., 2012).

Recent attempts to distinguish between natural sources of hydrocarbons and other
contaminants (e.g., brines) in shallow groundwater from anthropogenic contamination
predominantly focused on developing a geochemical framework from which one could identify:
1) salinity sourced from water-rock interactions during the natural migration of hydrocarbons and
brines compared to byproducts of hydraulic fracturing, 2) deeply-sourced thermogenic
hydrocarbons compared to shallow microbial gas, and 3) the mechanisms of gas emplacement into

shallow groundwater (e.g., natural hydrocarbon gas and brine migration versus leaking production
1
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Figure 1.1: Generalized diagram displaying various potential mechanisms of hydrocarbon
gas contamination as a result of drilling and/or hydraulic fracturing, and sources of methane
and microbial degradation in the subsurface. Adapted from Darrah et al. (2014).



wells) (Darrah et al., 2015b; Darrah et al., 2014; Dusseault and Jackson, 2014; Fontenot et al.,
2013; Harkness et al., 2017b; Harkness et al., 2015; Hildenbrand et al., 2015; Vengosh et al., 2014;
Warner et al., 2012; Wen et al., 2016b; Wen et al., 2017; Wen et al., 2018) (Figure 1.1). However,
lacking is a similar geochemical framework to identify processes that alter the geochemistry of
hydrocarbon gas and brine once fluids have underwent migration (via either natural migration or
fugitive gas contamination) into shallow groundwater systems (Wen et al., 2019; Woda et al.,
2018). These alteration processes (commonly termed “post-genetic modification” processes) may
include mixing with microbial gas, microbial oxidation, secondary methanogenesis, and additional
stages of migration or groundwater degassing (see Table 1.1 for definitions of various geochemical
terms to be used throughout this document).

The focus of this dissertation is to build a geochemical framework that identifies post-
genetic modification of thermogenic hydrocarbon gases in groundwater systems. Through the
integration of noble gas elemental (He-Xe) and isotopic (e.g., °Ne/*®Ar, 84Kr/*®Ar, *He/CH.)
geochemistry, major gas geochemistry (e.g., N2/CHas, CO2/CHa), traditional hydrocarbon
geochemical techniques commonly used to characterize natural gas (C1/Ca+, §13C-CHa, §?°H-CHa),
and numerical modeling, | attempt to better the understanding of the evolution of hydrocarbons in
groundwater. 1 have produced numerical models that explore various post-genetic modification
processes that could influence a hypothetical thermogenic natural gas in groundwater and then |
applied these models to previously published datasets to evaluate the influence of post-genetic
modification on thermogenic natural gases in two case studies, as well as providing the work flow
and numerical models necessary to evaluate these processes in future studies. | have analyzed and

interpreted the dissolved gas and major ion geochemistry of suites of groundwater samples from



the Appalachian Basin and Fort Worth Basin in the USA in areas known to have naturally-
occurring natural gas or fugitive hydrocarbon gas contamination to understand post-genetic
modification in natural settings and secondary processes such as HzS release following sulfate-
paired oxidation of hydrocarbons. | anticipate that this work will build on the existing geochemical
framework for understanding natural versus anthropogenically-migrated hydrocarbons and brine
in shallow groundwater as well as the evolution of hydrocarbon gas that could influence drinking-
water aquifers by a variety of mechanisms.

This dissertation is organized into five chapters. The first chapter, which is the current
chapter, presents an overview of the current state of research related to understanding hydrocarbon
contamination in shallow aquifers. This chapter also provides a summary of geochemical
techniques to be used in the proceeding chapters.

The second chapter, “Numerical Modeling of Post-Genetic Modification Processes that
Influence Thermogenic Gas Compositions in Shallow Groundwater,” describes numerical models
that were produced using a hypothetical, dry, thermogenic hydrocarbon gas that is present in
shallow groundwater to understand the effects of post-genetic modification on hydrocarbons. The
models use hydrocarbon molecular (C1/C2+) and stable isotopic compositions (53C-CHa, §°H-
CHa4) and noble gas elemental (*He/CHa) and isotopic compositions (*°Ne/*®Ar, 84Kr/®Ar). The
post-genetic modification processes that are modeled include multi-phase (gas plus water)
advection, diffusion, residual water phases following these processes, aerobic and anaerobic
microbial oxidation, secondary methanogenesis, and mixing with primary microbial gas or older
groundwater. These models were then applied to published groundwater data sets from the

Appalachian Basin and Fort Worth Basin. The models indicate that while much of the groundwater



chemistry in these regions is influenced by multi-phase advection and mixing with primary
microbial gas, subsets of samples have experienced oxidation or the addition of CHa4 as secondary
microbial gas.

The third chapter, “Noble gas insights into microbial hydrocarbon degradation processes
in shallow groundwater of the Saint-Edouard region of southern Quebec, Canada,” describes the
dissolved gas and aqueous geochemistry of groundwater in an area of widespread, naturally-
occurring hydrocarbons. The Saint-Edouard region has been targeted for unconventional natural
gas development, but due to a de facto moratorium in the province only two natural gas wells that
were drilled in the region and these well were not in production at the time of this study. The
relative lack of petroleum production provides an opportunity to study naturally-occurring
hydrocarbons in a relatively pristine hydrogeologic setting. The dissolved hydrocarbon gas
geochemistry (C1/Cz+, 83C-CHas, 8?H-CHa) in this region has previously suggested mixed
microbial and thermogenic sources. When combined with major ion geochemistry (Cl, HCO3),
water geochemistry, noble gas geochemistry, and new hydrocarbon molecular data (e.g., C1-Cs
hydrocarbons), the ubiquitous presence of thermogenic hydrocarbons and their correlation with
[CI] suggests the groundwater geochemistry in this region is dominated by two-component mixing
between a thermogenic gas with brine and fresh groundwater with microbial methane. The high
[HCO3], positive $*C-DIC, and more negative §*C-CHa in samples with the most thermogenic
hydrocarbons suggest partial microbial oxidation of thermogenic gases followed by secondary
methanogenesis. The absolute and relative abundances of atmospherically-derived noble gas
isotopes suggest significant stripping in the gas-rich samples. Solubility partitioning following oil-

water interactions or groundwater degassing may explain the distinctively low 2°Ne/*®Ar and



enriched 34Kr/*Ar and 132Xe/*®Ar found throughout the dataset, but the presence of only minute
amounts of adsorbed oil compared to significant gas observed in the region suggests groundwater
degassing, perhaps following the addition of secondary microbial, is the most likely explanation
for the noble gas geochemistry.

The fourth chapter, “Geochemical evidence for fugitive gas contamination and associated
water quality changes in drinking-water wells from Parker County, Texas,” describes a follow-up
study to Darrah et al. (2014), which identified fugitive gas contamination in a subset of drinking-
water wells in Parker County, Texas, using a combination of noble gas, hydrocarbon, and aqueous
geochemistry. The goal of this work is to build upon the geochemical framework for identifying
fugitive gas contamination, the source formation of contamination, and secondary environmental
impacts by integrating additional geochemical tracers including stable isotopes of water, 5'!B,
87Sr/85Sr, §13C and 62H of CHa4 and C2Hs, §3C-DIC, and 8°N-N2, [H2S], and ratios of major gases
(e.g., N2/CHa, CO2/CHa) to the previously used techniques. The data presented here confirm the
presence of a fugitive gas that is distinct from baseline, which represents mixing between a high
salinity, high SO4 endmember and recently recharged meteoric water. The utility of major gas
ratios such as N2/CHsand CO2/CHa and §*°N-N: for identifying source formations of fugitive gas
is dependent on the ability to constrain all additional sources of gas (e.g., N2 from excess air, CO2
from carbonate dissolution). The decrease in [SO4] coupled with increases in [H2S] and [HCOs] in
the samples that contain fugitive gas suggest sulfate-paired microbial oxidation of hydrocarbons.
Finally, the increase in [HCOs] and &3C-DIC and more negative §*C-CHa also suggests the

occurrence of secondary methanogenesis in groundwater that contains fugitive gas pollution.



The final chapter summarizes my dissertation and conclusions and proposes future work
with respect to evaluating changes in drinking-water quality resulting from natural or
anthropogenic contamination. My hope is that reading this dissertation will lead to an
understanding of the potential impacts of hydrocarbons in groundwater on both drinking-water
quality and the biogeochemical systems in shallow groundwater. Fugitive gas contamination is an
ongoing concern related to increased unconventional petroleum development, and this work

broadens the geochemical techniques used to identify contamination.

Table 1.1. Definitions of various geochemical terms and parameters used throughout this dissertation

Natural gas derived from the thermocatalytic cracking of kerogen (catagenesis)
under sufficiently high temperatures

Natural gas derived from methanogenic archaea utilizing a non-hydrocarbon carbon
Primary Microbial Gas source (for example: acetate, CO, produced during the dissolution of carbonate or
through the microbial degradation of soil organic matter)

Microbial methane produced during the fermentation of acetate

(general formula: CH;COOH — CH, + COy)

Microbial methane produced from the reduction of CO,

(general formula: CO, + 8H* — CH, + 2H,0)

Any process (for example: migration, microbial oxidation) acting upon a fluid after
its generation that may alter its geophysical or geochemical state

The microbial degradation of hydrocarbons utilizing an electron acceptor such as O,

Thermogenic Gas

Acetoclastic Methanogenesis

Hydrogenotrophic Methanogenesis

Post-Genetic Modification

Microbial Hydrocarbon Oxidation . . .
or SO, which results in the generation of CO, and H,0

The microbial generation of methane utilizing the CO, produced during the microbial
Secondary Methanogenesis oxidation of heavy hydrocarbon gases (ethane or heavier aliphatic hydrocarbons) or
oils through hydrogenotrophic methanogenesis

The result of preferential partitioning of gas species or isotopes between two coexisting
Isotopic (or Molecular) Fractionation | phases in a natural system according to the relative physical parameters of that species
(for example: mass, solubility)

Partitioning between any two gas constituents in between two or more fluid phases
according to the differences in solubility between the two constituents

The ratio of dissolved gas volume per volume of solution when the partial pressure of
gas is 1 atmosphere

The ratio of isotopes or gas species in one phase to the other coexisting phase in a
Rayleigh Distillation process

Lowercase delta, standard notation for describing stable isotopic compositions where
& d represents the ratio of two isotopes of an element relative to a standard, expressed

Solubility Partitioning

Bunsen Solubility Coefficient ()

Fractionation Factor (o)

in parts per thousand (per mil, %o)

The ratio of methane (C;) to heavier aliphatic hydrocarbon compounds (ethane (C,),
propane (Cs), butane (C,), etc.)

R/RA The *He/*He ratio of a sample compared to the atmospheric ratio Ra (1.384 x10)

The anticipated dissolved concentrations and ratios of atmospherically-derived gases
in groundwater based on conditions of recharge (temperature, salinity, elevation)

C4/Cot

Air Saturated Water (ASW)




Chapter 2. Numerical Modeling of Post-Genetic Modification Processes that Influence

Thermogenic Gas Compositions in Shallow Groundwater

Abstract

The increased development of unconventional oil and natural gas in recent years has
dramatically expanded energy production in North America. These energy development activities
have also resulted in significant concerns regarding the risks of hydrocarbon contamination related
to energy development in shallow aquifers. Improved characterization of background and baseline
geochemistry has proven important to ongoing efforts to characterize and mitigate instances of
human-induced contamination related to unconventional energy development. The utilization of
gas and aqueous geochemical tracers (e.g., compound-specific stable isotopes, multiply substituted
isotopologues, noble gases) are now commonly employed to identify the presence of
contamination, discern naturally-occurring hydrocarbons from human-induced pollution, and
develop targeted strategies for mitigating the most common factors that lead to contaminant
releases (e.qg., sufficiently deep cement casing, better balanced drilling practices). One of the major
challenges that faces the utilization of many gas geochemical tracers for these purposes is the post-
genetic modification of natural gas, and specifically these tracers, by oxidation, mixing, advection,
and diffusion, especially for reactive tracers such as hydrocarbons and CO2. While the integration
of inert noble gases minimizes uncertainties associated with the use of relatively reactive tracers,
the extent to which post-genetic processes influence noble gas composition has not been

extensively modeled previously. Here, | modeled how various factors influence the composition
8



of hydrocarbons, noble gases, CO2, and their isotopes in shallow aquifers, including: a) multi-
phase advection (gas plus water/brine); b) diffusion; c) mixing; d) aerobic oxidation (either by
respiration or as sulfate-paired oxidation); €) anaerobic oxidation; f) primary methanogenesis; and
g) secondary methanogenesis. Modeling outcomes were then applied to available gas geochemical
data sets.

By integrating modeling outcomes with published data from groundwater systems with
elevated levels of natural gas, | determined that aerobic oxidation followed by secondary
methanogenesis likely accounts for the previously unexplained, but commonly observed trend of
elevated C1/C2+ without significant changes in §*C-CHa in natural gases unaffected by migration
in shallow aquifers. By integrating modeling approaches with noble gas and hydrocarbon tracers,
one can better differentiate the potential sources of natural gas and the processes that influence
natural gas composition in shallow aquifers.

2.1 Introduction

The extraction of petroleum from unconventional hydrocarbon reservoirs during recent
decades has placed renewed interest in understanding the presence, causes, and effects of naturally-
occurring methane (CHas) and other hydrocarbon gases in drinking-water aquifers. Developing
suitable forensic techniques capable of determining the source and mechanisms that introduce and
alter natural gases in shallow aquifers has become an important sub-discipline of environmental
geochemistry (Darrah et al., 2015a; Darrah et al., 2015b; Darrah et al., 2014; Eymold et al., 2018;
Harkness et al., 2017b; Jackson et al., 2013; Kreuzer et al., 2018; Molofsky et al., 2013; Nicot et

al., 2017c; Siegel et al., 2015; Wen et al., 2016b; Wen et al., 2017).



Traditional geochemical techniques used to characterize natural gases (e.g., C1/C2+, §*3C-
CHa, °H-CHa4, 8C-CO2) are commonly applied to identify the source of natural gas
contamination in shallow aquifers. However, these highly labile tracers are heavily influenced by
post-genetic processes, which limits their applicability and in some cases can lead to
misinterpretations about the true source of natural gas. For example, these geochemical parameters
can be obscured by microbial activity (oxidation and methanogenesis) or fluid transport
phenomena (e.g., advection, diffusion), which are common in shallow groundwater (e.g., Darrah
et al., 2015b; Darrah et al., 2014, Harkness et al., 2017b; Rowe and Muehlenbachs, 1999a; Rowe
and Muehlenbachs, 1999b; Schout et al., 2018; Woda et al., 2018). Although certain post-genetic
modification processes have been well-studied, (e.g., Darrah et al., 2014; Kinnaman et al., 2007,
Martini et al., 2008; Moore et al., 2018; Schlegel et al., 2011; Vinson et al., 2017; Whiticar, 1999;
Woda et al., 2018), it remains difficult to distinguish all of the factors that influence hydrocarbon
geochemistry in the subsurface.

Rayleigh fractionation models are commonly used to evaluate how hydrocarbon tracers,
including C1/Cz+, 8'3C-CHa, or §°H-CHa, are influenced by various post-genetic processes. The
degree of fractionation is process-dependent and proceeds according to the respective fractionation
factors or a-values. These include closed-system anaerobic microbial oxidation of CH4 (Whiticar,
1990; Whiticar et al., 1986), aerobic oxidation (Kinnaman et al., 2007), primary methanogenesis
(e.g., Bordeleau et al., 2018a; Vinson et al., 2017), and open-system processes such as multi-phase
(gas plus water) advection or diffusion followed by mixing (e.g., Bordeleau et al., 2018a; Darrah

et al., 2015a; Harkness et al., 2018).
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More recently, similar numerical models have been developed that include noble gas
abundances (*He/CHa) and the ratios of atmospherically-derived isotopes (*’Ne/*®Ar, 84Kr/*°Ar).
The numerical models have been critical for recent efforts to resolve the source of natural gases in
shallow groundwater and better understand the fluid transport processes involved in gas
emplacement (e.g., Battani et al., 2000; Darrah et al., 2015b; Darrah et al., 2014; Gilfillan et al.,
2008; Gilfillan et al., 2009; Harkness et al., 2017b; Moore et al., 2018; Wen et al., 2016b; Wen et
al., 2017). While these models may be useful for explaining the majority of geochemical data, they
have not been modeled for many important tracers.

In an effort to better understand how post-genetic modification processes influence
thermogenic hydrocarbons in groundwater, | developed a comprehensive set of numerical models
for hydrocarbon molecular (C1/C2+) and stable isotopic ratios (§:*C-CHa, §°H-CHa), and noble gas
abundance (*He/CHa) and isotopic ratios (2°Ne/®Ar, 84Kr/*®Ar). This work was done to illustrate
how: a) multi-phase advection (gas plus water/brine); b) diffusion; c) mixing; d) aerobic oxidation
(either by respiration or as sulfate-paired oxidation); e) anaerobic oxidation; f) primary
methanogenesis; and g) secondary methanogenesis alter the composition of thermogenic natural
gas in shallow aquifers.

Numerical models capable of predicting hydrocarbon behavior following the majority of
these post-genetic processes have been developed and validated previously. Nonetheless, specific
post-genetic modification processes (e.g., secondary methanogenesis) and combinations of
processes (e.g., secondary methanogenesis followed by mixing) are unaddressed. Here, | focused
on developing numerical models that predict the influence of previously unaddressed post-genetic

modification mechanisms on hydrocarbon molecular and isotopic tracers (e.g., secondary
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methanogenesis). Similarly, although numerical models have been developed to predict the
behavior of noble gases following the majority of post-genetic processes (e.g., phase partitioning,
diffusion), these prior efforts have seldom modeled either the relationship between noble gases
and hydrocarbon tracers (e.g., *He/CHa) or the fractionation of heavy noble gases during the
advection of a multi-phase fluid (e.g., Kr and Xe). Thus, a major focus on the current work
examines the behavior of noble gases relative to hydrocarbons and the behavior of the heavy noble
gases (i.e., Kr and Xe). The newly developed models demonstrate that multiple combinations of
post-genetic modification processes can result in the geochemical signatures reported in previous
groundwater studies and that these scenarios should be taken into account in future studies that
investigate natural gas contamination in shallow groundwater settings.
2.2 Geochemical Background
2.2.1 Hydrocarbons in Shallow Groundwater

Excluding scenarios where mantle-derived or abiotic fluids are geologically relevant,
hydrocarbon gases in shallow groundwater typically represent a mixture between microbial
methane and natural gas derived from the thermocatalytic cracking of kerogen (catagenesis)
(Darrah et al., 2015b; Eymold et al., 2018; Harkness et al., 2017b; Kreuzer et al., 2018).
Thermogenic gases typically have C1/Cz+ that range from 0.1 to 100 and display a relatively
enriched 83C-CHas (>-55%0). Both Ci1/C2+ and 8'C-CHa increase with increasingly higher
temperatures (Faber and Stahl, 1984). In general, the relationship between thermal maturity and
molecular and isotopic composition of natural gas is linear and predictable (Faber and Stahl, 1984;

Whiticar, 1994).
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By comparison, microbes predominantly produce CHas resulting in exceedingly high
C1/C2+ ratios (>2,000) and isotopically light 8*3C-CHa (<-60%o) (Bernard, 1978; Schoell, 1980,
1983). Microbial CHa is also produced at relatively low temperatures (typically much less than
60°C) by either hydrogenotrophic (CO:2 reduction), acetoclastic (acetate fermentation), or
methylotrophic methanogens (Whiticar, 1990). The stable isotopic compositions of hydrogen in
CHa (8°H-CHa) are often useful for distinguishing between hydrogenotrophic (§2H-CHa ranges
from -250 and -170%o) and acetoclastic (§°H-CHa ranges from -340 and -260%o) methanogenesis
(Whiticar, 1990). Methane produced by methylotrophic methanogenesis is poorly characterized,
but is thought to yield an intermediate composition (e.g., Vinson et al., 2017).

Following catagenesis, thermogenic hydrocarbons that migrate out of the source
formations (primary migration) into overlying reservoirs or aquifers (secondary migration)
experience fractionation of the molecular and isotopic components of natural gas. For example,
during multi-phase fluid transport, the natural gas experiences Kinetic fractionation according to
solubility partitioning. In this scenario, [CH4] is enriched in the gas phase relative to heavier
aliphatic hydrocarbons. Similarly, the light stable isotopes of CHa (i.e., 2CHa) are enriched in the
gas phase relative to either *CHa, 22C'DHs, or heavier isotopologues. The degree of fractionation
(a-value) is highly dependent upon the species, the physicochemical conditions (e.g., temperature,
pressure, salinity), and the mechanisms of migration (Darrah et al., 2015b; Darrah et al., 2014).

The extent of fractionation by solubility partitioning is dependent on the ratio of gas
volume to water volume (Vgas/Vwater) (Aeschbach-Hertig et al., 2008; Aeschbach-Hertig et al.,
1999; Ballentine et al., 2002; Holocher et al., 2003). Fluids with relatively low Vgas/Vwater

experience fractionation that approximates the relative differences in gas solubility, especially at
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low temperatures. Conversely, although high Vgas/Vwater Will preferentially transfer all gas species
into the gas-phase, the degree of fractionation approaches zero at infinitely high Vgas/\Vwater.

Diffusion in water can also influence the composition of thermogenic natural gases. The
degree of fractionation (a-value) by diffusion is dependent on the relative masses of species, where
alpha values are equivalent to the ratio of the square root of the mass of each gas species. Diffusion
is controlled by concentration-dependent gradients, which indicates that the influence of this
mechanism is typically limited to relatively small distances and can be overwhelmed by the effects
of groundwater advection (Darrah et al., 2015b; Norville and Muehlenbachs, 2018).

Following the introduction of a thermogenic gas into a shallow groundwater, its
composition can be influenced by gas mixing. For example, mixing with microbial gas can
increase the C1/C2+ and lead to more negative 5:3C-CHa (Whiticar, 1999; Whiticar et al., 1986).
Conversely, mixing between multiple generations of different thermogenic gases, specifically of
varying thermal maturity, can be more challenging to delineate (Jenden et al., 1993).

In addition to the introduction of primary microbial methane, microbes can also influence
the composition of thermogenic gases by a combination of aerobic oxidation, anaerobic oxidation,
and secondary methanogenesis. Aerobic oxidation of thermogenic hydrocarbons occurs when
microbes preferentially consume heavier aliphatic hydrocarbons relative to CHa in the presence of
oxygen or coupled to other processes such as sulfate reduction (Adams et al., 2013; Kniemeyer et
al., 2007; Mastalerz et al., 2009). Aerobic oxidation leads to increasing C1/C2+ ratios and more
positive 8'3C-CHs in the remaining, unoxidized natural gas (Kinnaman et al., 2007). In
comparison, anaerobic oxidation typically occurs in anoxic conditions within sulfur-rich marine

sediments and affects only CHa4. Anaerobic oxidation results in an overall decrease in the C1/C2+
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and more positive §1*C-CHs in the remaining, unoxidized natural gas (Kinnaman et al., 2007;
Whiticar et al., 1986).

In relatively closed hydrogeologic systems, primary methanogenesis and microbial
oxidation should result in coupled changes between 3*C-CHs and $*3C of the substrate or §3C-
CO2 (Whiticar, 1999; Whiticar et al., 1986). As discussed above, aerobic oxidation leads to an
increase of the 8'3C-CHa in the remaining, unoxidized natural gas. Importantly, because the
oxidization of natural gas preferentially selects the light §*3C-CHa, the CO that is produced has a
more negative §3C-CO: than the bulk composition of heavier aliphatic hydrocarbons and is
equivalent to the 5!3C of the oxidized compounds; these reactions also increase the [DIC] as the
proportion of the newly formed CO2 equilibrates with water. During methanogenesis, the extent
of fractionation between 83C-CHa and 83C-substrate is dependent on the metabolic pathway and
the starting 813C of the carbon substrate (Whiticar et al., 1986). Because microbes preferentially
utilize 2C relative to *C during methanogenesis, microbial CH4 will start isotopically light and
will be progressively enriched as the amount of substrate remaining (which itself gets
progressively isotopically heavier) decreases (Whiticar, 1999).

2.2.2 Secondary Methanogenesis and Noble Gases

Secondary methanogenesis refers to the sequential microbial oxidation of wet hydrocarbon
gases or oil to form COz2, which is then utilized by hydrogenotrophic methanogens to form CHa
(Scott et al., 1994; Sweeney and Taylor, 1999). While these paired processes of microbial
degradation and methanogenesis have been used to explain isotopically heavy §'3C-COz2 (>0%o) in

some oil reservoirs and thermogenic gas seeps (Dessort et al., 2003; Etiope et al., 2009; Milkov
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and Dzou, 2007; Pallasser, 2000), the importance of secondary methanogenesis in shallow
groundwater systems has not been test thoroughly.

Aerobic or sulfate reduction-paired oxidation of wet hydrocarbons or oils will
preferentially degrade heavier hydrocarbon compounds (C2Hs+) and lighter isotopes (e.g., 12C or
'H) relative to their heavier counterparts (e.g., **C or 2H) prior to their incorporation into CHa. As
a result, the newly formed *3C-CO: following oxidation will reflect mixing between the §*3C of
the oxidized compounds, which is itself a mixture of the amount of each compound that was
consumed, and the original CO2 in equilibrium with DIC. During oxidation, the C1/C2+ will
initially increase proportionally to the amount of C2Hs+ that is consumed during oxidation. Once
hydrogenotrophic methanogens convert CO2to CHa (secondary methanogenesis), the C1/Cz+ will
further increase. It has been hypothesized that secondary microbial gas has intermediate C1/Ca+
ratios (between 1,000 and 10,000) and slightly enriched §3C-CH4 compared to primary microbial
gas (between -60%o and -40%o) (Milkov and Etiope, 2018). This chemical composition overlaps
mixing between a migrated thermogenic hydrocarbon gas and primary microbial gas as well as
mixing between thermogenic gas and “late-stage methanogenesis,” where extensive
methanogenesis leads to enrichment in §**C-CHa of the microbial CH4 (Bordeleau et al., 2018a;
Whiticar et al., 1986).

Due to the difficulty in identifying post-genetic modification and migration mechanisms
using hydrocarbon molecular ratios and stable isotopes alone, recent studies in the Appalachian
(Darrah et al., 2015b; Harkness et al., 2017b; Kreuzer et al., 2018), Illinois (Moore et al., 2018),
Michigan (Wen et al., 2015; Wen et al., 2016a), and Fort Worth Basins (Darrah et al., 2014; Wen

et al., 2016b; Wen et al., 2017) in the US, and the Karoo Basin in South Africa (Eymold et al.,
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2018) have integrated noble gas elemental and isotopic ratios. Because they are chemically inert
and their abundances and production in the atmosphere, hydrosphere, and crust are well
understood, noble gases represent an ideal set of tracers for understanding the post-genetic
evolution of hydrocarbon gases in groundwater. Particularly useful are the abundances of helium
and the atmospherically-derived noble gases (e.g., 2°Ne, %A, 84Kr).

Helium-4 is produced by the radioactive decay of uranium and thorium and can diffuse out
of mineral grains and into pore fluids at geologically relevant temperatures (>15°C (Ballentine and
Burnard, 2002; Hunt et al., 2012)). These characteristics make [*He] a useful tool for estimating
fluid (e.g., groundwater) residence times in the subsurface (Solomon et al., 1996). Additionally,
because oxidation would only affect CH4 and methanogenesis does not produce He, the “He/CHa
ratio has can be utilized to identify mixing with microbial gases and oxidation in shallow
groundwater (Darrah et al., 2014; Moore et al., 2018).

Atmospherically-derived noble gas isotopes (e.g., 2°Ne, 3Ar, 8Kr) are incorporated into
pore fluids at sediment burial and groundwater at recharge (termed air-saturated water or ASW).
The concentrations of atmospherically-derived noble gases at solubility equilibrium can be
predicted with reasonable certainty as a function of temperature, salinity, and pressure (i.e.,
elevation) (Smith and Kennedy, 1983; Weiss, 1970, 1971; Weiss and Kyser, 1978). In general,
solubility of the individual noble gas species increases with increasing atomic mass
(*He<?’Ne<*®Ar<®4KT).

During the migration of a thermogenic gas, noble gas isotopes will fractionate in a similar
manner to hydrocarbon molecules and stable isotopes. In the presence of free gas, the lighter

isotopes (*He, 2Ne) will be enriched in the gas-phase, while heavier isotopes (*°Ar, &Kr) will
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preferentially remain in the water phase (Darrah et al., 2015b; Darrah et al., 2014). These
phenomena are commonly observed in scenarios in which multi-phase (gas plus water) migration
occurs. If gas-water partitioning occurs during migration, the migrating gas phase will strip the
dissolved noble gases out of the water phase and into the migrating gas phase. These scenarios
were numerically modeled by Gilfillan et al. (2008) and Gilfillan et al. (2009) using an open-
system Rayleigh Fractionation model for CO2. This model was adapted to hydrocarbons by Darrah
et al. (2014; 2015b). The assumptions and calculations involved in this model are explained in
detail in Section 2.3.1.

Because of their chemically inert nature, noble gases retain evidence of prior instances of
fractionation independent of oxidation or secondary methanogenesis. As a result, noble gases have
the potential to be important tracers for these post-genetic modification processes in shallow
groundwater.

2.3 Numerical Modeling Methods

| developed numerical models to predict, quantify, and illustrate how post-genetic
modification influences the hydrocarbon molecular (C1/C2+), stable isotope (§**C-CHa, §°H-CHa),
and noble gas composition (?°Ne/*®Ar, 84Kr/®Ar, “He/CHa) of natural gas during transport to and
residence within a shallow aquifer. Specifically, | evaluated these factors using several
representative initial natural gas compositions and models for how multi-phase (gas plus brine)
mixing, advection, diffusion, aerobic oxidation, anaerobic CHas oxidation, and secondary
methanogenesis processes affect the resulting gas composition.

Because of the extensive interest in natural gas contamination in groundwater aquifers

overlying the Marcellus Shale (e.g., Darrah et al., 2015b; Darrah et al., 2014; Harkness et al.,
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2017b; Jackson et al., 2013; Molofsky et al., 2013; Osborn et al., 2011; Warner et al., 2012) and
the presence of ample data sets from this region (Darrah et al., 2014; Hunt et al., 2012; Jenden et
al., 1993), | first modelled how a theoretical natural gas with a composition analogous to Marcellus
Shale production gas from northeastern Pennsylvania would be altered by the aforementioned
post-genetic modification processes. Marcellus-like production gases are consistent with a dry
hydrocarbon gas that is typical of natural gas produced from a marine (Type Il kerogen) black
shale (see Table 2.1).

In geologic settings where thermogenic hydrocarbons have naturally migrated to shallow
aquifers such as in the Northern Appalachian Basin, the distance between source rock and
drinking-water aquifer can be more than 2000m. These distances make it difficult to envision a
scenario where the migrating gas volume has not been fractionated in anyway (see Darrah et al.
(2015b) or Harkness et al. (2017b)) unless large volumes of gas were released along well annuli
or leaking well casings without interaction with the water-saturated crust. Therefore, the models
produced here are more similar to scenarios of fugitive gas contamination where thermogenic gas
leaks directly into shallow aquifers and is assumed to experience little fractionation due to
migration processes as described in Darrah et al. (2014).

In addition to the Marcellus-like thermogenic endmember, two microbial endmembers are
considered. These include microbial methane produced during hydrogenotrophic (COz2 reduction)
and acetoclastic (acetate fermentation) methanogenesis (Whiticar, 1994). The hydrocarbon
molecular and stable isotopic (8*3C-CHa4, 8?H-CHa4) ratios used in the mixing models for

hydrogenotrophic and acetoclastic methanogenesis in Figure 2.2 are based from Schoell (1983)
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and Whiticar (1994) and are as follows: C1/C2+= 10,000; §**C-CH4=-75%o and §?H-CHa = -190%o,
and C1/C2+= 2,000; §*C-CHa =-60%o and 6*H-CHa = -325%o, respectively (Table 2.1).

All initial groundwater conditions for the atmospherically-derived noble gases (?°Ne, %A,
84Kr) are assumed to be consistent with ASW based on the conditions of local aquifers. Using
conditions consistent with northeastern Pennsylvania overlying the Marcellus Fairway, air-
saturated water equilibration is assumed to have occurred at temperatures of 10°C, a salinity of
0.1%o0, and at an average elevation of 600m. The complete geochemical composition of the
endmembers used can be found in Table 2.1.

2.3.1 Advection

In all modeling scenarios, | assume that multi-phase (gas plus water/brine) advection (light
blue dashed lines in all figures) occurs according to a gas stripping and re-dissolution model (GSS-
R). The GSS-R model was originally developed for CO2 (Gilfillan et al., 2008; Gilfillan et al.,
2009) and adapted for hydrocarbons (Darrah et al., 2015b; Darrah et al., 2014). This modelling
approach has been utilized in many previous studies that examine post-genetic modification of
natural gases by multi-phase fluid advection (Eymold et al., 2018; Harkness et al., 2017b; Kreuzer
et al., 2018; Moore et al., 2018; Wen et al., 2016b; Wen et al., 2017; Woda et al., 2018). The
models | developed assume that gas transport is initiated when natural gas pressures exceed local
depth- and salinity-dependent saturation levels (also termed “bubble point”) of the water (Darrah
et al., 2015b). Natural gas pressures can exceed the bubble point in water when catagenesis
produces thermogenic natural gas, microbes produce sufficient volumes of methane, or when

exogenous sources of higher-pressure gas are introduced to shallow aquifers (e.g., the release of
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fugitive gas). In any of these scenarios, the free gas phase will buoyantly migrate upwards through
the water-saturated crust into shallow formations.

The formation of a gas phase will allow individual gas species to partition between the gas
phase and water according to the Bunsen solubility coefficients (5x) of each gas species and the in
situ ratio of gas volume to water volume (Vgas/Vwater) (Aeschbach-Hertig et al., 2008; Aeschbach-
Hertig et al., 1999; Ballentine et al., 2002; Holocher et al., 2003). The Bunsen solubility coefficient
is defined as the ratio of dissolved gas volume per volume of solution when the partial pressure of

gas is 1 atmosphere, following Equation 2.1:

Px = [Xam]/[Xwater] (2.1)
The partition coefficient between two gas constituents, termed alpha (a), is calculated as the ratio
of the respective Bunsen coefficients (fx/fy) for each individual gas where x and y are two
different gas species.

In general, the solubility of each gas species increases with increasing atomic and
molecular mass (*He<?’Ne <*Ar=CHi<®Kr, 12CH4<!3CH4<C2Hs) (Ballentine et al., 2002; Fuex,
1980; Kipfer et al., 2002; Smith and Kennedy, 1983; Weiss, 1970, 1971; Weiss and Kyser, 1978).
The less soluble and typically lighter constituents (e.g., “He, °Ne, 2CHa) will be preferentially
enriched in the gas phase, while the larger masses (e.g., *®Ar, 84Kr, 3CHa, C2Hs) remain in the
liquid phase. When gas migrates as a free gas phase in the water-saturated crust, especially within
groundwater that is not already saturated with natural gas, the composition of the natural gas is
fractionated by phase partitioning.

The extent of fractionation between two gas constituents is largely dependent on the

Vgas/Vwater, where the maximum fractionation (o) occurs as Vgas/Vwater approaches zero. In
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comparison, the relative compositions of gas constituents in the gas phase will get progressively
closer to the original groundwater or brine composition when Vgas/Vwater approaches infinity as all
of the gases will partition into the gas phase without quantifiable fractionation. This type of
fractionation is described using the equation for closed-system Rayleigh fractionation (Equation
2.2):

(A/B)groundwater = (A/B)o * f 1) (2.2)
Where (A/B)groundwater 1S the resulting isotopic or molecular ratio, (A/B)o is the original ratio
between dissolved gases A and B in the groundwater, f is the fraction (from 1 to 0) of B remaining
in the water phase, and a is the alpha value that defined the degree of fractionation that occurs
between the two constituents during gas-water partitioning (Zhou et al., 2012).

In a one-stage model where gas is “stripped” from the water phase into the gas phase, the
maximum fractionation possible between two gas constituents would not exceed the a value.
However, because the ratios of atmospheric noble gases in many crustal fluids have been observed
to exceed the maximum degree of fractionation predicted for one-stage (closed-system) of gas
partitioning according to Rayleigh fractionation (e.g., Darrah et al., 2015b; Harkness et al., 2017b;
Moore et al., 2018; Zhou et al., 2012) an open-system Rayleigh fractionation model is thought to
better describe the process of gas-water partitioning during multiple-stage advective fluid transport
(Darrah et al., 2015b; Zhou et al., 2012). The open-system Rayleigh fractionation model suggests
that a buoyantly migrating gas would experience fractionation of noble gases, hydrocarbon
molecular ratios, and hydrocarbon stable isotopic ratios.

In scenarios in which the volume of natural gas reached overlying formations where the in

situ dissolved gas concentrations were below the saturation point, gases may re-dissolve into the
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groundwater according to open-system Rayleigh fractionation. This process results in a dissolved
gas composition that is fractionated relative to air-equilibrated water (e.g., 2°Ne/**Ar >ASW). If
this processes occurred in multiple stages of dissolution and exsolution during gas transport, the
migrating gas phase would be significantly more fractionated (*°Ne/**Ar >>ASW) with respect to
ASW values than those observed in a one-stage process.

The solubilities used in the GSS-R model to quantify the degree of fractionation for noble
gases were calculated using Weiss (1970), Weiss (1971), and Weiss and Kyser (1978), while the
partition coefficients were calculated from Smith and Kennedy (1983) and are shown in Table 2.2.
Partition coefficients between hydrocarbon molecules (C1-C4) and stable isotopes (**CHa4 and
13CHa, C?H'H3 and C'Ha) were calculated using Fuex (1980) (Table 2.2). Because the partition
coefficients between CH4 and each heavier hydrocarbon molecule are different, the Rayleigh
Fractionation equation is applied to C1/C2, C1/Cs, and C1/Ca separately and the final result is taken
as the inverse sum and expressed in Equation 2.3:

(A/B) = L/[1/(A/B)1 + 1/(A/B)2 + 1/(A/B)s ... 1/(A/B)x] (2.3)
where (A/B)1-x are the Rayleigh Fractionation results for C1/Cz, C1/Cs, C1/Cy, etc., respectively.

Rayleigh Fractionation calculations for all numerical models of stable isotope fractionation
first requires conversion of the delta notation to a decimal value in which 1.0 is 0%o. After
modelling was completed, | then converted decimal values back to the familiar delta notation using
Equation 2.4:

813C (%o) = (I - 1) * 1000 (2.4)

where 1 is the residual isotopic value following fractionation in decimal notation.
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Because the exact timing and thermal history of natural gas migration in the subsurface is
often difficult to constrain, especially for naturally-occurring gas contamination, I modeled
partition coefficients across a range of temperatures for the modeling of a variety of tracers (e.g.,
*He/CHa, °Ne/*®Ar). All other advection models use a-values at an equilibration temperature of
25°C because there is a lack of temperature-dependent calibration of partition coefficients for
stable isotopes and hydrocarbon gas species heavier than propane. With all advection models, the
composition of residual groundwater phases were also modeled to illustrate the effects of
groundwater that remains following degassing. The residual groundwater phases were modeled
using the inverse of the partitioning coefficient for multi-phase advection.

2.3.2 Diffusion

Diffusion (red dashed line in all figures) was modeled using the same initial starting
composition described above and assumes that a hydrocarbon-rich gas diffused into groundwater
consistent with previously developed models Darrah et al. (2015b). Similar to multi-phase
advection, all diffusion models were produced using Equation 2. The relative fractionation factors
(o) between any two constituents were calculated using ratios of the square roots of their masses
(o = Dx/Dy, where Dx = sqrt(Mx) and Dy = sqrt(My)), following methods described previously
(Darrah et al., 2015b). Diffusional fractionation a-values for stable isotopes were modelled
assuming the addition of either 3C or one 2H. While temperature will influence the rate of bulk
diffusion, the relative fractionation between any two constituents is anticipated to be constant
across all temperatures. As a result, I did not model diffusion fractionation across a range of

temperatures (Table 2.2).
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Table 2.2. Partition and Diffusion Coefficients (o)

Advection Multi-Phase
Gas Equilibration | Multi-Phase - e Diffusion
. . Advection Diffusion .
Constituent | Temperature Advection ; Residual
o Residual
)
CH4/C2He 25 0.3964 2.5227 0.7303 1.3693
CH4/C3Hs 25 0.5667 1.7646 0.603 1.6584
CH4/CsH10 25 0.6667 1.4999 0.5252 1.904
L2CH4/*3CH,4 25 1.0005 0.9995 1.03 0.9709
C'H4/CDH3 25 1.0005 0.9995 1.03 0.9709
25 0.2797 3.5753 0.5 2
75 0.4966 2.0137
“He/CHa4 100 0.595 1.6807
150 0.7551 1.3243
200 0.8655 1.1554
25 0.3237 3.0893 0.7487 1.3356
75 0.4879 2.0496
ONe/*SAr 100 0.5478 1.8255
150 0.6226 1.6062
200 0.6509 1.5363
25 1.8046 0.5541 1.5257 0.6554
100 1.4671 0.6816
8K rBAr
150 1.3159 0.7599
200 1.1773 0.8494

2.3.3 Microbial Oxidation

Microbially-induced aerobic oxidation (gray dashed line in all figures) and anaerobic CH4
oxidation (yellow dashed line in all figures) were modeled assuming a Marcellus-like natural gas
endmember consistent with that described above. All oxidation models assume a closed
hydrogeologic system that can be described by Rayleigh distillation (Equation 2). The
fractionation factors (a) resulting from the differential rates of degradation between CH4 and

higher order aliphatic hydrocarbons during aerobic oxidation are taken from Kinnaman et al.
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(2007). During aerobic oxidation, ethane (C2Hs), propane (CsHs), butane (CsHaio), etc. are
preferentially consumed before CHa in a hydrocarbon mixture (Table 2.3). Similar to solubility
partitioning during multi-phase advection, the efficiency at which microbes consume ethane,
propane, and heavier aliphatic hydrocarbons, differ for each compound. As a result, | calculate the
Rayleigh Fractionation of various hydrocarbons separately for C1/Cz2, C1/Cs, and C1/Ca. The results
are then summed using Equation 3 to produce the C1/Caz+ ratio. In anaerobic CH4 oxidation, only
CHa is consumed (Whiticar et al., 1986), so simply using f to represent the fraction of the total

[CH4] consumed is adequate for calculating the residual C1/C2+ (Table 2.3).

Table 2.3. Fractionation Factors of Oxidation (o)

Gas Aerobic Anaerobic
Constituent Oxidation Oxidation
CH4/C2Hs 0.0541
CH4/C3Hs 0.0057
CH4/CsH10 0.008
83C-CHj4 0.9735 0.9921
813C-C2Hs 0.992
813C-C3Hs 0.9952
813C-CsHuo 0.9971
8%H-CH4 0.7619 0.7619
8°H-C2Hs 0.938
8°H-CsHs 0.9849
4He/CH4 1.00E-06 1.00E-06

The stable isotopic compositions are calculated using a values between §3C-CHaand &*3C-
CO: for both aerobic and anaerobic oxidation, which both result in an increase in the §3C-CHs of

the residual CHa. The a-values for aerobic oxidation were taken from Kinnaman et al. (2007) and
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include 83C and &%H while the a-values for anaerobic oxidation were taken from Whiticar et al.
(1986) and only includes §'3C. These a-values are reported in Table 2.3.

To model microbial oxidation while integrating noble gas chemistry (e.g., “He/CHa), it is
assumed that only the [CH4] will change because noble gases are chemically inert (Darrah et al.,
2014). Therefore, the fractionation factor between *He and CHa is infinitely large. For the purpose
of the model, an enrichment factor of 1x10° is used (i.e., a = 1/1,000,000), which would generally
be in the range of lowest detectable CH4 concentrations following nearly complete oxidation.
2.3.4 Secondary Methanogenesis

Secondary methanogenesis is suggested to occur when a wet hydrocarbon gas or oil is
oxidized by microbes to form COz, which is subsequently converted to CH4 via hydrogenotrophic
methanogenesis (COz2 reduction). For these models, it is assumed that the CO2 pool utilized during
methanogenesis is only that which resulted from the aerobic microbial oxidation of the
thermogenic hydrocarbon gas compounds and that the local groundwater systems contain
sufficiently high levels of oxidizers (e.g., Oz, SOs) to allow aerobic oxidation to run to completion.

In this model, the composition of CH4 formed by secondary methanogenesis is directly
dependent on the initial composition of hydrocarbon compounds available to be oxidized. The
volume of CH4 that can be produced during secondary methanogenesis can be calculated from the
original composition of the thermogenic gas (Table 2.1). For example, the carbon from 1 mole of
thermogenic CH4, C2Hs, C3Hs, and C4H10 can be converted into 1, 2, 3, and 4 moles of microbial
CHa, respectively, if all carbon is converted to methane without dissolution into pore waters. The
proportions of hydrocarbon compounds that are converted to CO2 during aerobic oxidation

compared to the amount of gas still available (f), and thus the carbon available to generate
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secondary microbial CHa, can be calculated using the Rayleigh Fractionation reactions of the
individual hydrocarbon compounds (Kinnaman et al., 2007). Although studies have shown that
CsHs is preferentially oxidized first during aerobic oxidation and is followed by other CzHs+
hydrocarbons before CHa4 (e.g., Boreham et al., 2001; Kinnaman et al., 2007), the absolute rates of
oxidation in natural settings is difficult to quantify. Therefore, | assume oxidation occurs at rates
proportional to the a-values for Ci-Cs4 hydrocarbons. As aerobic oxidation proceeds (f), the
[C2He+] decreases while the [CH4] increases proportionally due to the addition of secondary
microbial CH4. This process is used to model the C1/Caz+ ratio and to calculate the amount of CH4
that would be added to the “He/CHa ratio during secondary methanogenesis, which like oxidation
only affects the [CHa4].

In comparison, the 8*C-CHa that results from secondary methanogenesis represents a
complex mixture of: 1) the original §3C of the carbon pool; 2) the §°C of the oxidized
hydrocarbon compounds, which vary due to different a-values between §:3C-Cx and §*3C-COz; 3)
the weighted proportion of each compound that is oxidized, which also varies as a result of the
different efficiencies for which microbes degrade specific hydrocarbons; 4) the fraction of the total
thermogenic gas volume that is oxidized (f); and 5) the efficiency that microbes utilize the newly
produced CO: to generate new CHa (Kinnaman et al., 2007; Vinson et al., 2017).

Because the §3C-Cx of the C2He+ components of thermogenic gases are typically more
positive than the §**C-CHy (at least in gases that do not experience isotopic reversals, e.g., Burruss
and Laughrey (2010), Tilley and Muehlenbachs (2013), Zumberge et al. (2012)), the oxidization
of C2He+ hydrocarbons to CO2 followed by methanogenesis will lead to more positive $**C-CHa

in the resulting mixture. However, because microbes preferentially utilize isotopically light carbon
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(*2C) during oxidation and methanogenesis, partial oxidation or partial utilization of the CO:
during methanogenesis will shift the §**C-CHa4 of newly formed methane in a more negative
direction than the original isotopic mixture (5:3C-Cx) of the C2Hs+ components.

The model produced herein assumes closed-system conditions and complete aerobic
oxidation of Ci-C4 hydrocarbons followed immediately by secondary methanogenesis. More
specifically, it is assumed that the CO2 that results from the aerobic oxidation of hydrocarbons is
immediately and completely converted back to secondary microbial CH4 with each change in f.
The a-values for §:3C-C1.4 were taken from Kinnaman et al. (2007) for a hydrocarbon mixture. At
each stage of aerobic oxidation, the stable isotopic composition in decimal notation (Icx) of the
oxidized portion of hydrocarbon compound Cx is calculated using Equation 2.5:

lex = [lo - (lox * )] / (1-f) (2.5)
Where lox is the residual stable isotopic composition of hydrocarbon Cx following aerobic
oxidation (Equation 2), and lo is the original stable isotopic composition of the hydrocarbon Cx.
The stable isotopic composition for newly formed CHa4 generated by secondary methanogenesis
(Isecondary) can then be calculated by multiplying Icx by the respective proportions of carbon
produced during oxidation of Ci-4 hydrocarbon compounds and taking the sum according to
Equation 2.6:

Isecondary = Z(Pmolcx * lcx) (2.6)
Where Pmolcx is the fraction of moles of carbon in the mixture derived from a given hydrocarbon
species Cx, and lcx is the stable isotopic value calculated for that hydrocarbon species in Equation

2.5.
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The final result for the §'*C-CHa generated during secondary methanogenesis is described
using a mixing equation between the original CH4 and the newly formed CHa following the
additional of secondary microbial gas according to Equation 2.7:

Im = [CH4]original/[CH4]secondary * lo + (1 - [CHa]original/[ CH4]secondary) * lsecondary (2.7)
Where Im is the resulting stable isotopic composition following mixing between secondary CH4
and the original thermogenic CHa in decimal notation, lo is the original measured stable isotopic
composition of CHa, lsecondary IS the stable isotopic composition calculated in Equation 2.6,
[CHa4]original is the original abundance of CH4, and [CHa]secondary 1S the new total CHa4 following the
addition of secondary microbial gas.

This method is replicated to calculate the §°H-CHa4 formed by secondary methanogenesis.
The moles of CH4 that can be produced based on the moles of H liberated by aerobic oxidation of
one mole of CHa, C2Hs, and C3Hs, respectively, are 1, 1, and 2, respectively. For example, without
other sources of hydrogen available for microbes to utilize in the generation of CHa, the oxidation
of C2Hes would result in an excess of two hydrogen atoms and one carbon atom. However, the
utilization of excess C and H are not investigated as part of this work. Therefore, the imperfect
conversion of thermogenic H to microbial CH4 should be treated qualitatively.

2.3.5 Mixing with Primary Microbial Gas

Two-component mixing models (blue dashed lines in all figures) have been calculated
between the thermogenic endmember and microbial gases produced from hydrogenotrophic (CO2
reduction) and acetoclastic (acetate fermentation) methanogenesis using simple two-component
mixing for hydrocarbon molecular and noble isotopic ratios following Equation 2.8. Equation 2.8

can also be used to calculate mixing between any two gas components (mixing of CHs formed by

31



hydrogenotrophic (CO2 reduction) and acetoclastic (acetate fermentation) processes or mixing
between two thermogenic natural gases. Equation 2.8 is described as:

[M] = [A]* (f) +[B] * (f-1) (2.8)
where A and B are the composition of the two gas constituents, M is the resulting mixture, and f
is the fraction of each component. The molecular (C1/C2+) and stable isotopic (§13C-CHa, §°H-
CHoa) ratios used in the mixing models for hydrogenotrophic and acetoclastic methanogenesis in
Figure 2.2 are based from Schoell (1983) and Whiticar (1994) and are reported in Table 2.1.

In all models it is assumed that the microbial endmembers have noble gases concentrations
and ratios that are equal to solubility equilibrium with the atmosphere (Weiss, 1970, 1971; Weiss
and Kyser, 1978). Where mixing is modeled between the thermogenic endmember that has already
experienced solubility partitioning due to multi-phase advection and a microbial endmember
(Figures 2.3, 2.6-2.8). The °Ne/*®Ar value was chosen arbitrarily along the fractionation trend for
illustrative purposes.

2.3.6 Applying Models to Published Datasets

The models produced in this study were then applied to a compilation of published
groundwater studies (Darrah et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b; Nicot et al.,
2017c; Wen et al., 2016b; Wen et al., 2017) that examined the geochemistry of groundwater in
aquifers overlying shales targeted for unconventional energy development in the Appalachian and
Fort Worth basins. In all figures where these data are included, samples from the Appalachian
Basin are represented by diamonds (Darrah et al., 2014), squares (Darrah et al., 2015b), and circles
(Harkness et al., 2017b). Data published from the Fort Worth Basin are represented by upward

triangles (Darrah et al., 2014), downward triangles (Nicot et al., 2017c), hexagons (Wen et al.,
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2016b), and stars (Wen et al., 2017). The symbol color in figures with published data represent the
measured degree of fractionation () between 2°Ne and *Ar from near ASW (blue) to significantly
fractionated (red).

2.4 Results

The numerical modeling outputs that evaluate the influence of post-genetic modification
processes on hydrocarbon molecular and stable isotopic compositions (C1/C2+, §**C-CHa, §°H-
CHa) and noble gas elemental and isotopic compositions (*He/CHa, 2°Ne/*®Ar, 8 Kr/*Ar) of a
Marcellus-like natural gas in shallow groundwater are presented in Figures 2.1-2.7. Figures are
designed such that modelling outputs are first illustrated by quantifying the possible influences of
post-genetic modification for a theoretical gas from the Marcellus region (A, top) and then applied
to published data (B, bottom).

Select values of each numerical model using the hypothetical thermogenic,
hydrogenotrophic microbial, and acetoclastic microbial gases (starting compositions outlined in
Table 2.1) endmembers are reported in Tables 2.4-5 by proportion of reaction (f). These fractions
include 0.80, 0.50, 0.20, and 0.01 of the extent by which Rayleigh Fractionation (i.e., 20%, 50%,
80%, and 99% of the reaction, respectively) alters the original composition (Tables 2.4-5). In all
figures, multi-phase (free gas migrating through water and/or the migration of gas plus water)
advection, diffusion, and residual water phases from these processes are represented by dashed
light blue, dashed red, dotted light blue, and dotted red lines, respectively. Aerobic and anaerobic
oxidation are represented by dashed gray and yellow lines, respectively, while mixing with

microbial gases or old groundwater are shown as dashed blue lines. Secondary methanogenesis is
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Table 2.4. Select Hydrocarbon Results from Numerical Models

CH.

13 2
Model f CoHet 81°C-CH;, 6°H-CH,
(%0) (%0)
Advection
Equilibration 25.0 25 25
Temperature (°C)
0.80 71.1 -35.9 -171.1
Multi-Phase 0.50 93.7 -36.1 -195.0
Advection 0.20 159 -36.6 -239.0
0.01 908 -38.0 -368.5
. 0.80 46.0 -34.8 -149.4
I\/,L\lg\t/:(lft?(?r?e 050 | 230 32,6 1257
Residual Phase 0.20 6.0 -28.3 -78.3
0.01 0.1 -13.9 98.5
0.80 66.5 -41.9 -165.3
Diffusion 0.50 75.5 -55.1 -176.8
0.20 96.2 -79.9 -198.4
0.01 215 -157.8 -266.3
0.80 57.6 -29.7 -154.8
Diffusion 0.50 48.1 -16.1 -143.4
Residual Phase | 0.20 33.7 10.4 -120.9
0.01 9.8 103.9 -42.1
Mixing with 0.80 79.2 -40.7 -193.4
Acetoclastic 0.50 124 -48.0 -243.1
Methanogenesis 0.20 285 -55.2 -292.4
0.01 | 1.54E+03 -59.8 -323.4
Mixing with 0.80 79.7 -43.7 -166.1
Hydrogenotrophic 0.50 128 -55.6 -175.1
Methanogenesis 0.20 314 -67.3 -184.1
0.01 | 3.94E+03 -74.6 -189.7
0.80 76.6 -30.4 -149.0
Aerobic 0.50 119 -18.4 -124.2
Oxidation 0.20 275 49 -74.7
0.01 | 4.50E+03 86.6 111.0
0.80 50.2 -34.2
Anaerobic 0.50 31.4 -30.6
Oxidation 0.20 12.5 -23.8
0.01 0.6 -0.7
0.80 775 -35.9 -160.5
Secondary 0.50 122 -36.1 -161.1
Methanogenesis | 0.20 289 -36.1 -161.2
0.01 | 3.46E+03 -35.8 -160.2
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represented by dashed pink lines. In all figures, arrows represent hypothetical or general trends as
opposed to trends derived quantitatively by numerical modelling.

The overall trends of C1/C2+, stable isotopes of CHa (§*3C-CHa, §°H-CHa), and noble gas
ratios (*He/CHa, 2°Ne/*Ar, 84Kr/®Ar) following multi-phase advection, mixing, methanogenesis
and oxidation are consistent with what has been observed in previous marine and groundwater
studies (e.g., Darrah et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b; Wen et al., 2016b;
Wen et al., 2017; Whiticar, 1990; Whiticar et al., 1986), coalbed methane studies (e.g., Moore et
al., 2018) and incubation experiments (e.g., Kinnaman et al., 2007).

The numerical models show that Ci/Cz+ increase as a result of multi-phase advection,
diffusion, aerobic oxidation, secondary methanogenesis, and mixing with primary microbial gas
(Figures 2.1, 2.6). Conversely, C1/C2+ will decrease as a result of anaerobic oxidation and is lower
in the residual groundwater that remains following multi-phase advection or diffusion (Figure 2.1,
2.6). Both $*C-CH4 and §°H-CH4 become more negative during multi-phase advection, diffusion,
and mixing with primary microbial gas, but become more positive during both aerobic and
anaerobic microbial oxidation processes or in the residual groundwater that remains following
multi-phase advection or diffusion (Figures 2.1-2.2, 2.5, 2.7).

The models display significant variations in the sensitivity of the C1/Cz+ ratios compared
to stable isotopic compositions. Solubility partitioning due to multi-phase advection significantly
increases the C1/C2+ ratio (700% increase at f = 0.01), while both the §*3C-CH4 and §?H-CHa are
offset by only ~ -2%. when the GSS-R model is nearly complete (i.e., f approaches 0) (Figure 2.1-
2.2, 2.5-2.7). In contrast, diffusion more significantly affects stable isotopic compositions

compared to C1/C2+ (Figure 2.1). Interestingly, the §'3C-CHa and 6*?H-CH4 models for multi-phase
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Figure 2.1: The C1/Co+ ratios vs. 8*C-CH4 of a Marcellus-like thermogenic gas (A) and
published groundwater data (B). The microbial and thermogenic zones and thermal
maturation lines for Type Il and Type 111 kerogen-derived thermogenic gases were interpreted
from Whiticar (1994). The light blue dashed and dotted lines are modeled trends from multi-
phase advection and the residual water phase, respectively. The red dashed and dotted lines
represent diffusion into above formation waters and a residual phase after diffusion,
respectively. The gray and yellow lines are modeled trends of aerobic and anaerobic
microbial oxidation, respectively. The dark blue dashed lines represent simple two-
component mixing between the thermogenic endmember and primary microbial gas via
hydrogenotrophic or acetoclastic methanogenesis. The pink lines represent secondary
hydrogenotrophic methanogenesis following the aerobic microbial oxidation of thermogenic
hydrocarbons. These models show that theoretically a combination of aerobic microbial
oxidation followed by secondary methanogenesis, diffusion, or mixing may also achieve
similar chemical compositions as multi-phase advection followed by mixing. Subsets of data
from the Appalachian Basin and Fort Worth Basin (dark blue symbols with elevated C1/Ca+
and 83C-CHa>~50%o) that were originally suggested to result from migration show evidence
of in situ oxidation followed by secondary methanogenesis.
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Figure 2.2: The §°H-CHa vs. §3C-CHa of a Marcellus-like thermogenic gas (A) and published
groundwater data (B). The hydrogenotrophic and acetoclastic microbial methane, mixing,
transition, and thermogenic zones are derived from Schoell (1983) and Whiticar (1990). The
green square is the theoretical thermogenic gas endmember. The light blue dashed and dotted
lines are modeled trends from multi-phase advection and the residual water phase,
respectively. The red dashed and dotted lines represent diffusion into above formation waters
and a residual phase after diffusion, respectively. The gray line is a modeled microbial
oxidation trend. The blue dashed lines represent simple two-component mixing between the
thermogenic and microbial methane endmembers. Multi-phase advection follows a similar
trend as diffusion, and both of these processes can obfuscate mixing between thermogenic
and microbial gas.
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advection and diffusion follow nearly identical trends (Figure 2.2), although diffusion produces
much greater degrees of fractionation at a given fraction.

The ultimate change in §*3C-CHa and §°H-CHa following aerobic and anaerobic oxidation
are dependent on the relative concentrations of thermogenic CHs and C2He+, the original §**C-Cx
of the components that have been oxidized, and the extent of oxidation. Overall, §?H-CHys is
fractionated to a much greater extent than §3C-CHa following oxidation (Figure 2.2; Table 2.4).

Due to the inert chemical nature of noble gases, physical processes including advection,
diffusion, the residual water phases from these processes, and mixing were modeled for noble gas
ratios (°°Ne/*®Ar, 84K r/*®Ar) and the ratios of He to CH4 (*He/CHa4) (Figure 2.3-2.7). Oxidation and
secondary methanogenesis have also been modeled for *He/CH. (Figure 2.5; Table 2.5). Overall,
fractionation from solubility partitioning increases as equilibration temperatures decrease. The
maximum fractionation achievable by diffusion is higher than multi-phase advection at all
temperatures >100°C (Figure 2.3A, 2.4A). At temperatures relevant to shallow groundwater
studies (<30°C) multi-phase advection will typically have smaller a-values than diffusion (Figures
2.3A, 2.4A; Table 2.5). Hydrocarbon oxidation and secondary methanogenesis only affect CHa
resulting in increases and decreases in the “He/CHa ratio, respectively (Table 2.5). However, the
“He/CHa4 is not particularly sensitive to secondary methanogenesis as the ultimate change
following 100% conversion of the CzHs+ hydrocarbons to secondary microbial CHa4 in the
Marcellus-like endmember is a decrease from “He/CH4 = 250 x10°® to ~237 x10°. It should be
noted that thermogenic gases with higher concentrations of C2Hs+ hydrocarbons, such as those
observed overlying the Barnett Fm. in the Fort Worth Basin, may result in larger decreases in

*He/CHa following secondary methanogenesis. Because migration and mixing (depending on the

39



104

102

*He/CH, (x10°°)

10"

106

105 1

104

103

10°

“He/CH, (x10®)

10°

100

Figure 2.3: Modeled *He/CH4 vs. 2Ne/*Ar of a Marcellus-like thermogenic gas (A) and
published groundwater data (B). Note that in (B) the x-axis range was shortened for
visualization. The light blue dashed and dotted lines are modeled trends from multi-phase
advection and the residual water phase, respectively, at an equilibration temperature of 25°C.
The red dashed and dotted lines represent diffusion into above formation waters and a residual
phase after diffusion, respectively. In multi-phase advection, the most significant
fractionation occurs at the lower temperatures. When applied to published data, the models
suggest it may be difficult to discern between mixing and advection or diffusional processes
when the Ne/*®Ar is relatively low (<0.6). Additionally, the “He/CHa ratios for microbial
gas will be significantly influenced by the residence time of the groundwater in which

10° -

s::,gvl:;‘:::,:%eﬂ . o microbial oxidation 25°CA<
Anslty - -4 mixing post-migration 75°C ===
oxidation, or 001/ e ""10666
mixing gon_ — -
with old v“‘.\g‘/ -l
ground- 0>~ .~ o
water > / *}o% 150°C
gl /s .
o2l 47 200°C '
b/ !
B / I
J Secondary I
e methanogenesis |
p.50 v
Hbao
mixing with microbial gas
T T T T
20 36
Ne/™"Ar
gle-p B
advection, ‘ .
In sftu o microbial oxidation
oxidation, or, . 20Ne/3SAr
mixing 7,
with old 4 (@] >1.0
ground- & — 0.9
water < pS
. L 2 0.8
— =H4F 5’ @A ® .
@% ‘ . * 0.7
=} 06
A i
gt ? : 0.5
04
I
y 1 0.3
methanogenesis \I/ Legend 5
Darrah et al., 2014
Marcellus Study Area O 0.1
Barnett Study Area A 0,006
Darrah etal., 2015 D 0.033
Wen et al., 2016 ) No data
Harkness et al., 2017 O
¥ mixing with microbial gas

00 02 04 06 08 10 12 14 16

2ONe/*CAr

microbial gas is generated.

40



0.06

0.05 -

0.04

84K Ar

0.02

0.01 -

0.00

0.06

0.05

0.04

8K r/*Ar

0.02

0.01

0.00

0.03 -

0.03

A
25°C :.'“0
4 ASW
1
0.50 '\:',.
[\
Ly
- ‘\\ 200°C
2l \ N
% \ 150°C
My e e .|
0.0 0.5 1.0 1.5 2.0 2.5
20 36
Ne/™"Ar
25°C : &
“._ 20Ne/3¢Ar
‘ >1.0
% 09
e 0.8
4‘% 07
T 98 06
o9 05
.* . K Ak * 0.4
03
X 200°C| .
N 150°C |
b 25°¢ 100°C :
~ 0.033
kegend e ~ No data
Wen et al., 2016 O .
Wen etal., 2017 Sk sssss
0.0 0.1 0.3 04 0.5 0.6
20 36
Ne/”"Ar
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fractionation occurs at the lower temperatures.
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Figure 2.5: Modeled “He/CHa vs. 83C-CHa of a Marcellus-like thermogenic gas (A) and
published groundwater data (B). The light blue dashed and dotted lines are modeled trends
from multi-phase advection and the residual water phase, respectively. The red dashed and
dotted lines represent diffusion into above formation waters and a residual phase after
diffusion, respectively. The gray lines are modeled trends of microbial oxidation. Because
helium is chemically inert, oxidation and methanogenesis would only affect [CH4], thus
resulting in upward and downward trends, respectively. Overall, groundwater residence time
and migration appear to have significant influence on the *He/CHa ratios. The [*He] of a
microbial endmember is unknown and more dependent on the age of the groundwater.



overall initial [*He] in each) can change the “He/CHa ratio by orders of magnitude (e.g., see Darrah
et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b), these processes are likely more
important.

To my knowledge, this is the first attempt to quantitatively model the C1/Co+, §3C-CHa,
and 62H-CHatrends associated with secondary methanogenesis (e.g., pink line in Figure 2.1). The
small degree of changes in §*C-CH4 and §°H-CHa following secondary methanogenesis (<1%o)
prohibit the identification of this process when these tracers are compared to each other. However,
when 8C-CH4 is compared to C1/Ca+, a distinct sub-vertical trend is produced. While C1/C2+
increases with each increasing fraction, the 8C-CHas models yield a more complicated
progression. The mixed §3C-CHys initially becomes more negative reflecting the conversion of
lighter §13C-CO2to CHa until f = ~0.63. Beyond f = ~0.63, the trend becomes progressively more
positive reflecting the corresponding shift in newly oxidized §3C-Cx hydrocarbons and resulting
313C-COz2 that is converted to CHa. In theory, this inflection would be consistent with the
preferential utilization of isotopically light carbon (*2C) during oxidation and methanogenesis,
which should eventually result in §**C-CHjs that is more positive than the original composition as
f approaches 0 and the residual, enriched §*3C is utilized.

2.5 Discussion

Characterizing the source and post-genetic processes that influence natural gas in shallow
groundwater is essential to ongoing efforts to understand the occurrence of naturally-occurring
CH4 and to identify groundwater pollution related to fugitive gas releases. The source of natural
gas is commonly determined by comparing C1/Ca2+ versus 6*3C-CHa (“Bernard Plot”) or **C-CHa

versus 8?H-CHa (“Schoell” or “Whiticar” plots) (Figure 2.1-2.2). These approaches typically
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provide good first-order classifications of thermogenic and microbial gases and can readily
identify some processes of post-genetic modification such as microbial oxidation.

However, the “source” of elevated Ci1/C2+ (e.g., between 100 and 2,000) and relatively
enriched *C-CHas (e.g., between -50 and -35%o) compared to known thermogenic and microbial
gas endmembers, respectively, remains unresolved despite their common occurrence in many
groundwater systems (Darrah et al., 2015b; Eymold et al., 2018; Harkness et al., 2017b; Milkov
and Etiope, 2018; Moore et al., 2018; Prinzhofer and Pernaton, 1997), specifically with aquifers
overlying petroleum-rich sedimentary basins. To demonstrate the value of the recently developed
numerical models, | investigated the potential sources and post-genetic processes that may account
for this previously unidentified source of natural gas in shallow aquifers.

The source of natural gas with highly elevated C1/C2+ and relatively enriched §3C-CHa
compared to primary microbial gas cannot be explained by a single-stage of oxidation or two-
component mixing with any known microbial or thermogenic endmembers. Some prior work
suggests that these trends may relate to fluid transport phenomena (i.e., diffusion or solubility
partitioning) (Darrah et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b; Kreuzer et al., 2018;
Lorant et al., 1998; Prinzhofer and Huc, 1995) and others suggest more complicated scenarios
involving multiple stages of oxidation and mixing may play a role (Harkness et al., 2017b; Martini
et al., 2003; Martini et al., 2008; Milkov and Etiope, 2018; Moore et al., 2018).

By applying the newly developed numerical models to previously published datasets from
the Appalachian Basin (Darrah et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b) and Fort
Worth Basin (Darrah et al., 2014; Nicot et al., 2017c; Wen et al., 2016b; Wen et al., 2017), |

conclude that a large portion of samples that display evidence for highly elevated C1/C2+ must
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have experienced some degree of fractionation during fluid transport. This interpretation is largely
based on the presence of highly elevated 2°Ne/*®Ar (warm symbol colors) in these samples, which
can only be accounted for by physical processes that occur during fluid migration since oxidation
or methanogenesis would not influence noble gas composition.

The mechanism of fluid transport that delivers natural gas to shallow aquifers can be
evaluated using a comparison of “He/CHs4 and 2°Ne/*®Ar (Figure 2.3B). Initial *He/CHa4
endmembers for the Appalachian and Fort Worth Basin were assumed to be 300 and 1,200,
respectively. For each study area, | modeled multi-phase advection and diffusion. When
considering both *He/CHa and 2°Ne/*®Avr, it becomes apparent that samples with elevated 2°Ne/*°Ar
(above ~0.3) require advection as a multi-phase fluid. Based on this conclusion, | assume that
hydrocarbon species would be influenced by the same processes. Nonetheless, the fraction (f) to
which hydrocarbon tracers must undergo multi-phase advection to account for the highest
observed Ci/Ca+ (i.e., f = >>99%) dramatically exceeds the fractions calculated based on noble
gas data (Figures 2.6-2.7). Moreover, since the elevated C1/C2+ and relatively enriched §*3C-CHa
compared to primary microbial gas are observed in the gas-rich endmember in groundwater
samples, such a high fraction for solubility partitioning is exceedingly unlikely.

Additionally, there is a second subset of samples with elevated C1/C2+ and relatively
enriched 313C-CHa without elevated 2°Ne/*®Ar ratios (<0.2, dark blue symbols) (Figure 2.1B).
These observations suggest that additional mechanisms may be responsible for elevated C1/Cz+ in
this additional subset of samples. As a result, | explore the influences of oxidation and secondary

methanogenesis to a greater extent.
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Figure 2.6: Modeled C1/Co+ vs. 2Ne/*Ar of a Marcellus-like thermogenic gas (A) and
published groundwater data (B). Note that in (B) the x-axis range was shortened for
visualization. The light blue dashed and dotted lines are modeled trends from multi-phase
advection and the residual water phase, respectively. The red dashed and dotted lines
represent diffusion into above formation waters and a residual phase after diffusion,
respectively. Elevated or decreased C1/C2+ ratios with no fractionation between ?°Ne and
%Ar is indicative of in situ microbial oxidation, whereas vertical deviations in C1/C2+ with
fractionated 2°Ne/*®Ar may suggest oxidation following mutli-phase advection of a
thermogenic gas or secondary methanogenesis. A subset of samples from the Appalachian
Basin with elevated 2°Ne/*®Ar ratios also do not follow a mixing trajectory with primary
microbial gas, suggesting oxidation. However, because there is evidence of extensive
migration and mixing with primary microbial gas in these datasets, it is difficult to discern if
secondary methanogenesis has occurred in addition to aerobic oxidation.
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The modeled trends associated with aerobic oxidation followed by secondary
methanogenesis can account for the trends observed in the majority of samples independent of
evidence for fractionation during fluid migration (i.e., elevated 2°Ne/*®Ar). It is important to note
that the models suggest that neither phase partitioning during multi-phase advection nor aerobic
oxidation alone or in combination can account for the highly elevated C1/Cz+ ratios. Moreover,
oxidation would significantly increase the §'3C-CHa (gray lines in Figure 2.1B).

In comparison, oxidation of thermogenic hydrocarbons followed by secondary
methanogenesis would greatly increase the Ci/C2+ ratios while the §*C-CHs would reflect a
mixture between the 33C of the original CH4 and the weighted mean average of the oxidized
hydrocarbon compounds, the extent of oxidation, and the efficiency that the produced CO2 was
utilized during methanogenesis. If the thermogenic gas was only partially oxidized, the resulting
513C-CHa from secondary methanogenesis would be slightly more negative because microbes will
preferentially select isotopically light carbon (*2C). Conversely, complete oxidation followed by
complete utilization of the CO2 to generate secondary methane should result in slightly more
positive §1*C-CHareflecting the §!3C of the C2Hs+ compounds that were oxidized.

The utilization of predictive numerical models suggests that multiple-stage processes are
required to account for the previously unresolved “source” of elevated C1/Cz+ (e.g., between 100
and 2,000) and relatively enriched §*3C-CHa (e.g., between -50 and -35%o) compared to known
thermogenic and microbial gas endmembers. First, the hydrocarbon and noble gas composition
was partially fractionated during multi-phase fluid transport from source rocks to shallow aquifers;
these processes would have increased the Ci/Cz+, maintained relatively enriched 8*3C-CHa

compared to primary microbial gas, and yielded a highly elevated ?°Ne/®*Ar. Next, aerobic
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Figure 2.7. Modeled 8*C-CHa vs. 2°Ne/*®Ar of a Marcellus-like thermogenic gas (A) and
published groundwater data (B). Note that in (B) the x-axis range was shortened for
visualization. The light blue dashed and dotted lines are modeled trends from multi-phase
advection and the residual water phase, respectively. The red dashed and dotted lines
represent diffusion into above formation waters and a residual phase after diffusion,
respectively. Enriched 8'3C-CHa ratios with no fractionation between Ne and *Ar is
indicative of in situ oxidation, whereas enriched §*C-CHa with fractionated °Ne/*®Ar may
suggest oxidation following multi-phase advection of a thermogenic gas. In comparison,
more negative §:*C-CHawith fractionated 2°Ne/*®Ar may suggest secondary methanogenesis.
However, it may be difficult to discern between mixing post-migration and secondary
methanogenesis using §3C-CHa alone based on the large range in 6*3C-CHas for primary
microbial gas.
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oxidation would have preferentially degraded the C2Hes+ hydrocarbons further increasing
the C1/C2+ and leading to a small positive shift in the §'3C-CHa (and a corresponding negative shift
in the §!3C-CO2) without any further changes in 2°Ne/*®Ar. Finally, the newly formed pool of CO:
from aerobic oxidation would be converted to secondary microbial methane via hydrogenotrophic
methanogenesis. This final stage would further increase the C1/Cz+ and lead to small changes in
the §3C-CHa depending on the volume and isotopic composition of the oxidized components of
C2He+ hydrocarbons, also without any further changes in 2°Ne/®Ar. Although not discussed
herein, each of the figures show consistent evidence for multi-stage post-genetic modification of
natural gas during transport to and residence within groundwater that can be resolved through the
use of new numerical modelling methods.

The second subset of samples with elevated C1/C2+ and relatively enriched §*C-CHa
compared to known thermogenic and microbial gas endmembers, but without elevated 2°Ne/*®Ar
requires a different interpretation. The data can be accounted for by aerobic oxidation, presumably
of an in situ thermogenic natural gas based on the lack of quantifiable fractionation in °Ne/°Ar,
followed by secondary methanogenesis. Alternatively, these data may suggest that the three-stage
process described above occurred in conditions of sufficiently high ratio of gas to water volumes
such that there was not observable fractionation of °Ne/*°Ar.

2.6. Conclusion

Numerical models were developed to identify post-genetic modification of thermogenic
gases that are present in shallow groundwater. These models utilize hydrocarbon molecular ratios
(C1/Ca+), 83 C-CH4 and 8°H-CHa, and noble gas elemental and isotopic compositions, and include

multi-phase advection, diffusion, aerobic and anaerobic microbial oxidation, mixing with primary
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microbial gas, and secondary methanogenesis. The results suggest noble gases (e.g., “He/CHa4 and
2ONe/*®Ar) are an important geochemical tracer when trying to understand migration of a
thermogenic gas into shallow groundwater followed by microbial degradation. The ratios of
atmospheric noble gas isotopes can unambiguously differentiate fractionation related to transport
phenomena relative to hydrocarbon oxidation and/or mixing with methane derived from secondary
methanogenesis. For example, thermogenic hydrocarbons in groundwater that do not have
fractionated 2°Ne/*®Ar but show changes in the C1/C2+ ratios, increased “He/CHj ratios, and more
positive 813C-CHs indicate in situ microbial oxidation and possible secondary methanogenesis,
while these changes relative to modeled advection trends may indicate degradation of a migrated
thermogenic gas. Finally, intermediate hydrocarbon compositions (e.g., C1/C2+ between 100 and
1,000, 5*3C-CHa between -60 and -40%o) that were previously explained by multi-phase advection
followed by mixing with primary microbial gas may instead be a result of the microbial oxidation
of thermogenic hydrocarbons followed by secondary methanogenesis if the noble gas ratios do not
indicate the groundwater has experienced significant multi-phase migration. In summation, by
integrating numerical modelling with gas geochemical data, | was able to resolve the history of

previously unresolved source of natural gas.
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Chapter 3. Noble gas insights into microbial hydrocarbon degradation processes in shallow

groundwater of the Saint-Edouard region of southern Quebec, Canada

Abstract

The expansion of unconventional energy development in the past decade has placed a
renewed focus on the need to understand how petroleum development affects shallow aquifers.
Significant volumes of work have focused on identifying contaminants (e.g., brine, hydrocarbon
gases, organics) related to unconventional drilling. Still, the lack of adequate baseline data in areas
targeted for drilling and an incomplete understanding of the complex suite of processes that
influence groundwater geochemistry have complicated these investigations. Because elevated
levels of naturally-occurring methane were previously observed in groundwater from the Saint-
Edouard region of southern Quebec, Canada, it represents an opportune location to examine the
factors that control hydrocarbon composition in groundwater. Here, | characterize the naturally-
occurring gas- and salt-rich groundwater from the Saint-Edouard region by integrating published
dissolved ion and hydrocarbon gas geochemistry with noble gas (He-Xe) and new hydrocarbon
molecular (C1-Cs+) data. My focus was to gain an understanding of the post-genetic modification
processes that influence natural gas composition in shallow aquifers. The study included 22
groundwater samples collected from drinking-water and observation wells. Methane was
ubiquitous across the region, while ethane was present in the majority of samples suggesting the
omnipresence of a thermogenic gas component throughout the study area. Atmospheric noble
gases (*°Ne, °Ar, 8Kr, 132Xe) were significantly lower than anticipated air-equilibrated water

concentrations throughout the dataset, and specifically in natural gas-rich samples, suggesting gas-
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water partitioning likely during degassing. Interestingly, the extent of fractionation, which appears
to be related to either the presence of a residual fluid following oil-water interaction or following
extensive degassing of natural gas, correlates positively to §**C-DIC and [HCO3], suggesting
thermogenic hydrocarbons derived from oil are the likely carbon substrate being oxidized and later
metabolized to form secondary microbial methane in the region.

3.1 Introduction

In recent decades, the extraction of natural gas from unconventional petroleum targets has
dramatically increased hydrocarbon production throughout North America. The expansion of
unconventional drilling has also catalyzed significant debate regarding whether methane (CHa)
found in aquifers near drilling is natural contamination or was introduced by drilling processes
(Darrah, 2018; Harkness et al., 2017a; Jackson et al., 2014; Molofsky et al., 2013; Nicot et al.,
2017c; Osborn et al., 2011; Siegel et al., 2015; Vengosh et al., 2014; Woda et al., 2018). The
controversies surrounding suspected incidents of pollution associated with unconventional drilling
has placed renewed attention on understanding the geological, hydrogeological, geochemical, and
microbiological mechanisms that influence naturally-occurring contamination in groundwater
(Jackson et al., 2014; Vengosh et al., 2014).

As a result, there has been a focus in recent work to document the occurrence of CHa in
shallow groundwater systems and describe the characteristics of naturally-occurring CH4 in these
settings (Baldassare et al., 2014; Bordeleau et al., 2018a; Bordeleau et al., 2018b; Darrah et al.,
2015b; Eymold et al., 2018; Harkness et al., 2018; Humez et al., 2016; Kreuzer et al., 2018;
Molofsky et al., 2013; Rivard et al., 2018b). For example, naturally-occurring CH4and brines have

been associated with valley bottoms, proximity to faults, and cross-cutting structural lineaments
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(Darrah et al., 2015b; Kreuzer et al., 2018; Osborn et al., 2012; Warner et al., 2012; Weaver et al.,
1995).

Despite all of this recent work, the question of whether elevated CHa levels are related to
naturally-occurring contamination or anthropogenic pollution remains highly contentious. Much
of this confusion relates to the fact the compendium of published data suggests that CHa is
commonly (nearly ubiquitously) observed in aquifers within or overlying hydrocarbon-bearing
sedimentary basins. These considerations often make it difficult to apportion contamination related
to anthropogenic activities (e.g., Darrah et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b;
Jackson et al., 2014; Jackson et al., 2013; Molofsky et al., 2013; Nicot et al., 2017a; Nicot et al.,
2017b; Osborn et al., 2011; Siegel et al., 2015; Warner et al., 2012). For example, natural processes
including mixing, methanogenesis, methanotrophy, diffusion, and multi-phase advection all
influence the composition of natural gas in shallow aquifers and often obfuscate simple
interpretations of the source of contaminants if not considered in a comprehensive manner.

Ongoing work that develops and validates a suite of geochemical tracers capable of
deciphering between natural and anthropogenic CH4 contamination has emerged as an important
branch of environmental geochemistry. Here, | examine the factors that influence the presence of
naturally-occurring hydrocarbon contamination in the Saint-Edouard region of Quebec, Canada
by deploying a comprehensive suite of gas geochemical tracers.

Prior work in the Saint-Edouard region has evaluated the role of the aforementioned
processes in determining the geochemistry of gas and inorganic constituents in shallow aquifers
(Bordeleau et al., 2018a; Bordeleau et al., 2018b; Moritz et al., 2015; Rivard et al., 2018b).

Specifically, these works integrated a suite of water, inorganic, and hydrocarbon tracers to better
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describe the occurrence of natural CH4 from this region. Here, | integrate noble gases (He, Ne, Ar,
Kr, and Xe) and additional hydrocarbon tracers with previously published datasets (Bordeleau et
al., 2018a; Bordeleau et al., 2018b; Rivard et al., 2018b) in an attempt to better characterize the
source, emplacement history, microbial processes, and water-hydrocarbon interactions that occur
in the Saint-Edouard region of Quebec, Canada.

3.2 Background

3.2.1 Site Selection and Previous Work

The Saint-Edouard region (Figure 3.1) is a ~500 km? area in the St. Lawrence Lowlands
of southern Quebec, Canada, which remains nearly undisturbed by oil and gas activity, but has
received growing attention as a potential location for unconventional production in the near future.
The primary target formation for hydrocarbon extraction is the Upper Ordovician Utica Shale,
which is already widely targeted for hydrocarbon extraction throughout the US portion of the
Appalachian Basin. In the US, recoverable natural gas reserves from the Utica Shale are estimated
at over 38 trillion cubic feet (TcF) (Kirschbaum et al., 2012) and estimates of recoverable natural
gas from the Utica Shale in Quebec, specifically, range between 22 and 47 TcF (Duchaine et al.,
2012).

In southern Quebec, preliminary exploration of the Utica Shale took place between 2006
and 2010 at which time a de facto moratorium on hydraulic fracturing was enacted in the province.
Prior to the moratorium, twenty-eight exploration natural-gas wells were drilled throughout the St.
Lawrence Lowlands, including two in the Saint-Edouard region (Talisman A267 and A275-
horizontal). Eighteen of the 28 wells were hydraulically stimulated (Lavoie et al., 2014), but none

were put into production. Nonetheless, indications based on the preliminary results of this drilling
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Figure 3.1: Map of Saint-Edouard region (A) and cross section (B). Adapted from Bordeleau

et al. (2018a) and Lavoie et al. (2016).
program suggest that the Utica Shale in this region will produce dominantly natural gas. Still, today
this area is considered relatively pristine with respect to petroleum production as the subsurface
resources in the Utica Shale and overlying Lorraine Group (which are considered less economic
for oil and gas potential) remain untapped and hence largely unaffected by hydraulic fracturing
(Bordeleau et al., 2018a; Bordeleau et al., 2018b; Lavoie et al., 2016), making this a prime location
for studying the natural occurrence of hydrocarbons in groundwater.

In 2012, the Geological Survey of Canada initiated a newly focused research project in the
Saint-Edouard region designed to assess the potential impact of oil and gas production on the
regional groundwater system. To facilitate this project, 21 groundwater observation wells were
drilled to access groundwater and rock cores/cuttings. Extensive petrologic characterization was
conducted on samples from 12 of the 21 observation wells to assess a wide array of geological
factors including tectonostratigraphy, mineralogy, fracture networks, the presence/type of

petroleum, porosity, and permeability (e.g., Ladevéze et al., 2019; Ladevéze et al., 2016; Lavoie
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etal., 2016; Rivard et al., 2018b). Aqueous and hydrocarbon geochemistry of groundwater samples
were characterized in all of the observation wells along with 30 residential wells in the Saint-
Edouard region (Bordeleau et al., 2018a; Bordeleau et al., 2018b; Rivard et al., 2018b). Previous
work by Moritz et al. (2015), Bordeleau et al. (2018a), Bordeleau et al. (2018b), and Rivard et al.
(2018b) examined specific aspects of the groundwater geochemistry of the Saint-Edouard region.
This work identified high concentrations of dissolved CH4 and heavier aliphatic hydrocarbons
(e.g., ethane (C2Hs), propane (CsHs)). The preliminary geochemical assessment suggests that
naturally-occurring natural gas is nearly ubiquitous across the region prior to oil and gas
development. These works suggested that the natural gas is derived from a mixture of microbial
and thermogenic genetic sources of natural gas. This detailed subsurface characterization and
groundwater geochemical investigation provides an opportunity to integrate noble gas tracers to
interrogate the origin and post-genetic processes that influence hydrocarbons in the region.

The Utica Shale and shales of the Lorraine Group are considered potential sources of the
thermogenic natural gas observed in these groundwater studies. Lavoie et al. (2016) found that
shallower bedrock units also contain significant, oil-window hydrocarbons that could be a result
of: a) lower thermal maturity source rocks or b) mixing between hydrocarbons derived from the
Lorraine Group and Utica Shale, combined with additional sources of microbial CHa.

To date, the potential migration pathways that would facilitate transport of hydrocarbons
from the Utica Shale and deeper units in the Lorraine Group are yet to be determined (Bordeleau
et al., 2018a; Lavoie et al., 2016). Zones of fracturing and faulting may act as pathways for
thermogenic fluid migration, as was shown in regions southwest of the study area near the

Yamaska Fault (of which the Riviere Jacques-Cartier Fault is the northeastern extension). In this
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region, there is a significant correlation between proximity to the fault and [CH4] (Moritz et al.,
2015), similar to observations from upstate New York and Pennsylvania (Darrah et al., 2015b;
Kreuzer et al.,, 2018; Warner et al., 2012). Nonetheless, the potential for fault-controlled
hydrocarbon transport has not been directly tested in the Saint-Edouard region (Bordeleau et al.,
20184).
3.2.2 Geologic Setting

In the Saint-Edouard region Upper Cambrian to Upper Ordovician sedimentary packages
are termed the St. Lawrence Platform (Figure 3.2). This package lies unconformably above the
Precambrian basement and is covered by relatively thin and variable Quaternary glacial deposits
(Globensky, 1987; Ladevéze et al., 2016). The Grenville-age metamorphic basement is overlain
by the Upper Cambrian Potsdam Group that is dominantly sandstone (Lavoie, 2008). The Lower
Ordovician Beekmantown Group sits unconformably atop the Potsdam Group and consists of
intertidal limestones and dolostones (Salad Hersi, 2012). An unconformity separates the
Beekmantown Group from the overlying series that includes the Middle to Upper Ordovician
Chazy, Black River, and Trenton Groups that are defined by a deepening-upward transition from
limestone to mudstone (Globensky, 1987; Lavoie et al., 2016).The Utica Shale lies directly above
the Trenton Group and is composed of organic-rich, marine micrites and calcareous siltstones. The
Utica shale has a thickness of ~100-250 m with a general increase in thickness from north to south
(Castonguay et al., 2010; Séjourné et al., 2013), and in this area is conformably overlain by two

flysch turbidite deposits from the Sainte-Rosalie and Lorraine Groups (Globensky, 1993).
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The Sainte-Rosalie Group is a succession of siltstone, mudstone, silty shale, and minor
dolomite (Globensky, 1993). The Sainte-Rosalie Group has two members: the Les Fonds and
Lotbiniere Formations (Fm.) (Globensky, 1993), though the Lotbiniére Fm. is only found in the
northernmost portion of the Saint-Edouard region (Globensky, 1993). The Lorraine Group overlies
the Sainte-Rosalie Group and is the thickest stratigraphic unit of the St. Lawrence Platform with a
maximum estimated thickness of 3,800 m (Globensky, 1993); it also represents the uppermost
stratigraphic unit of the St. Lawrence Platform preserved in the region. The Lorraine Group is
dominantly composed of interbedded fine-grained sandstones and siltstones with thin layers of
limestone or calcareous sandstone (Comeau et al., 2004). The Lorraine Group is mostly comprised
of the Nicolet Fm., although the Pontgravé Fm. is present in the far southwest portion of the study
area (Figure 3.1).

The bedrock has commonly been divided into three structural domains that transition from
the northwest to southeast. These three zones are termed autochthonous, parautochthonous, and
allochthonous (Castonguay et al., 2010; St.-Julien et al., 1983). The autochthonous domain is the
least deformed and contains high-angle normal faults in the northwestern portion of the study area
(Riviére Jacques-Cartier Fault system; Figure 3.1) that dip southeast and extend to the Grenville
Basement (Lavoie et al., 2016). The regional Chambly-Fortierville syncline occurs in the central
portion of the autochthonous domain, but only includes the Upper Ordovician sedimentary units
(Castonguay et al., 2010; Séjourné et al., 2013). The parautochthonous domain is largely made up
of the Les Fonds Fm., and deformation increases to the southeast towards the Appalachians, where
compression resulted in multiple en echelon imbricate thrust faults (Clark and Globensky, 1973).

In the Saint-Edouard region, the parautochthonous domain is bounded in the southeast by the east
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dipping thrust fault known as Logan’s Line, in the northwest by a back-thrust fault represented at
the surface by the Aston Fault, and a basal thrust fault at ~2 km depth (Lavoie et al., 2016) (Figure
3.1). The allochthonous domain, which makes up only a small portion in the southeast of the study
area, represents the western edges of the Appalachian Piedmont. This area is composed of severely
deformed thrust sheets of Cambrian to Upper Ordovician mudstones and carbonates that exhibit
faulting, folding, and layer-parallel shortening (Clark and Globensky, 1973).

3.2.3. Hydrogeology

The Saint-Edouard region is a relatively flat, low-lying (elevation ranges from ~0 m near
the St. Lawrence River to ~160 m in the Appalachian Piedmont), agricultural region. Quaternary
deposits, primarily derived from the last major glaciation, are heterogeneous both in thickness
(e.g., 0.9 to 40.8 m at the locations of the observation wells) and lithology (Ladeveze et al., 2016).
Additionally, Quaternary deposits consists dominantly of tightly-packed, fine-grained sediments
and hence have low hydraulic conductivities (e.g., at F1 and F2, 10® to 107 m/s) (Ladevéze et al.,
2016).

Groundwater dominantly flows through fractured bedrock that often behaves as confined
or semi-confined aquifers (Ladevéze et al., 2016). Borehole geophysics studies suggest that for all
bedrock units, groundwater flow is dominantly restricted to the top 30 m (Ladeveéze, 2017), and
regional groundwater flow in these aquifers occurs generally from southeast in the area of the
Appalachian Piedmont to northwest near the St. Lawrence River (Ladeveze et al., 2016). Hydraulic
conductivities through the fractured top-of-rock aquifers are still low to moderate. The highest
hydraulic conductivities in the study area are within the Nicolet Fm. (107 to 10° m/s). By

comparison, the underlying Sainte-Rosalie Group displays extremely low hydraulic conductivities
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that range from 10° to 107 m/s (Ladevéze et al., 2016). Within these formations, hydraulic
conductivity is highest within ~1 km of the Riviére Jacques-Cartier Fault in the northwest portion
of the study area (Bordeleau et al., 2018b).

3.2.4 Hydrocarbon Gas Geochemistry

In order to differentiate between natural or anthropogenic sources of hydrocarbon gases
and evaluate the relevant hydrogeological factors that control natural gas occurrence and
composition in groundwater, it is essential to constrain the source and processes that may alter
natural gases in groundwater (commonly termed “post-genetic modification™). The ratio of CH4 to
heavier aliphatic hydrocarbons (C1/C2+) and stable isotopic compositions (53C, &°H) are
commonly used to constrain the sources of natural gas.

The molecular and stable isotopic composition of hydrocarbons are determined by the
temperatures of thermocatalytic cracking of kerogen, termed catagenesis. The window of
catagenesis (i.e., oil and gas window) ranges between 60 to 250°C. The earliest generation of oil-
associated gas have diagnostically low C1/C2+ (e.g., <10) and relatively light hydrocarbon stable
isotopic compositions (e.g., $*C-CHa = -55%o; §?H-CHa = -260%o) in comparison to hydrocarbons
produced at higher temperatures and higher gas-to-oil ratios. For example, as temperatures
increase from 60 to 250°C, the §**C-CHa and §°H-CHa increase along a trend from approximately
-55%o to -25%0 and -260%o to -130%., respectively (Bernard et al., 1976; Schoell, 1980; Whiticar
et al., 1985; Whiticar, 1994) (trend depicted in Figure 3.4A).

In contrast, microbial production of CHa4 (methanogenesis) occurs at lower temperatures
(<80°C) via microbial degradation of organic compounds or the reduction of CO2 (Schoell, 1980;

Whiticar et al., 1986). Microbial processes produce almost exclusively CH4 with diagnostically
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high C1/C2+ ratios (>2,000) and more negative stable carbon isotopic composition of CHa (5'3C-
CHas <-60%o0) because microbes preferentially utilize the lighter carbon isotope (*?C) during
methanogenesis (Schoell, 1983; Whiticar et al., 1985).

The sources of microbial CH4can be distinguished by the §2H-CHa. Hydrogenotrophic CHa
have §2H-CHa between -250%o and -170%o. Methane formed by acetate fermentation has 6?H-CHa
between -340%o. and -260%.. By comparison, methylotrophic methanogenesis is poorly
characterized in the subsurface but is thought to produce an intermediate §°H-CHa (e.g., Vinson et
al., 2017).

The molecular and isotopic fingerprints of hydrocarbon gases following their formation
can also be altered in a variety of ways. Each of these factors creates complexity in identifying the
source of natural gas in the subsurface, specifically within relatively oxidizing and microbially-
rich groundwater. Importantly, recent work demonstrates that careful consideration of multiple
geochemical proxies can be used to interpret and distinguish between these processes. The original
natural gas composition can be altered by mixing of natural gas from different sources (e.g., mixing
between thermogenic and microbial natural gas), fractionation related to preferential selection
imparted during various fluid transport mechanisms (e.g., diffusion, single-phase advection, multi-
phase advection), thermal or bacterially-driven oxidation (methanotrophy), or a combination
thereof (Darrah et al., 2015b; Harkness et al., 2017b; Moore et al., 2018).

During either fluid migration (multi-phase advection) or diffusion, lighter compounds (e.qg.,
CHasrelative to C2Hs or He relative to Ar) and isotopes (*2C relative to 3C or methane with 2CHa
relative to either 3CH4 or 2CH3D) are preferentially enriched in the migrating fluids, while

residual fluids are preferentially enriched in heavier compounds and isotopes (Darrah et al., 2015b;
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Eymold et al., 2018; Fuex, 1980; Harkness et al., 2017b; Moore et al., 2018; Pernaton et al., 1996;
Pinti and Marty, 1995; Prinzhofer and Pernaton, 1997; Prinzhofer and Huc, 1995). Importantly,
the degree of fractionation between any two components varies according to the mechanism of
fluid transport. As a result, gas measurements can be used to distinguish the mechanisms of fluid
transport and better define the source of natural gas in shallow aquifers.

Microbial oxidation alters the C1/C2+ ratio and yields more positive 3:3C-CHa signatures
in the residual natural gas. In scenarios where natural gases undergo oxidation, the mechanism of
oxidation imparts diagnostic signatures that can be used to track oxidation processes in the
subsurface. Aerobic oxidation (by either aerobic respiration or via sulfate-paired oxidation)
preferentially consumes higher order hydrocarbons (C2+, and CsHs preferably) compared to CH4
resulting in an increase of the C1/Cz+ and yields more positive 5*3C-CHa signatures in the residual
natural gas. By comparison, microbially-mediated anaerobic oxidation consumes CHs almost
exclusively resulting in lower C1/Cz+ ratios, but yields more positive §*3C-CHa signatures in the
residual natural gas (Kessler et al., 2006; Kniemeyer et al., 2007; Mastalerz et al., 2009; Pape et
al., 2010).

In some cases, post-genetic processes can even catalyze the formation of new generations
of microbial CHa. For example, microbial CH4 can also be produced when microbes first oxidize
oil or natural gas to form CO: and later symbiotic microbes form CH4 by hydrogenotrophic
processes (i.e., commonly termed secondary methanogenesis) (Scott et al., 1994; Sweeney and
Taylor, 1999). It is important to note that regardless of the mechanism in which secondary
methanogenesis occurs, the natural gas mixture would have increased C1/C2+. In contrast, the

relationship between secondary methanogenesis and 8**C-CHa is complex and depends upon: a)
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the hydrocarbon species that are oxidized; b) the efficiency of hydrocarbon oxidation; and c) the
efficiency by which methanogens utilize the CO2 and DIC pools.

The 8*3C-DIC is also affected by the summation of oxidation processes. Originally, the
DIC pool is similar to air-saturated water (§3C-DIC = ~0%o), but quickly shifts to more negative
values following the oxidation of organic matter (§**C-DIC = <-20%o). If oxidation occurs in the
absence of secondary methanogenesis, CO2 will preferentially dissolve into water leading to a
negative shift in §**C-DIC. By comparison, because microbes utilize CO2 for hydrogenotrophic
methanogenesis and preferentially utilize the isotopically lighter §*C-CO2, the residual DIC
becomes isotopically heavier in waters associated with the formation of microbial CH4 (Schoell,
1983; Vinson et al., 2017; Whiticar et al., 1985).
3.2.5 Noble Gas Geochemistry

Noble gases are chemically inert and unaffected by microbial activity or changes in oxygen
fugacity. The elemental and isotopic abundances of noble gases are also well constrained in the
atmosphere, crust, hydrosphere, and mantle. These characteristics make noble gases useful for
understanding the sources of subsurface fluids, migration processes, as well as reconstructing the
history of post-genetic processes that influence hydrocarbon compositions observed in
groundwater (Ballentine and Burnard, 2002; Darrah et al., 2015b; Eymold et al., 2018; Harkness
etal., 2017b; Moore et al., 2018).

Atmospheric noble gases (e.g., ?°Ne, ®Ar, 8Kr, 32Xe) are incorporated into waters in
accordance with Henry’s Law of solubility. The composition of atmospheric gases incorporated
into meteoric waters (e.g., groundwater, surface water, or pore water) are termed air-saturated

water (ASW). Importantly, the ASW composition is well-constrained globally with minor
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variations associated with temperature (dissolved gas contents increase as temperatures decrease),
salinity (gas contents decrease as salt content increases), and pressure, which is a proxy for
elevation (gas contents decrease with increasing elevation). The solubility of noble gases increases
with atomic mass: He<Ne<Ar<Kr<Xe (Smith and Kennedy, 1983; Weiss, 1970, 1971; Weiss and
Kyser, 1978).

Crustal noble gases can be produced directly from the radioactive decay of U, Th (*He)
and K (“°Ar*), which are termed radiogenic, or indirectly (e.g., when an alpha particle collides
with 80 to yield ?!Ne*) which are termed nucleogenic (Ballentine and Burnard, 2002). Crustal
noble gas isotopes diffuse out of mineral grains and into the pore fluids as a function of temperature
and a given noble gas constituent’s mineral-specific diffusional constant. For example, in quartz
grains, the closure temperatures (i.e., the maximum temperature of retention within the mineral)
for “He, 2!Ne*, and “°Ar* are approximately 12°C, 80°C, and 200°C, respectively (Ballentine et
al., 1994; Hunt et al., 2012), which makes these isotopes useful in identifying thermogenic
hydrocarbon gases.

Since the source of ASW noble gas isotopes is fixed and their concentrations are
predictable based on recharge conditions, these tracers are useful in groundwater studies that try
to understand mixing and to identify post-genetic alterations of gases such as fractionation due to
solubility partitioning or oxidation in the subsurface. The 2°Ne/*®Ar and 8*Kr/3Ar ratios can be
particularly useful in identifying fractionation as a result of multi-phase (gas plus water or oil plus
water) partitioning (e.g., of a migrating thermogenic gas and brine) (Gilfillan et al., 2008; Gilfillan
etal., 2009). For example, these ratios have been used in previous Appalachian Basin groundwater

studies to model the effects of different migration mechanisms at varying temperatures on gas-rich
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brines, which include single or multiple-phase advection of gas and brine or diffusion (Darrah et
al., 2015b; Darrah et al., 2014; Harkness et al., 2017b).

Similar to the partitioning between water and gas in groundwater, noble gases also partition
between oil and water. Although the solubility of noble gases in oil also increase with mass, the
heavier noble gases (Kr and Xe) are significantly more enriched in the oil phase (by up to 3 orders
of magnitude) compared to water (Battani et al., 2000; Kharaka and Specht, 1988; Pinti and Marty,
1995; Torgersen and Kennedy, 1999). As a result, groundwater that interacted with oil may be
preferentially enriched in Kr and Xe (e.g., #Kr, *2Xe) as compared to groundwater that
equilibrated with natural gas.

In some geologic settings, the mantle can also contribute to the noble gas budget of fluids
in shallow aquifers (e.g., Darrah et al., 2015b; Siegel et al., 2004; Torgersen et al., 1994). Mantle
contributions can most easily be identified by measuring the primordial components of helium in
groundwater samples. Helium isotope systematics are denoted by the R/Ra value, where R is the
3He/*He of a given sample compared to the 3He/*He of air or Ra, which is equal to 1.384x10°®. In
typical crustal settings, the helium isotopic compositions reflect a mixture between air-saturated
water (R/Ra=0.985 with a He/Ne of ~0.230) and the crust (i.e., crustal production values typically
display R/Ra= ~0.02 and elevated He/Ne) (Oxburgh et al., 1986). By comparison, the earth’s
mantle retains primordial 3He components that can easily be resolved in most crustal settings.

3.3 Methods
3.3.1 Sample Collection
A total of twenty-two groundwater samples (n=22) were collected. Each of the samples

were collected from fractured top-of-rock units that serve as aquifers in the Nicolet Fm., the Les
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Fonds Fm., or Lotbiniére Fm. Of the 22 groundwater samples, 14 were collected from observation
wells at depths ranging between 7 and 146 m and collected using either a Grundfos (Bjerringbro,
Denmark) Redi-Flo2 submersible pump (n=13) or a peristaltic pump (n=1). In previous studies,
groundwater collected from these sampling devices and analyzed for both inorganic tracers and
hydrocarbon gases were shown to yield statistically indistinguishable results (Bordeleau et al.,
2018a; Bordeleau et al., 2018b; Rivard et al., 2018a).

For groundwater observations wells, the pumps were lowered to the desired depth.
Groundwater was first purged to ensure that samples were representative of the ambient
groundwater. Specifically, purging continued until physicochemical parameters such as
temperature, pH, dissolved oxygen, redox potential, and electrical conductivity were stable. Prior
studies (Bordeleau et al., 2018a; Bordeleau et al., 2018b) observed rapidly decreasing salinity of
observation wells F3 and F7 during purging due to freshwater inflow, so these groundwater wells
were only purged during sample collection. Observation well F21 was the only well sampled using
a peristaltic pump, which was necessary because the sampling depth (~146m) exceeded the
operating conditions of the available submersible pumps. In addition, eight groundwater samples
(n=8) were collected from residential drinking-water wells at depths between 12 and 46m and prior
to any water treatment systems or pressure tanks. Similar to the methods used for collecting
samples from the observation wells, the residential drinking-water wells were purged until
physicochemical parameters were stable prior to sample collection.

Samples for gas geochemical analyses were collected using 9.52 mm (3/8-inch) outside
diameter, refrigeration-grade copper tubes that were connected in-line with the flowing water.

More than 50 copper tube volumes of groundwater were flowed through before the copper tube
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was sealed off using brass refrigeration clamps following methods described in detail in previous
studies (e.g., Darrah et al., 2015b; Darrah et al., 2014; Harkness et al., 2017a; Harkness et al.,
2017b). Two wells (observation well F7 and residential well Zone9R) were sampled twice and
analyzed in replicate to evaluate data reproducibility. Further detail on sampling methods can be
found elsewhere (e.g., Eymold et al., 2018; Moore et al., 2018; Rivard et al., 2018a).

3.3.2 Sample Analyses

Field parameters and physicochemical data (pH, temperature, conductivity, dissolved
oxygen, redox potential) were collected in the field using a HI Multiparameter meter (Hanna
Instruments, Woonsocket, Rl, USA). Major ions (HCOs, CI), tritium (*H), stable isotopes of
carbon (83C) in DIC and CHs, and stable isotopes of hydrogen in CHa4 were reproduced from
Bordeleau et al. (2018a) and Bordeleau et al. (2018b).

Analyses of dissolved major gas (e.g., N2, O2), noble gas (He, Ne, Ar, Kr, Xe), and
hydrocarbon molecular (e.g., C1 to Ce+) concentrations, and noble gas isotopic (e.g., *He/*He,
“He/”Ne, Ne/®Ar, 8Kr/®Ar, 132Xe/84Kr) compositions were conducted at the Ohio State
University Noble Gas Laboratory. Gas extraction and preparation prior to analysis follows
standard methods reported previously (Darrah et al., 2013; Eymold et al., 2018; Harkness et al.,
2017a). The copper tubes were attached to a stainless-steel, ultra-high vacuum line evacuated to
1-3 x 10 torr and continuously monitored using a four-digit 0-20 torr MKS capacitance
manometer and Granville-Phillips Micro-lon ion gauge.

Each groundwater sample was released into a borosilicate bulb, which was placed in a
sonic bath for approximately 30 minutes to allow complete exsolution of gases into the sample

inlet line (Darrah et al., 2014; Harkness et al., 2017b). The exsolved volume of gas was expanded
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into the vacuum line to measure major gases and was screened for noble gas levels using a Stanford
Research Systems Residual Gas Analyzer 200 quadrupole mass spectrometer (Moore et al., 2018)
before preparation for noble gas analyses. Samples were purified for noble gas analyses by first
removing reactive gases through consecutive exposure to a Zr-Al getter (SAES ST-707) held at
450°C and a SAES SORB-AC cartridge held at 250°C that was then cooled to room temperature
(Darrah and Poreda, 2012; Darrah et al., 2013). He and Ne were separated from Ar, Kr, and Xe
using an activated charcoal finger held at liquid nitrogen temperatures, and an aliquot was inlet
into the mass spectrometer for sequential analysis of He and Ne (Darrah et al., 2013). The activated
charcoal finger was then reheated to room temperature to release the trapped heavy noble gases
for analysis.

Noble gas abundances and isotopic composition were measured using a Thermo Fisher
Helix Split Flight Tube (SFT) noble gas mass spectrometer. Samples were compared to replicate
analyses of a cross-validated atmospheric air standard (Lake Erie Air). The average external
precision for noble gas measurements was less than 3.56% with values reported in parentheses
(*He (1.06%), ?2Ne (1.53%), and “°Ar (0.76%), 8Kr (3.41%), and *2Xe (3.56%)). Standard errors
for noble gas isotope ratios were approximately 0.00867 times the ratio of air (or 1.20 x 10®) for
the He/*He ratio, less than 0.431% and 0.673% for 2°Ne/??Ne and ?!Ne/?’Ne, respectively, and
0.534% and 0.459% for 8Ar/*®Ar and “°Ar/®Ar, respectively.

The major and hydrocarbon gases were analyzed for gas composition using a Thermo
Fisher Trace 1310 Gas Chromatograph equipped with a Thermal Conductivity Detector (TCD)
and Flame lonization Detector (FID). The methods used in major gas and hydrocarbon gas

analyses follow previously described methods (Darrah et al., 2013; Heilweil et al., 2015; Hunt et
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al., 2012; Kang et al., 2016). Briefly, samples are compared to a series of gas standards including
a cross-validated atmospheric air standard (Lake Erie Air) and a series of synthetic natural gas
standards from Praxair (Moore et al., 2018). The precision is estimated using the measurement of
“known-unknown” internal standards. Standard errors for the current measurements were less than
+3.71% for major gases above the detection limit and the average external precision analyses are:
CHa (1.79%), C2Hs (1.96%), CsHs (3.71%), N2 (1.46%), CO2 (2.04%), and Oz (1.17%).

3.3.3 Numerical Modeling

We evaluate the conditions and mechanisms of hydrocarbon emplacement and the potential
for oil-water and gas-water interactions in aquifers by modeling mixing between theoretical in situ
microbial CH4 endmembers and thermogenic gases found in the study area, as well as evaluating
fractionation of noble gases through various multi-phase (gas plus water and separately oil plus
water) interactions (Battani et al., 2000; Bosch and Mazor, 1988; Darrah et al., 2015b; Darrah et
al., 2014; Jackson et al., 2013; Pinti and Marty, 1995).

To model the potential effects of mixing of various hydrocarbon gas components, the
theoretical thermogenic gas end-member (C1/Cz+ = 1, 813C-CHa = -45.4%o, 6?°H-CHa = -223%o)
was modeled based on data presented in Lavoie et al. (2016), which included §**C-Ci-3 and §°H-
CHa data from the Upper Ordovician sedimentary units. Potential microbial mixing components
include one relatively low Ci/C2+ (2,000) and enriched §3C-CHa (-60%o) microbial CHa
endmember and one higher C1/C2+ (10,000) and more depleted §3C-CHa (-75%0) microbial CHa
endmember for comparison. | also examine the potential for interaction between water and oil. As
part of these calculations, we assume noble gas compositions consistent with the solubility of noble

gas in oil following Kharaka and Specht (1988), recognizing the uncertainty related to these
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assumptions. Modeled concentrations of ASW noble gases in light oil at 25°C for “He, 2°Ne, *Ar,
84Kr, and *2Xe are 1.31 x 102 pccSTP/Kg, 3.20 x 102 pccSTP/Kg, 6.64 x 10° pccSTP/Kg, 4.20 X
102 puccSTP/Kkg, and 5.45 x 10* pccSTP/kg, respectively.

In all models, the expected ASW conditions for noble gas and nitrogen abundances are
assumed using the local average elevation, measured salinity of groundwater, and the temperature
of recharge. For this study, an average elevation of 80 m and salinity of 0.1%o0 were used in ASW
calculations. The mean monthly temperatures in this area range from -10°C (January) to 20.5°C
(July) (NOAA,; https://www.noaa.gov) with a mean annual temperature of ~6°C. However,
because recharge into shallow aquifers is minimal in temperature conditions below freezing
temperatures, | assumed average temperature of recharge exclude winter months where average
low and high temperatures are <0°C (December to February). As a result, the assumed average
temperature of recharge is calculated to be ~9°C, which falls within the range of present-day
temperatures for groundwater recharge used in other noble gas studies in the St. Lawrence
Lowlands (Pinti etal., 2011; Vautour et al., 2015). Using these parameters, the calculated dissolved
concentrations of air-saturated water for “He, °Ne, *Ar, 8Kr, and 132Xe are 4.63 x 10* pccSTP/Kg,
1.83 x 102 pccSTP/Kg, 1.32 x 103 pecSTP/Kg, 53.2 puccSTP/Kg, and 3.69 pccSTP/Kg, respectively.
The saturation of groundwater with respect to increasing CHs would occur at ~44 ccSTP/kg. For
the hydrocarbon gases, | assume an original composition of C1/C2+ = 1, §'3C-CHa = -45.4%o for
thermogenic hydrocarbons. In the absence of noble gas data from produced oils and natural gases,
I model noble gas fractionation for oils assuming an original air-saturated water composition and

varying oil-water and oil-gas mixtures in the original component.
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Using these hypothetical starting values, | examine the potential for kinetic fractionation
of noble gases and hydrocarbon gases during partitioning between multiple phases (gas plus water;
oil plus water). Kinetic fractionation was modeled by integrating a groundwater gas stripping and
re-dissolution model (GGS-R) that was originally developed for CO2 (Gilfillan et al., 2008;
Gilfillan et al., 2009) and adapted for hydrocarbons (Darrah et al., 2015b; Darrah et al., 2014;
Harkness et al., 2017b). These models assume that a multi-phase fluid migrates buoyantly through
the water-saturated crust to overlying formations. During this fluid migration process, gases
partition between the phases according to their respective Bunsen solubility coefficients (fx, which
is the ratio at equilibrium of the volume of gas dissolved per volume of solution when the partial
pressure of gas is 1 atmosphere (atm)) and the in situ (i.e., in formation) ratio of gas volume to
water volume (Vgas/Vwater) Or Voil/Vwater (Aeschbach-Hertig et al., 2008; Aeschbach-Hertig et al.,
1999; Ballentine et al., 2002; Barry et al., 2018; Bosch and Mazor, 1988; Holocher et al., 2003,
Kharaka and Specht, 1988). As a result, lower solubility constituents (e.g., CHa, 2CHa) will be
enriched in the gas phase compared to those that are more soluble (e.g.,
*He<?®Ne<®Ar=CHs='2CH4<¥CH4<C2Hs) (C2He+, 3CHa), which will preferentially remain in
the liquid phase. Our models assume low gas or oil to water conditions (i.e., Vgas/Vwater and
Voit/ Vwater approach 0), which results in the maximum fractionation between the two constituents.
The maximum fractionation value is equivalent to ratio of their respective Bunsen coefficients
(BxIpx), termed alpha (o). Multi-stage re-dissolution, such as when CHas bubbles migrate into
overlying pore fluids that had below-saturation levels of CH4 and dissolve into the aqueous phase
over geologic timescales, and are then subsequently exsolved into the gas-phase, may fractionate

constituents above o (Darrah et al., 2015b).

72



3.4. Results
3.4.1 Major lon Geochemistry

Major ion geochemistry (e.g., Cl, HCOs) is a critical parameter for evaluating the types of
water, mixing, and other processes that occur in groundwater systems. Dissolved ion geochemical
data from groundwater have been reported in more detail elsewhere (Bordeleau et al., 2018a;
Bordeleau et al., 2018b; Rivard et al., 2018b). Here, | will focus on comparing key dissolved
inorganic constituents to hydrocarbon and noble gas components, which have shown significant
potential in previous studies that identified the presence of diluted brines, microbial processes (e.qg.,
oxidation, methanogenesis), and the mechanism of thermogenic hydrocarbon migration (Darrah et
al., 2015b; Harkness et al., 2017b; Moore et al., 2018; Warner et al., 2012).

Chloride and bicarbonate (HCOs or DIC) are the dominant anions in groundwater from this
region (Table 3.1). Groundwater [CI] and [HCO3] range from 0.6 to 9.8 x10° mg/L and 2.2 x 10?
to 1.2 x 10% mg/L, respectively (Table 3.1; Figure 3.3). Note that there are significant positive
correlations between [HCOs] and [CI] (r?=0.706, p=0.002), and between these constituents and
[C2He] (r>=0.520 and p=0.032, r?=0.676 and p=0.006, respectively), stable isotopes of carbon in
methane (§13C-CHa) (r>=0.548 and p=0.015, r>=0.532 and p=0.041, respectively) and DIC (§:*C-
DIC) (r’=0.622, p=0.003, r?>=0.473 and p=0.064, respectively) (Figure 3.3). Chloride is also
positively correlated with He (r?=0.661, p=0.014). The relationships found between chloride,
thermogenic gases, and groundwater in this study area are consistent with results found in other
sedimentary basins where paired thermogenic hydrocarbons and brine have been observed (Darrah

et al., 2015b; Eymold et al., 2018; Harkness et al., 2017b; Harkness et al., 2018; Warner et al.,
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2012). These data suggest a singular source of thermogenic gas and brine in the Saint-Edouard
region and suggest that the DIC (as HCO3) and §'3C-DIC in the region are likely influenced by the

presence of thermogenic fluids and/or oxidized components of thermogenic fluids.

Table 3.1. Dissolved lon Geochemistry.

Sample b b
Sample ID Well Type Depth [CIP [HCO:]
(m) (mg/L) (mg/L)

F1 Observation 7.4 3 433

F2 Observation 215 180 513

F3 Observation 22.7 7 280

F4 Observation 58.0 190 704

F5 Observation 14.4 93 683

F6 Observation 10.0 55 603

F7deep Observation 48.0 9800 572

F7deep_dup* Observation 48.0 9800 572

F8 Observation 20.2 1 222

F10 Observation 23.8 34 363

F12 Observation 20.4 350 332

F20deep Observation 48.5 5100 863

F21 Observation 146.7 1700 1166

Zone7R Residential 85.6 78 477

Zone9R Residential 45.7 76 458

Zone9R_dup* Residential 45.7 76 458

ZonelOR Residential 56.4 1400 910

Zonel0S Residential 4.7 13 354

ZonellR2 Residential 97.6 475 1217

Zonel3R Residential 50.0 250 622

INRS447 Residential 12.8 290 875

1760 Residential 50.3 33 597

*duplicate

breplicated from Bordeleau et al. (2018b)

3.4.2 Hydrocarbons and Stable Isotopes
The dissolved gas concentrations of hydrocarbon gases (C1-Cs), major gases (e.g., N2), and
stable isotopic compositions from the Saint-Edouard region can be found in Table 3.2. All 22

samples contained quantifiable levels of CHa, with [CH4] ranging from 0.25 to 101 ccSTP/kg
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Figure 3.3: [HCO3], [C2Hs], §*C-CHa, and §'3C-DIC vs. [CI] (left) and [CH4], [C2Hs], 6*3C-
CHa, and 3*3C-DIC vs. [HCOs3] (right). Symbol color corresponds to [CH4] and hexagons are
duplicate samples. The strong statistical correlations suggest coherent mixing between a
thermogenic gas-rich diluted brine and fresh groundwater in the Saint-Edouard region. The
presence of thermogenic gases appears to be related to [HCOz] and enriched 3C-DIC, where
positive values are generally associated with methanogenesis. This suggests thermogenic
gases may be the dominant carbon source for microbial methane.
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(Figure 3.3B). Ethane concentrations ranged from below detection limits (5 x 10° ccSTP/Kkg) to
4.36 ccSTP/kg with an average of 0.33 ccSTP/kg (Figure 3.3C-D). Propane concentrations ranged
from below detection limits (2 x 10° ccSTP/kg in the current study) to 1.12 ccSTP/kg with an
average of 0.155 ccSTP/kg (Table 3.2).

The ratio of CHa4to heavier aliphatic hydrocarbons (C1/C2+) quantifies natural gas dryness
and provides an important indicator for the genetic source of natural gas in the subsurface. The
C1/C2+ from the current data set ranged from very low (2.7) to 1.8 x10* with an average of 4.1
x103 (Figure 3.4). Interestingly, the sample with the highest [CH4] observed in the current work
(F7deep) has a relatively high C1/C2+ (9.6 x10%). The lower limit (e.g., measured in residential
well Zone 10S and observation wells F20 and F21) of this range consists of very “wet” gases.
Because microbes dominantly produce CHa, these observations confirm the unambiguous
presence of thermogenic gases. Gases with this low degree of dryness are consistent with oil-
associated natural gas (Whiticar, 1994). In comparison, the upper limit (e.g., measured in
residential drinking-water well Zone 9R and observation well F3) of this range is almost
exclusively CHas (C1/C2+ >12,000), which is commonly described as a “dry” natural gas. Gas
samples with this degree of dryness are typical of CHsderived from a microbial source.

Like the molecular composition of hydrocarbons (C1/C2+), the stable isotopic composition
of carbon (83C-CHa) and hydrogen (8°H-CHa) in methane provide important insights into the
source of natural gases in groundwater. For example, a comparison of the C1/C2+ and §*C-CHs
(often called a “Bernard Plot™) is particularly useful for identifying the source of natural gas
(Figure 3.4A). Similarly, a comparison of §?H-CHa and §**C-CHa isotopes in methane (often called

a “Schoell or Whiticar plot”) can further identify the source of microbial CH4and potential
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Figure 3.4: CH4/C2He+ vs. 83C-CHas (A) and &%H-CHa vs. 8*C-CH4 (B). Symbol color
corresponds to [CH4] and hexagons are duplicate samples. Gray squares are gases released
from cores that were collected during the drilling of the monitoring wells in the Saint-Edouard
region as reported in Lavoie et al. (2016) and black circles are dissolved gases in groundwater
samples reported in Bordeleau et al. (2018a). In Figure 3.4A, the yellow and green boxes are
the ranges in hydrocarbon molecular ratios and stable isotopes for production gases from the
Utica Shale and Lorraine Group shales, respectively, as reported in Chatellier et al. (2013).
The horizontal to vertical black lines are mixing trends of the chosen thermogenic
endmember with two hypothetical microbial gas endmembers: 1) CH4/C2Hs+ ~100,000 and
813C-CHa of -70%o; and 2) CH4/C2He+ ~10,000 and 5**C-CHa of -62%o.The sub-vertical light
blue line represents a hypothetical trend resulting from solubility partitioning of a
thermogenic gas that experienced multi-phase (gas and brine) migration. The sub-vertical
pink line represents mixing between thermogenic methane and newly-formed secondary
microbial methane generated by converting the carbon substrate produced by the oxidation
of heavier aliphatic hydrocarbons. Figure 3.4B was replicated from Bordeleau et al. (2018a)
with new [CH4] data and the shaded regions representing microbial methane via CO:2
reduction and acetate fermentation, thermogenic gas, and mixing and transition were adapted
from Whiticar (1990).
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mixtures of natural gas (Figure 3.4B). The majority of samples in this dataset plot as an ambiguous
mixture of microbial and thermogenic natural gas (e.g., C1/C2+ between 100 and 1,000, §13C-CHa
between -60 and -50%o). All of the data from our study plot outside the ranges of production gases
from the Utica Shale or from shallower shales of the Lorraine Group in the Saint-Edouard region
as reported by Chatellier et al. (2013). With the exception of three samples that may be explained
by simple two-component mixing between the anticipated local thermogenic endmember based on
the work of Lavoie et al. (2016) and microbial CH4, the majority of the hydrocarbon data have
C1/C2+ above typical thermogenic hydrocarbon gases and slightly more negative 5*C-CHa (Figure
3.4A).

The majority of the §?°H-CH4 and §*3C-CHa data fall into the intermediate zone of mixed
gas between hydrogenotrophic methanogenesis (CO2 reduction) and low thermal maturity
thermogenic gas without clearly identifying the proportions of contributions from each source
(Figure 3.4B). As this mixture overlaps the “transition zone”, | cannot exclude the potential for
mixing with acetoclastic CH4 in the majority of samples or the potential for multiple thermogenic
gas sources.

A comparison of [CHa4] and 8!3C-CHas to the §*C-DIC of water provides additional insight
on the genetic history of this apparently complex mixture. Methane concentrations have a
significant positive correlation with §3C-DIC (r? = 0.794, p <0.001), with the highest measured
[CHa4] occurring in samples with the most enriched §**C-DIC values (up to +32.5%o) (Figure 3.5A).
Despite the occurrence of exceptionally enriched §**C-DIC values in a subset of samples from this
study, which is consistent with methanogenesis, these samples display the most thermogenic-like

natural gas compositions in the current dataset. In fact, the subset of samples with enriched §3C-

79



40

A - 40"
X @
30 - o
_ 37
r2=0.794 e | O —re
— o ()
2 20 1 < =<
- T o
@) =
o 10 1 _g ‘[’(3 20 -
O £ —
™ =] <
w 07 @ a:._’. 10 -
IQ
-10 4 o
0 -
‘20 T T T T
0.01 0.1 1 10 100
[CH 4] (ccSTP/kQ)
40
40"-
Aerobic/anaerobic o)
30 - SV
oxidation ®
— ) ~ 30 -
2 20 - \ Secondary| £
= @ Microbial | Q-
O o %
5. 10 - ® \0 9 20 -
«9 ‘ .\\ :v
‘—OO 0 1 [ ) ® \\\ - (:5 10 -
10 o ° )
®  Microbial e ® o o &
,,&‘(\ 0 -
-20 : :
-90 -80 -70 -60 -50

§"°C-CH, (%o)

Figure 3.5: 8'C-DIC vs. [CH4] (A) and &§C-DIC vs. §'3C-CHs (B). Symbol color
corresponds to [CH4] and hexagons are duplicate samples. Figure 3.5B was replicated from
Bordeleau et al. (2018a) with new [CH4] data and the shaded regions representing microbial,
secondary microbial, and thermogenic gases were adapted from Milkov and Etiope (2018).
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DIC display the lowest C1/C2+, highest [CH4], [C2Hs], and [C3Hg], and most enriched §3C-CHa
in the current study. This subset also exhibits the highest [HCOz] and [CI] (Table 3.2; Figures
3.3G-H, 3.5). In Figure 3.4A, the subset of samples with enriched 6**C-DIC follow a subvertical
trend and have C1/Cz+ below 2,000 and 6*3C-CH4 above ~ -62%o. These data predominantly plot
between a thermogenic endmember consistent with source rock formations in the Lorraine and
Saint Rosalie Groups (Lavoie et al., 2016) and primary microbial CHa.

Like the compound-specific data, this sub-vertical trend in Figure 3.4A of increasing
C1/C2+ with only a minor decrease in the 5*3C-CHy is consistent with either kinetic fractionation
during multi-phase (gas plus water) migration (Darrah et al., 2015b) or the formation of CHa by
secondary methanogenesis following the oxidation of thermogenic hydrocarbons. In the latter
process, hydrocarbons are first oxidized to CO2, which when equilibrated with water, produce
elevated [HCO3] in the water. In fact, the relative abundance of HCOs provides a crude indicator
of the relative extent of hydrocarbon oxidation assuming it is not all utilized by hydrogenotrophic
microbial consortia. As these microbes utilize the CO2, they select isotopically lighter CO2
preferentially leaving a residual pool of highly enriched §*3C-DIC and increasing proportions of
CHa (Vinson et al., 2017).

3.4.3. Noble Gases

Noble gas (He, Ne, Ar, Kr, and Xe) concentrations and isotopic compositions from the
Saint-Edouard region can be found in Table 3.3. Concentrations of “He ranged from near ASW
levels (48.0 pccSTP/kg) to 7.12 x 10° pccSTP/kg with an average of 6.75 x 10% pccSTP/Kg.
Interestingly, the samples with the highest [*He] (Zone 7R, 1760, and F10), correspond to

relatively low [CHa] (<20 ccSTP/kg), indicative of relatively old groundwater (Table 3.3).
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Concentrations for 2°Ne, ¥Ar, 84Kr, and 32Xe ranged from 5.2 to 2.2 x 10? uccSTP/Kg, 6.2 x 10!
to 1.3 x 10% pccSTP/Kg, 2.55 to 49.2 pccSTP/kg, and 0.16 to 3.69 pccSTP/Kg, respectively, which
are all below the calculated solubility values for air-equilibrated groundwater in the region (Table
3). The concentrations of ASW noble gases are generally lower in the subset of samples with

elevated [CH4] (Figure 3.6).
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Figure 3.6: [*°Ne] (A), [CH4] (B), [N2] (C) and [*He] (D) vs. [*®*Ar]. Symbol color corresponds
to [CH4] and hexagons are duplicate samples. The decrease in atmospheric gas concentrations
below the calculated air-equilibrated values suggest stripping of gases in the hydrocarbon
rich samples. Significant fractionations of ASW noble gas ratios are also present in the
samples that experienced stripping (Figure 3.6D).
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Noble gas isotopic ratios are reported in Table 3.3. The helium isotopic compositions
(®He/*He) ranged from crustal values of 0.021Ra with high He/Ne to significantly above ASW
values of 2.585Ra (ASW 3He/*He = 0.985Ra) with low He/Ne (Figure 3.7). The former helium
isotope values are consistent with older groundwater and helium associated with thermogenic
natural gas. By comparison, the *He/*He of 2.585Ra with low He/Ne is consistent with significant
contributions of tritiogenic He (i.e., *He produced from the radioactive decay of H). A subset of
three (n=3) samples display quantifiable amounts of mantle-derived *He (up to ~2%) demonstrated
by higher ®He/*He than anticipated based on the modeled mixing lines between either ASW or
tritiated water with a crustal endmember (Figure 3.7A). The presence of small amounts (<3%) of
mantle-derived *He is consistent with previous studies from the region (Pinti et al., 2011; Vautour
etal., 2015).

The °Ne/?Ne and 2!Ne/??Ne in all samples ranged from 9.750 to 9.987 and 0.0289 to
0.0305, respectively. Each of these values are at or within 2.1 and 5.5% of ASW values for
ONe/Ne (9.78) and 2!Ne/??Ne (0.0289), respectively, with quantifiable contributions of
nucleogenic 2!Ne and 2Ne. Similarly, the 3Ar/°Ar and “°Ar/*®Ar are all within 5% of near ASW
values (3Ar/*°Ar=0.188 and “°Ar/®*Ar=295.5), with small amounts of radiogenic *°Ar* (maximum
OAr/BAr = 299.0, average “°Ar/°Ar = 296.5) specifically in samples that contain elevated CHa
and quantifiable concentrations of C2Hs, C3Hs, and elevated levels of other radiogenic noble gases
(e.g., “He) (Table 3.3).

Ratios of crustal noble gases (i.e., “He) to ASW noble gases can be used to identify mixing
between thermogenic and microbial gas and young groundwater (Figure 3.8). The “He/?°Ne and

*He/*®Ar ratios both show positive trends with CH4/3°Ar, suggesting that the majority of samples
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Figure 3.7: Helium isotopic ratios (*He/*He, shown as R/Ra) vs. He/Ne (A), 1/[*He] (B), and
CHa (C). Symbol color corresponds to [CH4] and hexagons are duplicate samples. In Figure
3.7A, the dashed black and green lines represent mixing between ASW and a hypothetical
tritium-active ASW, respectively, with crust and increasing proportions of MORB-mantle
(~8RAa) fluids. The helium isotopic composition suggests mixing between young, tritiated
groundwater with crustal-derived fluids (e.g., thermogenic natural gas) that also contain up
to ~2% mantle-derived helium.
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Figure 3.8: “He/®®Ne vs. CH4/*®Ar (A) and “He/*®Ar vs. CH4/*®Ar (B). Symbol color
corresponds to [CH4] and hexagons are duplicate samples. The vertical line represents the
CHa4/*Ar ratio when groundwater is saturated with CHa. The positive trend in both figures
suggest groundwater in the Saint-Edouard region is largely a two-component mixture
between older, gas-rich fluids (elevated “He, CH4) and a young meteoric water (low *He
compared to other ASW noble gases, little CH4). Young groundwater mixing with microbial
gas will follow a horizontal trend of increasing CH4 with little addition of terrogenic *He.
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Figure 3.9: 84Kr/®Ar vs. 2°Ne/®Ar (A) and *2Xe/*°Ar (C) (left), and “He/CH4 (B) and §'3C-
DIC vs. ®Ne/*®Ar (D) (right). Symbol color corresponds to [CH4] and hexagons are duplicate
samples. A groundwater that has experienced solubility partitioning from a migrating gas
phase displays elevated levels of the lighter isotopes (*He, °Ne) in the migrated gas phase,
while the heavier gases remain in the groundwater. As seen in Figures 3.9A-C, the data
display the opposite trend, which can occur if the groundwater represents the residual water
phase following gas-phase partitioning (either of air-equilibrated water or water previously
equilibrated with oil).
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from the current dataset likely fall along a mixing line between thermogenic gas and young (i.e.,
low “He) groundwater. It is important to note that even though samples from the current study area
display relatively low [*He] compared to other areas in the Appalachian Basin, the samples with
the highest hydrocarbon gas concentrations actually display the highest ratios of thermogenic gas
to water (i.e., “He/?°Ne or “He/*°Ar).

The composition of ASW noble gases can illustrate fractionation processes associated with
differences in solubility between various fluids in the subsurface (e.g., oil and groundwater, gas
and groundwater). Most samples in this study display significant fractionation of ASW noble gas
ratios with respect to the anticipated ASW values (~0.138, ~0.0402, and ~0.0028 for 2°Ne/*°Ar,
8K/ Ar, 132Xe/®Ar ratios, respectively) (Table 3.3). The majority of samples display 2°Ne/®Ar
ratios significantly below the ASW value (as low as 0.036), suggesting significant depletion of the
light noble gases. Consistent with these trends, both the 8 Kr/®Ar (up to 0.0765) and 132Xe/*Ar
(up to 0.0070) display an enrichment of up to ~2 times the ASW value for 8Kr/®Ar and ~2.5 times
the ASW value for 3*2Xe/*®Ar (Figures 3.9A, 3.9C). In general, the degree of fractionation with
respect to anticipated ASW values corresponds to increasing [CH4]. It is important to note that in
all cases, the absolute abundance of the ASW noble gas isotopes in the current dataset are all
significantly below the anticipated values (i.e., the noble gases appear partially stripped).

3.5. Discussion
3.5.1 Naturally-Occurring Hydrocarbons and Salinity

Prior work suggests that salinity in the Saint-Edouard region is a combination of regional

groundwater flow from the Appalachian Piedmont, residual water from the Champlain Sea that

existed from ~13,000 to 11,000 years ago, and migrated deep brine (Bordeleau et al., 2018a;
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Bordeleau et al., 2018b). While the current study does not investigate the source of dissolved ions
in detail and therefore cannot rule out the importance of brine contributions from trapped
Champlain Sea brines, the significant correlations between chloride and thermogenic gases (e.qg.,
C2Hs, “He) and 8'3C-CHa (Figure 3.3) suggest the groundwater in the Saint-Edouard region is
dominated by 2-component mixing between a thermogenic hydrocarbon-rich brine and fresh
groundwater that is relatively rich in microbial CH4, consistent with previous groundwater studies
in the Appalachian Basin (Darrah et al., 2015b; Harkness et al., 2017b; Molofsky et al., 2013;
Warner et al., 2012).

Previously, the elevated levels of DIC in groundwater from the Saint-Edouard region have
been attributed to a combination of marine carbonate dissolution during water-rock interactions
(813C-DIC ~ 0%o) mixing with the oxidation of organic carbon (8*C-DIC ~ -25%o) (Bordeleau et
al., 2018b). Here, | demonstrate a positive correlation between [HCOs], [CI], thermogenic
hydrocarbon molecular and isotopic fingerprints, and highly elevated :3C-DIC (Figure 3.3). |
envision two possibilities for the correlation between [HCOg], [CI], and thermogenic gases: 1) the
emplacement of a DIC-rich thermogenic hydrocarbon brine or 2) the emplacement of a
thermogenic hydrocarbon brine that underwent either oil biodegradation or aerobic oxidation of
thermogenic hydrocarbon compounds following gas emplacement.

The first possibility is supported by Bordeleau et al. (2018a), which modeled Rayleigh
fractionation between 6:3C-CHa and §'3C-DIC to explain the very positive §**C-DIC values (up to
+32.5%o0) in some samples using a mixed marine carbonate and soil source of DIC. The second
possibility is supported by Lavoie et al. (2016), who suggested oxidation of higher-chain

hydrocarbons followed by hydrogenotrophic secondary methanogenesis in the deepest observation
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wells in the Saint-Edouard region. Here, noble gases will be integrated with existing data in an
attempt to determine the source of hydrocarbons, HCOgs, and refine the understanding of the
microbial processes that alter hydrocarbon and water geochemistry in the Saint-Edouard region.
3.5.2 Hydrocarbon Characterization Using Stable Isotopes and Noble Gas Geochemistry
The dissolved gas geochemistry of groundwater in the Saint-Edouard region represents a
combination of primary microbial, thermogenic, and intermediate gas compositions (Figures 3.4-
5), consistent with previous studies (Bordeleau et al., 2018a; Lavoie et al., 2016). Though
discussed in further detail in Bordeleau et al. (2018a), the comparison of C1/Co+, §?°H-CHa with
813C-CHa (Figure 3.4B) shows that most samples display a significant contribution of microbial
CHawith an affinity toward CHa generation by hydrogenotrophic CO2 reduction. Nonetheless, the
most gas-rich groundwater samples have the highest proportions of thermogenic contributions.
Samples that exhibit geochemical signatures consistent with primary methanogenesis
typically have negative §*C-DIC, which is representative of the local DIC source, and near air-
equilibrated water concentrations and ratios of atmospheric noble gases (e.g., 2°Ne/*®Ar, 84Kr/®Ar,
132Xe/*®Ar). Additionally, these samples have characteristically negative §3C-CHa (<-60%o) and
82H-CHa (<-170%o), and high C1/C2+ ratios (>2,000) (Darrah et al., 2015b; Darrah et al., 2014;
Harkness et al., 2017b; Vinson et al., 2017). Although all samples in this study have atmospheric
noble gas concentrations below predicted ASW values (Figures 3.5, 3.10), I can conclude that four
samples (wells F3, F5, F8, and Zone 9R) most likely have CHathat is primarily microbial in origin.
Though three samples (F20deep, F21, Zone 13R) have a strong thermogenic gas signature (3C-
CHa4>-55%0 and C1/Ca+ <15), the rest of the samples in this study have intermediate hydrocarbon

compositions (§3C-CHa between -73 and -52%o and C1/C2+ <10,000) that could be a result of
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mixing or post-genetic modification of thermogenic natural gas by kinetic fractionation during
fluid transport or microbial oxidation, which requires further investigation.

To evaluate simple two-component mixing between microbial and thermogenic gas, |
modeled mixing between a thermogenic endmember determined from the bulk rock analyses in
the Saint-Edouard region reported in Lavoie et al. (2016) and generalized microbial gases (black
dashed lines in Figure 3.4A). The thermogenic endmember was chosen as the data point that lies
closest to a typical thermal maturation trend line for Type Il (marine) kerogen (Whiticar, 1994),
which should be the least affected by microbial activity. Based on the modeled trends, mixing
between microbial and thermogenic endmembers cannot account for the majority of data in the
present dataset. In fact, only data from observation wells F6 and F12, and drinking-water well
1760 are consistent with trends anticipated by mixing.

The migration of thermogenic hydrocarbons as a multi-phase (gas plus brine) fluid by
geological processes can explain elevated C1/C2+ and more negative §'3C-CHa. This interpretation
is consistent with observations from other areas of the Appalachian (Darrah et al., 2015b; Harkness
et al., 2017b; Kreuzer et al., 2018), Illinois (Moore et al., 2018), Michigan (Wen et al., 2015; Wen
et al., 2016a), and Fort Worth Basins (Darrah et al., 2014; Wen et al., 2016b; Wen et al., 2017) in
the US, and the Karoo Basin in South Africa (Eymold et al., 2018) . In an attempt to understand
the potential for hydrocarbon transport through the water-saturated crust to influence the gas
composition in the study area, | also modeled multi-phase solubility partitioning assuming the
same thermogenic endmember used to model mixing (shown as the sub-vertical blue line in Figure
3.4A). Multi-phase migration of hydrocarbon gas through water (gas plus brine) will enrich the

migrated gas phase in lighter gas molecules and isotopes (e.g., CHa versus C2Hs; 12C versus *3C).
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The modeled fractionation trend associated with two-phase migration followed by mixing with
microbial gas could account for the intermediate C1/Cz+ values and the relatively enriched §3C-
CHs4 compared to primary microbial CHs4. However, multi-phase migration of thermogenic
hydrocarbons should also be enriched in the lighter noble gases (e.g., “He, ?°Ne) compared to the
heavier isotopes (*°Ar, 8Kr, 132Xe) (Darrah et al., 2015b; Darrah et al., 2014; Harkness et al.,
2017b; Moore et al., 2018). Many samples in this study with intermediate C1/C2+ and 8*3C-CHa
values instead have significantly lower 2°Ne/*®Ar (<0.10) than anticipated ASW values (~0.138)
(e.g., observation wells: F2, F4, F10). Potential causes of the ASW noble gas fractionation are
explained in more detail in Section 5.4, but the depleted trend for light isotopes precludes multi-
phase migration as the primary mechanism.

Due to the distinct lack of evidence for multi-phase migration, other post-genetic processes
that may increase the Ci/Cz+ require evaluation. The aerobic microbial oxidation of heavier
aliphatic hydrocarbons compared to CH4 (Kinnaman et al., 2007) or anaerobic microbial oxidation
coupled to sulfate-reduction (i.e., sulfate-paired oxidation) would result in increased Ci/Ca+
(Adams et al., 2013; Kniemeyer et al., 2007; Mastalerz et al., 2009). Although Lavoie et al. (2016)
suggested anaerobic hydrocarbon oxidation as the mechanism of microbial hydrocarbon
degradation in the deepest bulk rock gases, the ubiquitous presence of tritium throughout the study
area and low but quantifiable amounts of oxygen in many samples (Tables 3.2 and 3.3), suggests
that either aerobic oxidation or sulfate-paired oxidation is possible in the Saint-Edouard region.

Either mechanism of microbial oxidation would convert hydrocarbons to CO2 (which
dissociates to HCO3z in groundwater) and theoretically cause the §**C-DIC to decrease towards the

carbon source (Whiticar, 1999). Instead, the highest [HCOs] in the Saint-Edouard region
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corresponds to the most positive §:3C-DIC samples, the latter of which is indicative of extensive
methanogenesis (Scott et al., 1994; Vinson et al., 2017). Surprisingly, the subset of samples with
high [HCOz3] and more positive §*3C-DIC are the same samples that also have the highest amounts
of CHsand ClI, and the highest proportions of thermogenic gas observed in the study (e.g., samples
F20deep and F21 have C1/Cz+ and §'*C-DIC of 4 and 12, and +23.3%o and +26.2%o, respectively)
(Figures 3.3D, 3.3F, 3.3G, 3.5A). These findings suggest that both microbial oxidation (high
[HCO3]) and some form of methanogenesis (enriched §*3C-DIC) are most prevalent in the areas
with high amounts of thermogenic hydrocarbons, suggesting that the presence of thermogenic
natural gas may have a role in the formation of microbial CHa.
3.5.3 Revisiting Secondary Methanogenesis

In previous work, the extent of microbial oxidation was inferred, but could not be
quantified due to the lack of C2Hs and CsHs data in many samples (Bordeleau et al., 2018a). With
the exception of the deepest samples (e.g., F21), Bordeleau et al. (2018a) proposed that the
enriched §'°C-DIC in shallow groundwater in the Saint-Edouard region resulted from closed-
system kinetic equilibrium reactions between &¥C-DIC and &¥C-CHs during microbial
methanogenesis, which utilized DIC from a combination of carbonate dissolution and soil. More
generally, they suggested ongoing methanogenesis would eventually result in enriched §*C-DIC
(>+30%o) and 83C-CHa (>-50%o, which overlaps the range observed for thermogenic gas) as the
available DIC pool decreases (referred to by Bordeleau et al. (2018a) as “late-stage
methanogenesis™). In a closed system, it would also be expected that thermogenic hydrocarbons

that have undergone microbial oxidation would result in negative §:3C-DIC in the groundwater.
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Based on the concurrently high [HCOs] (reflecting oxidation), enriched &C-DIC
(reflecting methanogenesis), and occurrence of thermogenic gases in the Saint-Edouard region,
there is potential to achieve the same hydrocarbon observations following closed-system microbial
oxidation of thermogenic hydrocarbons paired with secondary methanogenesis. A comparison of
83C-DIC and §'3C-CHs4 (Figure 3.5B) shows that most of our data fall into either primary
microbial or secondary microbial CH4 (particularly in the samples with the two highest [CH4]
observed in the study). These results are not unexpected as secondary microbial CH4 often follows
microbial oxidation of wet hydrocarbon gases and/or oils (Scott et al., 1994; Sweeney and Taylor,
1999).

Aerobic respiration or sulfate-paired oxidation of hydrocarbons will produce increasing
volumes of COz2 (and DIC), which leads to larger volume of labile carbon pool that is then used by
other microbes during hydrogenotrophic (CO2 reduction) methanogenesis (Whiticar, 1994;
Whiticar et al., 1986). Importantly, if the newly generated CO2 is completely converted to
secondary CHa, the C1/C2+ of the natural gas will increase greatly. In comparison, because the vast
majority of C2+ hydrocarbons have §**C-Cx values more positive than that of CHa, the complete
oxidation of oil or heavier hydrocarbons followed by the complete conversion of CO2 to CHa
would lead to more positive 6*C-CHa (Figure 3.4A). During microbial oxidation, microbes
preferentially select the light §'*C-Cx components of each species, which will lead to a small
negative offset between the original §'3C-CHas and the newly formed methanogenic component
(pink trend in Figure 3.4A). The degree of negative shift is determined by the §*C-Cx of the
oxidized component, the fractionation factor (o) associated with oxidation of the specific

hydrocarbon species, and the fraction of the thermogenic gas volume that undergoes oxidation
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(Anderson et al., 2017; Kinnaman et al., 2007; Valentine et al., 2010). If the fraction of
hydrocarbons that undergo oxidation approaches 1.0 and an equivalent volume of CHa4is generated
by secondary methanogenesis, the 513C-CHa of the new bulk CH4 would reflect a mixture between
the weighted 63C composition of heavier hydrocarbons that were degraded and original §**C-CHa
(Figure 3.4A). Additionally, the [DIC] and &**C-DIC would ultimately be unchanged in this
scenario.

However, if there is only partial oxidation of hydrocarbons or partial conversion of the
oxidized COz2 to secondary CHa, the isotopic composition of both CH4 and CO2 will be fractionated
according to the relevant a values and the fraction of hydrocarbons that undergo methanogenesis
or dissolution, respectively. As a result, while the C1/C2+ increases, there may be a negative shift
in the resulting §**C-CHa if microbes utilize a fraction of the isotopically lighter carbon (i.e., up
and to the left in Figure 3.4A). Further, if the COz2 dissolves into formation water there will be an
increase in [HCO3] and a slight positive shift in §**C-DIC that may become significantly enriched
with later utilization of the labile carbon pool via secondary methanogenesis (Vinson et al., 2017).
Finally, while the labile carbon pool would decrease following methanogenesis, if the volume of
thermogenic gas was sufficiently large, partial oxidation followed by secondary methanogenesis
may still result in relatively high [HCOz]. In this scenario, the 6*3C-CHa4 would predominantly
resemble a mixture between the original $*C-CHa and the §*3C of the thermogenic hydrocarbons
with a small but quantifiable negative shift equivalent to the fraction of CO: lost to dissolution.
Therefore, | suggest the simplest explanation for the summation of hydrocarbon data in this study

is partial oxidation of thermogenic natural gas followed by secondary methanogenesis, where the
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relatively high [HCOs] measured in samples with high thermogenic gas contents and enriched
513C-DIC may in fact represent the remaining DIC pool following secondary methanogenesis.

Secondary methanogenesis was previously proposed by Lavoie et al. (2016) to explain the
trend of decreasing [C2Hs] and [C3sHs] in samples with higher [CH4] in bulk rocks from the Saint-
Edouard region (well F21), which was supported by elevated [DIC], §**C-DIC, and §*3C-CHa in
groundwater from the region (Bordeleau et al., 2018a). Additionally, Lavoie et al. (2016) noted
that most of the shallow bedrock in the Saint-Edouard region was hydrocarbon-rich and within the
oil window of thermal maturity. Stable isotope studies of oil reservoirs that have been degraded
by microbial oxidation show §*C-DIC can be significantly enriched (>0%o) in the formation
waters (Carothers and Kharaka, 1980; Pallasser, 2000), which could help explain very positive
S13C-DIC (>+20%o) in some of the samples with wet hydrocarbons (C1/C2+ <15). Although minor
oil is observed in rock cores retrieved from Sainte-Rosalie Group in this region (Lavoie et al.,
2016), natural gas is abundant. As a result, the oxidation of higher aliphatic hydrocarbons is more
likely the dominant mechanism that influences hydrocarbon and water chemistry in this region.
3.5.4 Noble Gas Constraints on the History of Hydrocarbon-Groundwater Interactions

The depletion of noble gas concentrations (*°Ne, %Ar, 84Kr, ¥2Xe) relative to the
anticipated air-equilibrated water levels in the hydrocarbon-rich samples suggests stripping has
influenced the composition of gas-rich groundwater in the region (Figures 3.6, 3.10A). Further,
the relative proportions of the ASW noble gases show fractionation between the lighter noble gases
(**Ne) compared to heavier (*°Ar, 8Kr, 13Xe) in these samples, where lighter gases are more

depleted (i.e., preferentially lost) with respect to ASW values (Figures 3.6D, 3.9, 3.10A).
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The migration of thermogenic hydrocarbon gases through groundwater preferentially
enriches the migrated gas in the light noble gases (i.e., “He, °Ne). In the present study, the opposite
trend is observed. As a result, one might hypothesize that the groundwater composition in gas-rich
samples from the Saint-Edouard region is the remnant of prior stages of gas-water partitioning
(i.e., a residual fluid); this could account for the preferential depletion of the less soluble noble
gases (i.e., 2°Ne, %®Ar). Alternatively, water that previously equilibrated with oil can display similar
trends (Bosch and Mazor, 1988; Pinti and Marty, 1995; Wen et al., 2017). Because the bedrock
formations in the Saint-Edouard region are hydrocarbon-rich and lie within the oil maturity
window (Lavoie et al., 2016), | explore the potential for oil-groundwater interactions in this region.

In an attempt to understand the role that oil may have on the groundwater system in the
study area, | have integrated two numerical models developed by Bosch and Mazor (1988) and
refined by subsequent works (Battani et al., 2000; Pinti and Marty, 1995; Torgersen and Kennedy,
1999; Wen et al., 2016b; Wen et al., 2017). The first model normalizes the measured value in each
sample for each noble gas to the measured [¥*Ar], and then that ratio is normalized to the
atmospheric ratio (Figure 3.10B). In this model, enriched ?°Ne and depleted #Kr and 32Xe relative
to ASW (light blue line) suggests gas-water equilibration, whereas depleted 2°Ne and enriched
8Kr and 132Xe relative to ASW suggests oil-water equilibration (Bosch and Mazor, 1988).

The second model is a theoretical Rayleigh distillation trend calculated using increasing
oil/water ratios (Bosch and Mazor, 1988; Pinti and Marty, 1995). This model assumes an ASW
starting groundwater composition that is then fractionated based on the differences in solubility
between water and oil, which is assumed to be devoid of dissolved noble gases originally. For

simplicity, this model uses alpha values for phase partitioning between pure water and light oil at

97



[i]sample/[i]ASW

(iAo (/AT )

100

10

0.1

0.01

100 +

0.1

0.01

10 E

4He 20Ne 36Ar B4Kr 132Xe
Isotope

water-oil $
interaction |

water-gas
interaction
Air
water-gas
interaction

| water-oil
interaction

4He 20Ne 36Ar 84Kr 132Xe

Isotope

98

[CH,] (ccSTP/kg)

9)

w
o
|

[CH,] (ccSTP/K

40 -

30 -

20 -

40'-

N
o
|

_
o
1

Figure 3.10: Fractionation of ASW noble gases when compared to calculated ASW
concentrations (A) and fractionation when each isotope, normalized to %Ar in the samples,
are compared to that ratio in air (B). Symbol color corresponds to [CH4] and hexagons are
duplicate samples. In both figures, “He shows evidence of terrogenic inputs. In Figure 10A,
the heavier noble gases in the methane-rich samples show a trend of increasing depletion
from ASW with decreasing atomic mass (i.e., Ne is the most depleted). In Figure 10B, the
trend of depleted Ne with Kr and Xe enrichment compared to ASW is consistent water-oil
interaction as opposed to water-gas interaction (Bosch and Mazor, 1988).



25°C as reported in Kharaka and Specht (1988). An initial temperature of 25°C is assumed, which
is consistent with previous studies (e.g., Wen et al., 2017) and provides a suitable fit for the data.
In this study area, the Utica Shale (the most volumetrically significant hydrocarbon reservoir) has
a present thermal maturity that lies in the dry gas window (Chatellier et al., 2013), while some oil
has been observed in the shallower Sainte-Rosalie Group in the Saint-Edouard region (Lavoie et
al., 2016). Therefore, I also model oil-water partitioning using an initial temperature of 25°C for
illustrative purposes.

| incorporate the Rayleigh fractionation model using alpha values for each fractionation
process and compare the measured and modeled 2°Ne/*®Ar versus 8Kr/*¢Ar and ¥2Xe/*Ar (Figure
3.11) to explore two hypotheses to explain this data: 1) residual water after equilibrium with oil
and 2) residual groundwater following partial degassing and stripping. Overall, the data show good
first-order agreement to both trends of degassing and oil-water equilibration.

To afirst order, oil-water equilibration could explain the relative depletion of atmospheric
noble gases relative to the anticipated ASW equilibrium and the relative trends for noble gas
fractionation (3*Kr/*%Ar, 132Xe/*®Ar) (Figures 3.9-11). However, groundwater that previously
equilibrated with oil should display elevated 2°Ne/**Ar compared to ASW (Wen et al., 2017).
Instead, data from the current study area displays systematic depletion of Ne relative to Ar, Kr,
and Xe (Figure 3.10), which are highly soluble in liquid hydrocarbons. The relative depletion of
neon with respect to the heavier noble gases suggests that the fractionation is likely affected by
degassing of groundwater. For these reasons, | conclude that groundwater degassing is the most

likely scenario to account for all of the noble gas data.
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Figure 3.11: 2°Ne/*8Ar vs. #Kr*®Ar (A) and 2°Ne/*Ar vs. 132Xe/*Ar (B). Symbol color
corresponds to [CH4] and hexagons are duplicate samples. The black dashed line is a modeled
water-oil equilibration trend at 25°C with increasing oil/water ratios adapted from Bosch and
Mazor (1988). The noble gas composition of oil was assumed using Kharaka and Specht
(1988) solubility values for light oil. The teal dashed line is a theoretical groundwater
degassing model representing progressively more degassed water at 25°C. This model was
adapted from a groundwater gas stripping and re-dissolution model (GGS-R) (Gilfillan et al.,
2008; Gilfillan et al., 2009) and results in the residual water being enriched in heavier noble
gas isotopes. These trends show both scenarios may result in similar ASW noble gas isotopic
compositions if the true noble gas composition of the oil is unknown, therefore degassing
must be ruled out before oil can be attributed to groundwater that has similar isotopic
compositions as what is seen in the Saint-Edouard region.
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| recognize that the groundwater composition could also be influenced by multiple stage
process (e.g., prior history of oil-water equilibration followed by groundwater degassing).
Although this two-stage model is not required to account for the observed data, based on the
observations of oil shows in cores retrieved from the Sainte-Rosalie Group, | examine if a
multistage process could account for the observed data. A similar model was first proposed by
Battani et al. (2000) and was applied to groundwater overlying the oil- and gas-rich Barnett Shale
in Texas in Wen et al. (2017). This model postulated that water equilibrated with oil, which
preferentially reduced noble gases in the residual water phase and that the residual water was later
degassed. However, as discussed above, low °Ne/*Ar and quantitative stripping of heavier noble
gases (i.e., lower concentrations of heavier noble gases than anticipated for ASW) differ from the
results obtained in Battani et al. (2000) and Wen et al. (2017), which were all significantly above
ASW. As a result, | conclude that hydrocarbon-groundwater interactions in the region are
dominated by the degassing of groundwater.

For stripping/degassing to occur, the gas concentrations must exceed the saturation level
of dissolved gases in the groundwater (i.e., exceed the bubble point), which is dependent on
salinity, temperature, and pressure (i.e., groundwater depth). Theoretically, degassing could occur
if the gas saturation level of groundwater is surpassed such as via the influx of exogenous fluids
(e.g., thermogenic natural gas, mantle-derived COz) or the addition of in situ microbial gas
(Dowling et al., 2002; Kreuzer et al., 2018). Because microbial gas is widespread in the Saint-
Edouard region and the most fractionated ASW noble gas ratios correspond to the highest Cl and
DIC abundances and the most enriched §3C-CH4 and §'*C-DIC (Figure 3.8D), | suggest that

degassing is most likely related to primary or secondary methanogenesis. In combination with the
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lack of abundant liquid oil, I conclude that degassing/stripping of air-saturated noble gases,
perhaps by the formation of secondary methanogenesis, is the most likely cause of extensive
degassing.

3.6 Conclusions

The combination of aqueous and gas geochemical tracers suggest that the composition of
groundwater in the Saint-Edouard region likely evolved in response to a series of complex, multi-
stage processes. | envision that first thermogenic natural gas and brine were emplaced in modern
aquifers following/during primary and secondary hydrocarbon migration. Next, as thermogenic
hydrocarbons interacted with either methanotrophic microbes in relatively oxidizing aquifers,
thermogenic hydrocarbons were oxidized to COz2. Finally, following oxidation of hydrocarbons to
COg2, hydrogenotrophic methanogens converted a portion of the oxidation byproduct (i.e., CO2) to
CHoa (secondary methanogenesis). In combination, these processes can account for concomitant
presence of highly elevated C1/Ca+, progressively more negative 6*3C-CHa, higher [DIC], and
more positive §:3C-DIC.

In general, the observed data and subsequent interpretations highlight the importance of
adequately characterizing baseline water and gas geochemistry in areas targeted for shale gas
development. Further, these data suggest that the observed aqueous and gas geochemical
techniques can be influenced by a series of complex processes that obfuscate the true genetic
source of natural gas in groundwater. However, here | show that through careful integration of
hydrocarbon and noble gas data, one can identify the sequence of post-genetic modification
processes that influence the composition of natural gas in groundwater and determine the original

source of natural gas.
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Chapter 4. Geochemical evidence for fugitive gas contamination and associated water

quality changes in drinking-water wells from Parker County, Texas

Abstract

Extensive development of horizontal drilling and hydraulic fracturing have enhanced
energy production but have also raised some concerns about drinking-water quality in areas of
shale-gas development. One particularly controversial case that has received significant public and
scientific attention involves possible contamination of groundwater in the Trinity aquifer in Parker
County, Texas. Despite extensive prior work, controversy about the origin of natural gas and the
mechanism of its emplacement in the Trinity aquifer within this study area remains. Here, | present
a detailed geochemical dataset collected across three sampling campaigns along with the
summation of other published data from the area. Data include major and trace dissolved ions,
trace metals, molecular gas compositions (e.g., C1/C2+, N2/CH4, CO2/CHa, H2S), compound-
specific stable isotopes of hydrocarbons (§'3C and %H), dissolved inorganic carbon (§*3*C-DIC),
CO2(8%C), nitrogen (6°N-N2), water (520, §2H, 3H), noble gases (He, Ne, Ar, Kr, and Xe), boron
(8B), and strontium (87Sr/®Sr) of 20 drinking-water wells sourced from the Trinity aquifer. The
compendium of data confirms the occurrence of mixing between a natural salt- (Cl >400 mg/L)
and hydrocarbon-rich source of water with a low-salinity, shallow, and younger groundwater. The
naturally occurring salt- and gas-rich groundwater originated from the dissolution of evaporites
and reverse base-exchange reactions, while hydrocarbon gases display strong evidence for sulfate-

paired oxidation, in some cases followed by secondary methanogenesis (i.e., utilization of newly
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oxidized COz2 to form CHa4). As compared to this well-characterized baseline of water quality, the
data confirm the presence of fugitive gas contamination that originated from intermediate-depth
strata (i.e., the Strawn Group) in a subset of five drinking-water samples. Similar to recent
observations in the Marcellus region, the data suggest that following fugitive gas contamination
there is direct evidence for post-genetic secondary water quality changes that occur following
sulfate-paired hydrocarbon oxidation and secondary methanogenesis. Importantly, no evidence for
upward brine migration or contamination by chemicals used in hydraulic fracturing was identified.
4.1 Introduction

The significant expansion of horizontal drilling and hydraulic fracturing of unconventional
hydrocarbon reservoirs has rejuvenated American energy output throughout the last decade (Kerr,
2010). However, public and political support for unconventional energy extraction has been
frequently tempered by environmental concerns, including the potential for compromised
drinking-water quality from hydrocarbon gas contamination, hydraulic fracturing fluids,
salinization, or naturally occurring radioactive materials (NORMS) near shale gas development
(Darrah et al., 2014; Drollette et al., 2015; Fontenot et al., 2013; Harkness et al., 2017b; Heilweil
et al., 2015; Hildenbrand et al., 2015; Jackson et al., 2013; Llewellyn et al., 2015; Nicot et al.,
2017c; Osborn et al., 2011; Vengosh et al., 2014; Wen et al., 2019; Woda et al., 2018).

The most commonly reported groundwater water-quality concern relates to elevated levels
of methane (CHa4) in groundwater, commonly termed fugitive gas contamination. Several studies
have suggested that shale gas drilling can lead to fugitive gas contamination in a subset of drinking-
water wells near shale-gas drilling sites (Darrah et al., 2014; Heilweil et al., 2015; Jackson et al.,

2013; Osborn et al., 2011; Woda et al., 2018). Conversely, other studies suggest that CHa is
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naturally occurring and unrelated to shale gas development (Baldassare et al., 2014; Darrah et al.,
2015b; Eymold et al., 2018; Harkness et al., 2017b; Kreuzer et al., 2018; Molofsky et al., 2013;
Nicot et al., 2017c; Siegel et al., 2015; Wen et al., 2016b). Therefore, the relationship between
elevated CH4 and other aliphatic hydrocarbon gases (ethane, propane, etc.) in groundwater and
shale gas exploration remains controversial, as do the mechanisms by which fugitive gas
contamination reaches shallow aquifers in instances where releases occur.

To date, the debate on possible fugitive gas contamination has focused on determining the
source(s) and mechanism(s) (both natural and anthropogenic) from which hydrocarbon gases
originate and migrate to shallow aquifers (Darrah et al., 2014; Dusseault and Jackson, 2014;
Jackson et al., 2013; Osborn et al., 2011), the frequency of fugitive gas releases (Baldassare et al.,
2014; Molofsky et al., 2013; Siegel et al., 2015), and more recently an assessment of how fugitive
gas contamination events influence groundwater geochemistry and quality (Woda et al., 2018).
Combined, these efforts have led to a better understanding of the frequency of fugitive gas
contamination events, improved interpretation of the factors that cause them, and a
characterization of the potential suite of associated environmental risks.

Previous studies in shallow aquifers overlying the Barnett Shale (Barnett) in Parker
County, TX examined molecular hydrocarbon ratios (e.g., C2He+/CHa), carbon and hydrogen
isotopes of CHa (i.e., §?H-CHasand §'3C-CHa), compound-specific carbon isotopes of higher order
aliphatic hydrocarbons (8*3C-C2Hs), stable isotopes of nitrogen (5°N-Nz), noble gases (He-Xe),
BTEX compounds, dissolved ions (e.g., Cl, Br, NOs, SO4), and trace metals (e.g., As) (Darrah et
al., 2014; Fontenot et al., 2013; Hildenbrand et al., 2015; Larson et al., 2018; Nicot et al., 2017c;

Wen et al., 2016b; Wen et al., 2017). Data included in these studies provided a method to
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distinguish a subset of drinking-water wells with fugitive gas contamination from the majority of
drinking-water wells that contained naturally-occurring hydrocarbon gases. Although the
mechanism and pathway have remained controversial, prior work implicates that the leakage of
natural gas was sourced from an intermediate-depth formation (i.e., the Strawn Groups) into the
overlying Trinity aquifer and influenced a subset of five drinking-water wells (Darrah et al., 2014;
Wen et al., 2016b). Uncertainty remains as to whether gas sourced from the Strawn Groups
(referred here throughout as “Strawn” gas) was released as a result of shale-gas drilling activities,
changes in local water use (aquifer drawdown), or by pathways created when drinking-water wells
were drilled near the study area (Darrah et al., 2014; Larson et al., 2018; Nicot et al., 2017c; Wen
et al., 2016b). Here, additional geochemical data were incorporated in order to conduct a more
comprehensive geochemical evaluation of 20 drinking-water wells associated with this
controversial case overlying the Barnett Shale in Parker County, TX (Figure 4.1).

The detailed dataset includes major ions (e.g., Na, Ca, Mg, dissolved inorganic carbon
(DIC as HCOs3), Cl, Br, SOa), the isotopic composition of DIC (§'3C-DIC), water (5'80 and &%H),
boron (8*'B), and strontium (37Sr/8®Sr), the molecular composition of major gases (C1 to Ce+, N,
H2S, COz), the isotopic composition of major and hydrocarbon gases (53C-C1, §?°H-C1, §*C-Co,
and 8°N-Nz2), and noble gases (e.g., *He/*He, *He/?’Ne, °Ne/*®Ar, “°Ar/*®*Ar) from samples
collected at three points in time over a one year period.

The comprehensive set of information presented herein is critical for creating a general
framework to distinguish anthropogenic contamination from natural processes of gas-rich brine
migration. This work was designed to address four critical questions related to the potential for

fugitive gas contamination: 1) do comprehensive geochemical analyses support previous
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conclusions of fugitive gas contamination in Parker County, TX?; 2) does the complete dataset
confirm that intermediate Strawn-sourced natural gas is responsible for fugitive gas
contamination?; 3) does fugitive gas contamination lead to secondary changes in water quality,
such as sulfate reduction, the generation of toxic H2S (Van Stempvoort et al., 2005; Van
Stempvoort et al., 2007; Woda et al., 2018), or the redox/base exchange controlled release of salts,
oxyanions, or metals (e.g., As, Fe, Mn) from the aquifer rocks (Bennett and Dudas, 2003; Wen et
al., 2019; Woda et al., 2018) via secondary reactions?; and finally 4) is there evidence for upward
brine (or hydraulic fracturing fluid) migration associated with fugitive gas contamination?

The combination of geochemical and hydrological data allows us to: 1) determine the
source of naturally-occurring saline groundwater and hydrocarbon gases in the area; 2) identify
the source of fugitive gas contamination; and 3) resolve the extent to which secondary gas-water
interactions (e.g., CH4 oxidation, sulfate reduction, base-exchange reactions) occur in shallow
aquifers. This integrated approach will provide an improved template for future fugitive gas
investigations in other study areas in the USA and abroad.

4.2 Geologic Background
4.2.1 Fort Worth Basin

The current study area is located near the southern border of Parker County, Texas within
the Fort Worth Basin. The Fort Worth Basin is a northeastward deepening sedimentary trough that
covers approximately 38,000 km? throughout north-central Texas in the southern United States
(Figure 4.1). The stratigraphy is dominantly composed of Paleozoic sedimentary packages that
reach a maximum thickness of ~3,700 m near the western margin of the Muenster Arch, which is

a subsurface structural high in the northeast corner of the basin (Flippin, 1982; Pollastro et al.,
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2007; Walper, 1982). The basin formed as a foreland depression in response to the advancing
Ouachita fold belt onto the North American continental margin during the late Mississippian (~359
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to 323 Ma) through the early Pennsylvanian (~323 to 299 Ma). Basin subsidence continued until
crust from the North American plate began subducting under a marginal volcanic arc, which
eventually led to the thrusting of marginal marine strata towards the continental interior (Walper,
1982). The northwestward migrating hinge of the fold belt resulted in the deposition of
transgressive sequences that included the organic-rich Barnett Shale over a once-stable carbonate
shelf deposited nearly continuously from the Cambrian through the Ordovician (Figure 4.2).
Deformation of the shelf margin reactivated fault systems in the Fort Worth Basin, producing
structural features that include the Llano Uplift to the south, the Red River and Muenster Arches
to the north and northeast, and the Bend Arch to the west (Hill et al., 2007; Walper, 1982) (Figure
4.1). Within this geographic area, there is also the prominent northeast-southwest trending Mineral
Wells Fault System that has been mapped in the subsurface in the Palo Pinto, Parker, Wise, and
Denton county areas (Pollastro et al., 2003) (Figure 4.1). Because it does not correlate with the
other structural features in the Fort Worth Basin, the origin of the Mineral Wells Fault System
remains controversial and poorly understood; the leading hypothesis suggests that it was either
activated or reactivated during the Paleozoic (Montgomery et al., 2005; Pollastro et al., 2007).
Total sedimentary deposition includes an ~3,700 m thick stratigraphic sequence in the Fort
Worth Basin. The Cambrian-Mississippian carbonate platform, which contains occasional
interbedded shales, is ~1,200 to 1,500 m thick. Cambrian to Ordovician carbonates (e.g.,
Ellenburger Group) were deposited directly over Precambrian granite and diorite basement
following major erosional events that removed Silurian and Devonian strata, leaving an
unconformity above the Ellenburger Group (Henry, 1982; Turner, 1957). Transgressive sequences

of carbonates, calcareous shales, and gray shales lie above the unconformity (Bend, Lower and
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Upper Strawn, and Canyon Groups) and comprise the remaining Paleozoic strata (Herkommer and
Denke, 1982; Walper, 1982). Additionally, a sea level drop following the deposition of the
Ellenburger Group sequence resulted in prolonged exposure and karsting in the upper members
(Kerans, 1988). The organic-rich shale of the Barnett was unconformably deposited over the
Ellenburger Group during the late-Mississippian (~354-323 Ma) and has a maximum thickness of
305 m near the western margin of the Muenster Arch (Henry, 1982; Hill et al., 2007; Pollastro et
al., 2007). Gray calcareous shales and limestones of the Marble Falls Fm. were deposited directly
above the Barnett, which are separated from the overlying Pennsylvanian strata by another
disconformity (Flippin, 1982; Henry, 1982).

Pennsylvanian clastic sediments and carbonates overlie the Cambrian-Mississippian
carbonate platform; these formations are ~1,800 to 2,100 m thick. Erosion of Permian and Upper
Pennsylvanian strata preceded Cretaceous sediment deposition (Walper, 1982), which resulted
from westward progression of the Western Interior Seaway (Flippin, 1982). Relatively thin
sequences of Cretaceous rocks overlie the Pennsylvanian sequences in the eastern portion of the
Fort Worth Basin (Pollastro et al., 2007). Cretaceous units in the Fort Worth Basin include those
from the Comanche Series, which represent the stratigraphically youngest units, excluding thin
lenses of alluvium (Herkommer and Denke, 1982). The Comanche Series, including the Trinity,
Fredricksburg, and Washita Groups, constitute the principal drinking-water aquifers in Parker
County. These formations are primarily sandstone and limestone with minor amounts of calcareous

mudstone (Herkommer and Denke, 1982).
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4.2.2 Petroleum Systems in the Fort Worth Basin

Commercial oil and gas activities in the Fort Worth Basin over the last 15 years have
primarily focused on the Barnett (Bowker, 2007; Hill et al., 2007; Montgomery et al., 2005), with
peak production occurring between 2012-2014 (Texas, 2019b). In general, the Fort Worth Basin
contains multiple producing oil and gas reservoirs, including the unconventional Barnett and
conventional Ellenburger, Bend, Strawn, and Canyon Groups (Pollastro et al., 2007). Geochemical
studies suggest most of the hydrocarbon reservoirs are largely of Barnett origin that were released
and migrated episodically as a result of primary and secondary migration or hydrodynamic flow
(Jarvie et al., 2001; Jarvie et al., 2003). The Barnett has produced hydrocarbons of varying thermal
maturity (i.e., oil, oil-associated-gas, dry gas) across the Fort Worth Basin. Oil has been produced
in the northern portion of the basin and west of the Bend Arch where the basin shallows. By
comparison, oil-associated-gas and dry gas are produced progressively eastward towards the
Muenster Arch, where the Barnett is buried most deeply and at its highest thermal maturity
(Pollastro et al., 2007). Anomalously high thermal maturities in the Barnett have been identified
near the Mineral Wells Fault System and are thought to be related to hydrothermal fluid
interactions (e.g., Pollastro et al., 2003).
4.2.3 Parker County, Texas and Study Area

Locally, the thermal maturity of the Barnett is within the oil-associated-gas window
(Rodriguez and Philp, 2010). To date, seven horizontal unconventional gas wells and one vertical
well have been drilled in or under the study area, with two unconventional wells currently in
production in the southern portion of the study area (Texas, 2019a). Previous studies suggest that

the Barnett has had substantial fluid loss (dominantly as oil) to the overlying Bend and Strawn
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Groups in the Fort Worth Basin (Hill et al., 2007; Kornacki and McCaffrey, 2011; Montgomery et
al., 2005; Pollastro et al., 2007). In Parker County, rocks from the Strawn Groups have a maximum
thickness of over 750 m. The lower Strawn Group is known to contain shales with interbedded
hydrocarbon-charged intervals (Nicot et al., 2017c). The Mineral Wells Fault System has been
mapped in the northwest portion of the county, but there is no evidence that this fault or secondary
faults extend southward into the study area (Pollastro et al., 2007). Overall, the Paleozoic units in
Parker County dip northeastward toward the depocenter of the basin near the Muenster Arch
(Herkommer and Denke, 1982) (Figure 4.2), and the overlying Cretaceous units, which are
separated by an angular unconformity, dip to the east (Nicot et al., 2017c).

The primary aquifers in the study area include formations in the Trinity Group, which
consist of multiple shallow marine Cretaceous formations that increase in thickness from west (~0
m) to east (~600 m) and lie directly over the Upper Strawn Group (Herkommer and Denke, 1982;
Nicot et al., 2017c). The Trinity Group has three members. The Travis Peak Fm. (Lower Trinity,
also known as Twin Mountains Formation) composed of sandstones and conglomerates. The Glen
Rose Fm. (Middle Trinity) is sandstone with interbedded limestone. The Paluxy Fm. (Upper
Trinity) is shale with interbedded sandstone (Henry, 1982; Herkommer and Denke, 1982). Within
the study area, the Glen Rose Fm. behaves as an aquitard (Nicot et al., 2017c), while the Paluxy
Fm. is not present. As a result, the Travis Peak Fm. (Lower Trinity) is the primary groundwater
source.

The study area is bounded to the west by the Brazos River that acts as a local zone of
groundwater discharge (Figure 4.1). Regional groundwater flow is predominantly west to east

(Nicot et al., 2013). In addition to lateral groundwater flow, Nicot et al. (2013) suggest
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hydrogeologic connectivity between adjacent sandstones of the Strawn Groups and overlying
Trinity Groups, which may facilitate localized fluid migration of deeper brine and hydrocarbons
within the Trinity Aquifer system.
4.3 Materials and Methods
4.3.1 Sample Selection

This study examined groundwater above and produced gas samples from the Barnett and
overlying formations (Strawn) in Parker County, TX. Elevated levels of CH4 in a subset of
domestic drinking-water wells at this site have been the source of substantial controversy. As a
result, we collected groundwater samples from twenty (n=20) domestic drinking-water wells
multiple times over a one-year period near the city of Weatherford (Figure 4.1; Tables 4.1-3).

The study area is within the Fort Worth Basin underlain by the Barnett Shale (~1,500-2,000
m depth) (Figure 4.2A). The typical depth of drinking-water wells in the study area was 60 to 75
m. In all figures, the groundwater samples are plotted as circles (December, 2012), inverted
triangles (August, 2013), and squares (November, 2013) according to collection time. Similarly,
the abundance of CHa4 from all plots is preserved using a gray-scale intensity where white
corresponds to CH4 concentrations of 0 ccSTP/L and ranges up to black for >60 ccSTP/L. All
drinking-water wells that were previously identified as having fugitive gas contamination are
denoted by light green rims around data symbols.

Production gases from the Strawn and Barnett in Parker County were collected from
producing conventional (i.e., vertical) natural-gas-wells drilled to each target formation according
to methods described previously (Hunt et al., 2012) (Table 4.4). Producing natural-gas wells from

the Barnett and Strawn near the study area were also sampled as part of a recent groundwater study
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by Nicot et al. (2017c) who reported hydrocarbon molecular abundances (C1-Cs %) and stable
isotopes of carbon for C1-Cs hydrocarbons and stable isotopes of hydrogen for C1-C2 hydrocarbons
(Figures 4.6-7).
4.3.2 Sample Analysis

Prior to sampling, drinking-water wells were purged and simultaneously monitored for pH,
electrical conductivity, and temperature until stable values were obtained. Water samples were
collected before any treatment systems and were filtered and preserved following USGS protocols
(USGS, 2011). Water samples and produced gas samples were collected in-line with either copper
tubes or evacuated borosilicate flasks and flushed with at least 50 volumes of sample prior to
sealing (Darrah et al., 2015b).

Groundwater samples were analyzed for major ions (e.g., Na*, Ca?*, Mg?*, HCOs (as
DIC)), CI, Br,, SO4%), isotopic compositions of DIC (§*C-DIC), water (5'80-H20, §*H-H-0, *H),
boron (51'B), and strontium (87Sr/%°Sr), molecular composition of major gases (Cz to Ce+, N2, H2S,
CO>), isotopic compositions of hydrocarbon gases and N2 (53C-CHa, §?H-CHa, §**C-C2Hs, and
51°N-Nz2), and noble gas elemental ([He], [Ne], [Ar]) and isotopic (*He/*He, 2°Ne/?Ne, ?Ne/*’Ne,
BAr/BAr, OAr/*Ar, 2°Ne/*®Ar) compositions according to standard methods reported previously.

The methods for the analyses of inorganic constituents (e.g., Na*, Ca**, Mg?*, CI-, Br,
S04%) were identical to those reported previously (Osborn et al., 2011; Warner et al., 2012). Major
anions, major cations, and trace metals were measured by ion chromatography (IC), direct current
plasma optical emission spectrometry (DCP-OES), and VG PlasmaQuad-3 inductively coupled
plasma mass spectrometry (ICP-MS), respectively. The detection limit for each analyte was

determined by multiplying the standard deviation of repeated blank measurements as determined

115



by the slope of the external standard by three. Alkalinity was measured by titrating the sample with
HCI to pH 4.5. Boron (B/**B) and strontium isotope (8Sr/®Sr) ratios were analyzed at Duke
University by a Thermo Fisher Triton thermal ionization mass spectrometer (TIMS) following
methods reported previously (Harkness et al., 2017a; Harkness et al., 2018; Warner et al., 2014).
Stable oxygen and hydrogen isotopes of water (§80-H20 and §°H-H20) and §!3C-DIC were
measured at Duke University by continuous flow isotope ratio mass spectrometry using a Thermo
Finnigan TCEA and Delta+ XL mass spectrometer by methods reported previously (Harkness et
al., 2017b; Harkness et al., 2018).

Dissolved gas samples for hydrocarbon composition and stable isotopes were collected in
the field using procedures detailed by Isotech Laboratories (Isotech, 2011), stored on ice until
delivery to their facilities, and analyzed for the concentrations of C:-Cs and the carbon and
hydrogen isotopic compositions of CHa (§13C-CHa and §°H-CHa) and ethane (83C-C2Hs and §2H-
C2Hs). Procedures for stable isotope analyses of gas are summarized in Osborn et al. (2011). The
stable carbon isotopic compositions of CHa4 (53C-CHa) were determined for all samples with
[CHa4] exceeding 0.5 ccSTP/L, while the stable carbon isotopic composition of ethane (§*3C-C2He)
is available for a subset of samples with [C2Hs] exceeding ~0.1 ccSTP/L. Isotech Laboratories
uses chromatographic separation followed by combustion and dual-inlet isotope ratio mass
spectrometry to measure dissolved gas concentrations and stable isotopic composition (detection
limits for CHa, ethane (C2Hs), and propane (CsHs) were 0.001, 0.0005, and 0.0001 mol %,
respectively). The isotopic composition of N2 was determined on headspace gases by coupling a
GC (Thermo Fisher Trace Ultra) with a Finnigan Delta S MS. The GC was equipped with a 30 m

x 0.53 micron molecular sieve column (MS5A capillary), using TCD detected timing protocols
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following methods reported previously (with helium as a carrier gas) (Darrah et al., 2013). To
determine the abundance of HzS gas, the headspace gas of groundwater samples was collected in
pre-evacuated 25mL borosilicate flasks with a Teflon stopcock. Gas samples were then
equilibrated with H202 for four hours and measured as SO4? using ion chromatography (Darrah et
al., 2013; Montegrossi et al., 2001). Based on the comparison of these measurements to field
colorimetric methods (lead acetate test strips obtained from Indigo Instruments, Ontario, CN), the
analytical error is estimated to be ~20%. Importantly, because H2S is highly soluble, measured
concentrations should be considered minimum values.

Noble gas samples were collected in refrigeration-grade copper tubes that were flushed in-
line with at least 50 volumes of sample water prior to sealing with stainless steel clamps by
methods reported previously (Darrah et al., 2015b; Eymold et al., 2018; Kreuzer et al., 2018).
Major gas components (e.g., N2, Oz, Ar, CH4, C2Hs) were measured using an SRS quadrupole
mass spectrometer (MS) and an SRI gas chromatograph (GC) (Eymold et al., 2018; Moore et al.,
2018). The isotopic analyses of noble gases were performed using a VG 5400 MS at the University
of Rochester following methods reported previously (Darrah and Poreda, 2012; Darrah et al., 2013;
Hunt et al., 2012). Standard analytical errors were + 3% for noble gas concentrations ([*He], [*Ne],
[*°Ar]). Isotopic errors were approximately +0.01 times the ratio of air for *He/*He (or 1.384 x10-
6), <+0.5% and <+1% for 2°Ne/?2Ne and 2'Ne/?’Ne, respectively, and <+1% for ®Ar/*°Ar and
SOAr/®Ar, respectively.

Tritium analyses were performed to evaluate the contributions from modern meteoric
water. Tritium concentrations were measured by the in-growth of 3He using a Thermo Fisher Helix

SFT noble gas MS at The Ohio State University by methods reported previously (Darrah et al.,
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2015b; Solomon et al., 1995; Solomon et al., 1992). The [U] and [Th] in Trinity aquifer outcrop
samples collected in Parker County, TX were analyzed to evaluate the potential for in situ
radiogenic production and/or release of “He. Analyses were conducted by standard methods using
ICP-MS at Ohio State (Cuoco et al., 2013; Darrah et al., 2009).
4.4 Results and Discussion
4.4.1 Baseline Groundwater Composition: Inorganic Constituents

Ideally, baseline groundwater quality and geochemical composition should be established
prior to the onset of shale-gas drilling activities. Unfortunately, the absence of baseline water
quality data is a common challenge in studies that attempt to evaluate fugitive gas and other forms
of contamination (Darrah, 2018; Darrah et al., 2015a). Recognizing the limitations of not having
pre-drill data, baseline groundwater compositions were determined by assessing the geochemistry
of drinking-water wells from which homeowners reported no changes in water quality over time.
Though it is obviously an imperfect experimental design, geochemical observations suggest that
the drinking-water wells included as baseline: a) display statistically insignificant changes over
time; b) display statistically significant linear trends in cross-plots of conservative ionic tracers;
and c) are statistically indistinguishable from other published data across the region (Darrah et al.,
2014; Larson et al., 2018; Wen et al., 2017). For these reasons, | conclude that the selection of
samples for the baseline cohort are a reasonable approximation of baseline water quality in the
region.

The water chemistry data from the present study area reveal a wide range of solute

concentrations from dilute groundwater with Cl ~25 mg/L to highly saline water with Cl of ~430
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mg/L. The analyses indicate that mixing between naturally occurring low- and high-salinity
endmembers controls the primary dissolved ion water chemistry of samples collected as part of
this study. The relatively high-salinity ([CI] >400 mg/L) endmember is characterized by a
predominance of relatively elevated levels of dissolved inorganic carbon (DIC, as HCO3), Na, Cl,
Sr, and SO4, but relatively low Ca and Mg contents (Table 4.1). This endmember typically has low
molar ratios of Br/Cl (3 x 10) and Na/Cl (1.8), and 83C-DIC (<-12%o), but heavy 20 and ?H
(8180 >-3.5%o0, 8°H >-22%o) relative to the lower salinity water (Figures 4.3-4; Tables 4.1-2). The
distinctively low molar ratios of Br/Cl and relatively high SOs (~150 mg/L) in the saline
endmember indicate that the saline groundwater likely originated from evaporite (e.g., halite,
gypsum) dissolution. Conversely, the Na/Cl is higher than the values anticipated from the
dissolution of NaCl salts alone (~1) (Table 4.1), which suggests that base-exchange reactions led
to further Na enrichment and Ca depletion following subsequent water-rock interactions (Figure
4.3F).

Importantly, the chemical composition of the higher salinity endmember is distinctly
different from the composition of the underlying Barnett brine (e.g., Br/Cl >1.5 x103, Ca
enrichment) and rules out the possibility that the elevated salinity in shallow groundwater is
derived from natural mixing with source-rock formational brines from the Barnett. These results
are in contrast to shallow aquifers overlying the Marcellus Shale in PA, which display indications
of a past history of upward migration of brine (Warner et al., 2012). However, these observations
do not preclude the migration of hydrocarbon or saline-rich waters from other source formations

overlying the Barnett (e.g., Strawn, Bend, or Marble Falls).
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Figure 4.3: [Br] (A), [Sr] (B), [Na] (C), [Ca] (D), and §!80-H20 (E) vs. [CI] and B/CI vs.
Na/Cl (F) in domestic drinking-water wells in Parker County, TX. Methane concentrations
[CH4] are shown using gray-scale intensity (0 to 60+ ccSTP/L). Without pre-drill
geochemical data, measured baseline geochemical compositions of groundwater are assumed
to represent background conditions based on linear correlations of various ions; it should be
noted that drinking-water well owners also did not report changes in water quality over time.
These background samples are shown in grey symbols, while samples with evidence of
fugitive gas contamination are shown in green-rimmed symbols. The strong linear
correlations between dissolved solids and stable water isotopes (62H and §*30) and chloride
indicate a conservative 2-component mixing relationship between two naturally occurring
end-members; a highly saline end-member derived from base-exchange reactions with an
evaporite and a low-salinity groundwater controlled by carbonate dissolution. With the
exception of HCOs and SOas, these relationships are preserved for all inorganic components
even following fugitive gas contamination indicating that brine components do not migrate
to these shallow aquifers, at least on the time scales of this study.
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Based upon prior regional hydrological assessments (Nicot et al., 2013; Nicot et al., 2017c),
the saline component could be sourced from the Strawn that migrate into the overlying Trinity
Group. The reported groundwater geochemistry from Strawn formations differed little from
Trinity Group aquifers, with similar ranges in [Na], [CI], [Ca], and [HCOzs] (Nicot et al., 2017c).
However, on average the Strawn Group waters were slightly higher in [Na] (238 mg/L compared
to 161 mg/L), [CI] (99 mg/L compared to 67 mg/L), and [SOa4] (84mg/L compared to 61mg/L),
and lower in [Ca] (27 mg/L compared to 43 mg/L) compared to water from the Trinity Group
formations (Nicot et al., 2017c¢). These data indicate the challenges associated with distinguishing
water sourced from the Strawn or Trinity aquifers using dissolved ion chemistry. Therefore, the
extent of mixing with Strawn groundwater remains unresolved in this dataset.

The 5!B, 3C-DIC, and 8'Sr/®Sr also support the hypothesis that drinking-water in this
area is not influenced by the Barnett (Table 4.2). Low 5B (10-12%o) reflects either B desorption
from clay minerals or dissolution of gypsum and carbonate rocks and is clearly distinct from
typical oil-field brine compositions (>30%.) (Vengosh et al., 2005; Warner et al., 2014) (Figure
4.4A). The &Sr/®Sr ratios of the saline water (0.70846) are similar to values reported from the
lower end of the Middle Trinity aquifer (Wong et al., 2014), which are located ~270 km south of
the current study area (Wong et al., 2014) (Figure 4.4B). These 8Sr/%Sr data are the closest
proximity to the current study that have been reported for Trinity Group groundwater and are
consistent with Paleozoic marine carbonates and reflect minimal contributions of radiogenic Sr to
the 87Sr/®6Sr values anticipated for Paleozoic seawater (Figure 4.4B). Finally, the low §**C-DIC
(<-12%0) values observed in the saline endmember is common to groundwater systems with

elevated levels of natural hydrocarbons and reflects an equilibrium with COz that originated from
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a combination of the degradation of organic matter (e.g., -12 to -60%o) and dissolution of marine
carbonate (e.g., ~0%o), similar to what has been reported in other groundwater systems with

elevated levels of natural hydrocarbons (Figure 4.5) (Aharon et al., 1992).
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Figure 4.4: Comparison of 8B (A) and ®Sr/®Sr (B) values measured in background
drinking-water samples (blue) and drinking-water samples affected by fugitive gas
contamination (red). The data show no isotopic difference in the boron or strontium isotopic
composition and the §'!B values are much lower than the expected oil and gas brines with

(>30%o).

In contrast, the low salinity ([Cl] = ~25 mg/L) shallow groundwater endmember displays
relatively low concentrations of major dissolved elements (e.g., Cl, Ca, Na) (Table 4.1). This
endmember is characterized by high ratios of Na/Cl (15), Br/Cl (1.8x10%), and B/CI (0.06), lower
5180 (-5.6%0) and 8°H (-33.9%o) of water, relatively high [DIC] (>500 mg/L), and more positive
313C-DIC (~-8%o) than the saline endmember, and relatively low 8''B (5-6%o), while the 8/Sr/%Sr
ratio (0.70848) is quantifiably more radiogenic than the high salinity endmember (Figures 4.3-5;
Tables 4.1-2). In combination, these data suggest that the chemistry of the low-salinity endmember

is controlled by CaCOs dissolution followed by reverse base-exchange reactions that remove Ca
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from solution and displace Na and B from clay mineral surfaces with relatively low 5'B values,
increasing the Na and B in the residual groundwater (Figures 4.3-5).

Thus, the inorganic geochemistry of baseline groundwater samples in the Trinity aquifer
can be described as a conservative two-component mixing relationship between the highly saline
and low-salinity groundwater endmembers (Figures 4.3-5). Importantly, this relationship is
consistent for various geochemical species, including dissolved ions and their isotopes (e.g., Cl,
Br, SO4, Ca, Na, 5'!B, 87Sr/%Sr) and stable isotopes of water (i.e., 20 and 2H). These observations
support the interpretation that baseline groundwater reflects the dilution of a single saline water
source with minor modification by base-exchange reactions.

4.4.2 Baseline Groundwater Composition: Dissolved Gas Chemistry

The presence of natural gas in shallow aquifers can correspond to a variety of natural and
anthropogenic sources and processes (Baldassare et al., 2014; Darrah et al., 2014; Kornacki and
McCaffrey, 2011; Kornacki and McCaffrey, 2014, Siegel et al., 2015). Natural processes include:
(1) in situ microbial CH4 production in aquifers containing elevated levels of organic matter and
(2) exogenous thermogenic natural gas sourced from underlying gas-bearing formations (e.g.,
Strawn formations) (Baldassare et al., 2014; Darrah et al., 2014; Kornacki and McCaffrey, 2011;
Kornacki and McCaffrey, 2014; Wen et al., 2016b).

Natural gas released by human activities can also introduce elevated levels of hydrocarbons
into shallow aquifers. Common mechanisms for human-induced CHas release include leakage: (1)
through a poorly or uncemented petroleum-well annulus from either target formations or overlying
gas-charged formations; (2) along petroleum-wells with faulty well casings (Darrah et al., 2014;

Dusseault and Jackson, 2014; Jackson et al., 2013); (3) initiated by changes in aquifer pressure
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gradients during drilling; (4) via abandoned petroleum-wells; or (5) along existing or incipient
faults and fractures (e.g., blowout at depth; (Brantley et al., 2014; Darrah et al., 2014)). The
contributions from various sources can be resolved by a combination of hydrological, geological,
and geochemical interpretations (e.g., Baldassare et al., 2014; Darrah et al., 2014; Jackson et al.,
2013; Kornacki and McCaffrey, 2011; Kornacki and McCaffrey, 2014, Siegel et al., 2015).

The majority of samples in the present study exhibit CH4and higher aliphatic hydrocarbon
concentrations that are significantly and positively correlated with [CI] (r?>=0.611 and p= <0.001,
r?=0.644 and p= <0.001, respectively) and other dissolved inorganic components (e.g., Br, Na, Sr)
(Figures 4.3, 4.5). These variations suggest that CH4 in this subset of samples is naturally occurring
and likely controlled by the same migration processes as the saline groundwater described above.
In the samples with hydrocarbon concentrations that correlate to dissolved inorganic components,
the concentrations of CH4 range up to 21.4 ccSTP/L (Table 4.3). These levels are well below the
CHa saturation point of shallow groundwater ([CHa4]= ~40ccSTP/L at the water table), but are
above Department of Interior recommended action levels ([CH4] = 10ccSTP/L) (Eltschlager et al.,
2001).

Noble gases, including *He, serve as a valuable set of tracers capable of identifying the
source, mechanism of migration, and relative contribution of exogenous fluids (e.g., brine or
thermogenic hydrocarbon gases) in shallow aquifers (Darrah et al., 2014; Drollette et al., 2015;
Heilweil et al., 2015; Jackson et al., 2013). In groundwater, “He concentrations reflect a
combination of: 1) atmospheric inputs, 2) in situ production from U-Th-decay, 3) release of *He
that previously accumulated in detrital grains, and 4) flux from exogenous sources (Darrah et al.,

2015b). Based on the measured [U]=0.435 ppm and [Th]=0.172 ppm in Trinity aquifer rocks
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Figure 4.5: The ratios of CH4/®Ar (A), [C2Hs] (B), [DIC] (as HCO3) (C), and 5**C-DIC (D)
vs. [Cl]. In background samples, hydrocarbon gases, [DIC], and §*3C-DIC show a strong 2-
component mixing relationship with CI (and other inorganic components), which serves as a
proxy for the naturally-occurring salt-rich end-member. These observations indicate that
naturally-occurring hydrocarbon gases coexist with the salt-rich end-member. Five samples
suspected of fugitive gas contamination show substantially higher levels of thermogenic
natural gases (i.e., CH4/*®Ar above the saturation point for methane in shallow aquifers and
elevated [C2Hs]), increased [DIC], and enriched §'*C-DIC.
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(Table 4.4), the range of in situ production and accumulation for “He is <0.45 to 2.5 x 107
ccSTP/kg of water/yr assuming a porosity of 25%. Diffusion coefficients were measured on
aquifer lithology (dominantly carbonates) and used to model “He release rates, which yield an
average initial [*He] of 7.4 t0 9.2 x 10 ccSTP/g of rock (Table 4.4) following previously reported
methods (Darrah et al., 2015b). While these crustal mineral diffusional release rates exceed steady-
state production by orders of magnitude, the maximum release rates only range up to ~0.683

x107" ccSTP/L/yr.

Table 4.4. Uranium (U) and Thorium (Th) concentrations of aquifer lithologies.

Uranium Thorium
Sample

mg/kg mg/kg

Trinity-1 0.461 0.212
Trinity-2 0.416 0.164
Trinity-3 0.429 0.139
Average 0.435 0.172

uccC 2.8 10.7

Model Value 0.435 0.172

Because the measured [*He] in drinking-water wells from this study (~9,742 x 10
ccSTP/L up to 0.08 ccSTP/L [~82,535 x 10 ccSTP/L]), specifically in the methane- and salt-rich
endmember (Table 4.5), exceed the combined maximum possible contributions from ASW
([*HeJasw= 45 x 10® ccSTP/L), in situ production ([*He]insitu = 9.2 x 10 ccSTP/g), and release
from detrital grains ([*He]release = 2.5 x 10° ccSTP/L of water/yr) by orders of magnitude, these
hydrocarbon- and salt-rich fluids are likely derived from an exogenous source that has migrated

into the shallow aquifer over time.
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Table 4.5: Noble Gas Composition and Isotopic Data from Groundwater Samples. Concentrations are in ccSTP/L.

Sample [*He] [®Ne] [*Ar] ®Hel*He “Ne 2Ne FAr “OAr ‘He ONe ‘He *He/CH, )
(x10°) (x10%)  (x10°) (RIRn) Ne *Ne A *Ar *Ne ®Ar  PAr x 10° Aquifer
December 2012
BSA-1 6.76E+04 19.60 175.68 0.0384 9.94 00287 01930 3271 34483 0.495 122 1.32E+03 Trinity
BSA-2 1.22E+05  120.06 307.43 0.035 9.890 00275 01900 3156 10152 0.391 19.7  2.23E+03 Trinity
BSA-3 1.84E+04 21069  1096.28 0.050 bdl bdl 0.1870 2955 87.5 0.192 bdl 1.24E+04 Trinity
BSA-4 1956404 27450  1280.07 0.017 bdl bl 0.1886  295.4 712 0.214 bdl 7.85E+03 Trinity
BSA-5 1.82E+05 68235  1523.65 0.034 9.945 00283 01890  309.7  266.6 0.448 8.4 4.82E+03 Trinity
BSA-6 4.95E+04  154.44 359.80 0.041 9.890 00275 01890 3061 3204 0.429 130  151E+03 Trinity
BSA-7 123E+04 19332  1135.14 0.029 bdl bl 0.1870 2955 63.7 0.170 bdl 7.69E+03 Trinity
BSA-8 9.74E+03 22941 149223 0.031 9.960 00291 01860 3219 425 0.154 0.2 8.70E+03 Trinity
BSA-9 8.25E404  660.60  1592.91 0.024 9.940 00284 01880 3047 1249 0.415 5.6 3.86E+03 Trinity
BSA-10 6.72E+04 41428  1331.42 0.034 9.870 00279 01860 3049 1622 0.311 5.4 3.59E+03 Trinity
BSA-11 4.56E+04 40401  1204.73 0.029 10.090 00288 01920 3080 11238 0.335 3.0 3.65E+03 Trinity
BSA-12 3.07E+04 40749 117162 0.034 10.004 0.0287  0.1636  305.6 754 0.348 2.6 5.98E+03 Trinity
August 2013
BSA-1-2 5.47E+04 11.13 185.44 0.028 9.923 00288 01966 3333  4909.3 0.060 78 7.65E+02 Trinity
BSA-2-2 2.03E+04 3421 297.82 0.028 9.965 00282 01871 3073 5923 0.115 5.8 4.46E+02 Trinity
BSA-3-2 1.84E+04  190.26  1082.91 0.040 9.945 00284 01890 2955 96.9 0.176 bdl 1.05E+04 Trinity
BSA-5-2 1.04E+05 3.94 98.46 0.028 9.988 00288  0.2004 3671 263240  0.040 147 146E+03 Trinity
BSA-6-2 3.16E+04  124.60 589.05 0.027 10.047 00287 01929 3058 2539 0.212 5.2 9.33E+02 Trinity
BSA-7-2 1.23E+04 17457  1137.06 0.034 9.964 00280 01920 2955 705 0.154 bdl 7.69E+03 Trinity
BSA-8-2 2.22E+05  390.29 338.79 0.028 9.890 00292 01927 3271 5692 1.152 208  8.08E+03 Trinity
BSA-10-2 168E+04 37384  1634.80 0.027 9.944 00279 01900  304.2 45.0 0.229 12 1.95E+03 Trinity
BSA-11-2 2.18E+04  602.85  1476.68 0.021 10.030 00279 01870  301.6 36.1 0.408 2.4 4.12E+03 Trinity
BSA-12-2 261E+04 25148  1024.18 0.026 9.790 00276 01899 3021 10338 0.246 3.9 4.92E+03 Trinity
BSA-13 207E+04  224.27 948.12 0.025 10.030 00287 01864  305.2 92.1 0.237 2.2 4.41E+03 Trinity
BSA-14 1.88E+04  669.89  1076.00 0.019 9.940 00293 01883  303.1 280 0.623 2.3 5.78E+03 Trinity
BSA-15 275E404 25505  1223.40 0.026 10.060 00291 01935 3045 1076 0.208 25 2.73E+03 Trinity
BSA-16 5.77E+04  356.60  1452.85 0.027 9.957 00282 01889 3075 1617 0.246 33 3.17E+03 Trinity
November 2013
BSA-1-3 6.38E+04 13.09 181.76 0.03 9.870 0.0276 01960 3356 48756 0.072 8.8 9.84E+02 Trinity
BSA-2-3 1.98E+04 31.10 285.35 0.03 9.940 00289 01920 3119 6379 0.109 4.2 2.87E+02 Trinity
BSA-3-3 2.03E+04 19393  1154.37 0.04 9.740 00287 01890 2954 1046 0.168 bdl 8.33E+03 Trinity
BSA-6-3 2.64E+04 84.43 444.37 0.03 9.860 00278 01890 3146 3128 0.190 3.1 5.87E+02 Trinity
BSA-7-3 146E+04 18341  1198.78 0.03 DNR DNR 01870 2953 79.8 0.153 DNR  8.51E+03 Trinity
BSA-8-3 241E+05 19359 265.20 0.03 9.830 00294 01930 3356 12431 0.730 226 4.88E+03 Trinity
BSA-10-3 1.37E+04 28052  1484.25 0.02 9.870 00283 01890  307.9 48.9 0.189 0.7 1.08E+03 Trinity
BSA-11-3 2.38E+04 54521  1359.63 0.03 9.932 00276 01870  306.7 43.7 0.401 16 3.21E+03 Trinity
BSA-12-3 2.30E+04  217.65 942.22 0.03 9.940 00290 01900 3046  109.8 0.231 28 2.89E+03 Trinity
BSA-17 191E+04 24864 140874 0.03 9.860 00299 01890  295.3 76.9 0.177 bdl 6.47E+03 Trinity
BSA-18 142E+04  267.35  1343.49 0.03 9.830 00286 01870 2955 53.0 0.199 bdl 7.92E+03 Trinity
BSA-19 9.99E+03 24377  1385.03 0.03 9.870 00283 01890 2953 41.0 0.176 bdl 9.17E+03 Trinity
BSA-20 3.07E+04 31475  1284.71 0.030 10.010 0.0279 01865  298.9 97.6 0.245 7.0 6.02E+03 Trinity
Background Avg. | 3.18E+04 33596  1275.75 0.03 9.936 00285 01876  302.3 89.4 0.265 3.2 5.83E+03
Impacted Avg. 8.52E+04 98.37 294.10 0.03 9.919 0.0284 01922 3217 34294 0.319 115 1.96E+03
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In combination with the consistent presence of tritium (tuz2 = 12.3 years) in all samples (1.4
to 12.8 tritium units (T.U.); Table 4.2), these data support the conclusion that groundwater in this
study area reflects a mixture between relatively recently recharged, fresh meteoric water and an
older salt- and hydrocarbon gas-rich groundwater sourced from an exogenous, gas- and brine-rich
formation. Similar findings have been observed in groundwater overlying the Marcellus (Darrah
et al., 2015b; Darrah et al., 2014; Harkness et al., 2017b; Kreuzer et al., 2018; Siegel et al., 2015;
Warner et al., 2012) and other shales (Bordeleau et al., 2018b; Eymold et al., 2018; Moritz et al.,
2015; Nicot et al., 2017a; Nicot et al., 2017b; Nicot et al., 2017c) and are consistent with prior
interpretations from the current study area (Darrah et al., 2014; Nicot et al., 2013; Wen et al.,
2016b).

The relationship between water isotopes (i.e., §°H-H20, §80-H20) and salt contents
further support the model for mixing between relatively young meteoric recharge and old, “He-
rich groundwater. Water isotope values positively correlate with salinity. The most enriched §'20-
H20 and most “He-rich samples correspond to a value of [Cl]= ~400 mg/L (Figure 4.3E), while
younger, more tritium-rich samples have the lowest salinity ([CI]= ~25 mg/L), lowest [*He], and
the most negative 530 and 3%H values observed in water from the current study area.

Observed [N2] in groundwater samples are higher than the values expected for equilibrium
with dissolved atmospheric (ASW) nitrogen (Figure 4.6; Table 4.3). Atmospheric gases dissolve
into groundwater when meteoric water equilibrates with atmospheric gases prior to groundwater
recharge into the subsurface according to Henry’s Law (Weiss, 1970, 1971). As a result, natural
groundwater samples are dominantly composed of nitrogen (92%) and argon (at a fixed ratio from

the time of recharge, e.g., N2/Ar= ~38) following the relatively rapid consumption of oxygen by
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aerobic respiration (Weiss, 1970, 1971). While there can be minor differences in solubility levels
of various atmospheric gases as a function of local temperature, salinity, and atmospheric pressure
(i.e., altitude), the levels of atmospheric gases, including N2 and Ar, are relatively uniform globally
(Ballentine et al., 2002; Weiss, 1970, 1971). These atmospheric levels of N2 can obfuscate the
relative proportion of N2 derived from ASW and natural gas (Darrah et al., 2013; Hunt et al., 2012).

In addition to the ubiquitous presence of large quantities of atmospheric Nz in groundwater
samples, thermogenic natural gases can show significant contributions of radiogenic “°Ar*, where
the * denotes the radiogenic component. Produced gases from oil and gas wells in this area yielded
OAr/®Ar of up to 586, suggesting the potential for significant radiogenic contributions (Table 4.7).
This level of “°Ar* could influence the N2/Ar by ~4 times if one tried to calculate the total
atmospheric N2 by using the N2/Ar and assuming an atmospheric argon ratio of “°Ar/*Ar=295.5.
Although the molecular abundance of non-hydrocarbon gases (e.g., N2) can help define the natural
baseline and/or help can differentiate between produced gases from the Strawn and Barnett
(Kornacki and McCaffrey, 2011; Kornacki and McCaffrey, 2014), [N2] is not a valid tracer in
groundwater studies unless the data are corrected for all of the sources of nitrogen, including
atmospheric nitrogen, excess air, air contamination, thermogenic source, biogenic sources, and/or
fractionation by phase partitioning, and then characterized for the nitrogen isotopic (5°N-Nz)
composition.

Figures 4.6A and 4.7B-D show that small amounts of excess N2 in baseline samples (after
correction for radiogenic “°Ar*), ranging from 2.1 to 17.1% excess N2, display '°N-N2 values that
range from -1.06%o to 0.15%o as compared to 5°N-N2 = 0 for ASW or excess air. These values are

consistent with the thermal metamorphism of organic matter (§1°N-N2 = <-4%o) as the major source
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Figure 4.6: [N2] (A) and [?°Ne] (B) vs. [*®Ar], §*C-DIC vs. [HCOz3] (C), and §°H-CHa (D),
33C-DIC (E), and §**C-C2Hs (F) vs. §13C-CHa. Ranges for produced gases from the Strawn
and Barnett include data from the current study and data assimilated from Darrah et al. (2014)
and Nicot et al. (2017c). The background samples have normal ASW composition, but the
five anomalous samples (green-rimmed circles), including the two that displayed pronounced
changes between the initial and later sampling events, have significantly stripped ASW gas
composition consistent with fugitive gas contamination. Because microbes tend to degrade
higher-order aliphatic hydrocarbon compounds (i.e., C2+) preferentially to CH4 and also
preferentially degrade the lighter isotopes of hydrocarbon compounds, natural gases that
migrated into shallow aquifers over time should be degraded by methane oxidation, which is
observed in the majority of background samples. By comparison, the five anomalous samples
display increased [DIC] and minimal evidence for microbial oxidation consistent with the
recent introduction of fugitive gas into the shallow aquifer.
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Figure 4.7: CO2/CHa (A) and §'°N-N2 (B) vs. N2/CHa, §°N-N2 vs. C2Hs+/CHa (C), and §*°N-
N2 vs. CO2/CH4 (D). The ranges in production gas data include data from the current study
and data assimilated from Larson et al. (2018). The molecular composition of hydrocarbons
and non-hydrocarbons (CO2/CHa, N2/CH4, and C2Hes+/CH4) and the isotopic composition of
N2 (8°N-N2) implicate fugitive gas contamination from a Strawn-produced natural gas as the
most likely source of fugitive gas contamination consistent with previous reports (Darrah et
al., 2014; Larson et al., 2018; Nicot et al., 2017c; Wen et al., 2016b; Wen et al., 2017). In this
study area, these data are consistent with annulus conducted Strawn-like fugitive gas
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contamination from gas-producing horizons overlying the target Barnett Shale.
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of excess (i.e., non-atmospheric) N2 in the groundwater as opposed to sedimentary grains (§°N-
N2 = >2%o) (Darrah et al., 2013; Kornacki and McCaffrey, 2011). A recent study by Larson et al.
(2018) displayed a similar range for 6'°N-Nz and yielded similar conclusions. These 6*°N-N2
values and the presence of decreasing N2/CHa ratios in the samples with the lowest §°N-N2 are
consistent with the addition of a relatively small volume (<20%) of an exogenous hydrocarbon gas

to shallow meteoric water (Figures 4.7B-D).

Table 4.7. Noble Gas Compositional and Isotopic Data from Produced Gases. Concentrations are in ccSTP/cc.

Sample [*He] [°Ne] [°Ar] “He/CH4 *He/'He  ®Ne  ZNe ®Ar “Ar  PNe ‘He “He Prod.

(x10°) (x109) (x109) (x10°%) (RIRW)  ®Ne  #Ne *Ar ®Ar  FAr DNe Opr* Form.
Strawn-1 1.28E+03 265 552 1.53E+03 0.0421 967 00304 01870 5583 0480  4.8E+03 8.8 Strawn
Strawn-2 3.36E+03 630 1813 3.97E+03 0.0402 973 00303 01880 5509 0350  5.3E+03 7.2 Strawn
Strawn-3 4.37E+03 168 1028 5.12E+03 0.0411 981 00361 01900 5392 0160 26E+04 175 Strawn
Strawn-4 1.91E+03 66 469 2.26E+03 0.0314 980 00299 01870 551.8 0140 29E+04 159 Strawn
Barnett-1 7.14E+02 2.1 44 9.16E+02 0.0413 905 00671 01880 5733 0050 34E+05  50.0 Barnett
Barnett-2 7.25E+02 2.2 44 1.01E+03 0.0411 896 00649 01890 586.1 0050 3.3E+05  56.2 Barnett
Barnett-3 6.53E+02 2.7 51 8.36E+02 0.0360 911 00624 01901 5694  0.053 24E+02  46.5 Barnett
Barnett-4 8.13E+02 3.1 39 1.15E+03 0.0373 899 00637 01891 5476 0080 26E+02  82.8 Barnett

The correlation of hydrocarbon gases, exogenous [*He] and excess [N2], stable isotopes of
water (§?H-H20 and §'0-H20), and dissolved ions (e.g., Cl, Br, Sr) in the suite of baseline samples
suggests that a relatively small volume of saline and hydrocarbon-rich groundwater migrated from
a deeper source to the shallow aquifer on undetermined time scales and mixed with the local,
modern (i.e., tritium active) meteoric groundwater. The strength of correlation between gas, salts,
and isotopic proxies suggests coherent migration of these components and provides a suitable
template for distinguishing between natural, gas-rich, saline water migration, and fugitive gas

contamination.
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4.4.3 ldentifying Fugitive Gas Contamination

A subset of five drinking-water wells with elevated CH4 levels (up to 71.48 ccSTP/L) are
clearly distinct from the linear correlations between hydrocarbons, dissolved ions (e.g., Cl), water
isotopes, and noble gases that are observed in the suite of baseline samples (Figures 4.5-7; bolded
and italicized samples in Tables 4.1-3, 4.5). The noble gas data for each of these samples show
significant stripping relative to ASW concentrations, indicative of a large volume of gas-phase
migration in the subset of samples highlighted in green symbols (Figures 4.6A-B) (Darrah et al.,
2014).

Darrah et al. (2014) reported that C2He+/CHa versus *3C-CH4 and “He/*°Ar* versus
“He/?°Ne implicate natural gas release from the Strawn Group formations as the likely source for
fugitive gas contamination in this subset of drinking-water wells. Consequently, Darrah et al.
(2014) concluded that annulus-conducted Strawn gases, as opposed to Barnett gases, were likely
transmitted from the relatively shallow, gas-charged Strawn formations to the shallow aquifer after
the drilling of Barnett natural-gas wells provided a pathway for their release and transport. In
separate studies, Wen et al. (2016b), Wen et al. (2017), and Larson et al. (2018) also concluded
that fugitive gas was released from the Strawn formations, but implicate fugitive natural gas release
related to the drilling of drinking-water wells that penetrate the Strawn formations. Here, | explore
the capacity of additional gas-phase (compound-specific stable isotopes (8**C-CHa, §?°H-CHa, and
d13C-C2He) (Figure 4.6), non-hydrocarbon molecular gas composition (CO2/CHa, N2/CHa) and
81°N-Nz2 (Figure 4.7)), and aqueous tracers ([SO4], [DIC], and §*3C-DIC (Figures 4.5-6, and 4.8))

to identify the presence of fugitive gas contamination.
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Paired 6'3C-CHa, §°H-CHa, §3C-C2Hs, C2He+/CHa and §*3C-DIC data provide important
insights for the source and transport of natural gas into shallow aquifers in this study area (Figure
4.6). When natural gas migrates into shallow aquifers, bacteria can oxidize and degrade the
hydrocarbons at relatively rapid metabolic rates depending on redox conditions and the presence
of suitable microbial consortia. Microbial respiration and microbially-induced sulfate-paired
oxidation tend to degrade higher order aliphatic hydrocarbon compounds (i.e., CsHs, C2Hs, and
other aliphatic hydrocarbons) preferentially to CH4 and selectively degrade the lighter isotopes of
hydrocarbon compounds when groundwater redox conditions (i.e., commonly described as the
redox ladder) are favorable (Boreham and Edwards, 2008; Kessler et al., 2006; Kniemeyer et al.,
2007; Kornacki and McCaffrey, 2011; Rowe and Muehlenbachs, 1999b).

Careful consideration of aqueous and gas geochemistry of groundwater reveals important
geochemical differences between the drinking-water wells interpreted as being related to the stable
baseline and those previously identified as displaying evidence for fugitive gas contamination
(Darrah et al., 2014; Wen et al., 2016b). Baseline groundwater samples displayed strong linear
correlation between SOa, Cl, and DIC (Figure 4.8). The strong positive correlation between SO4
and ClI in baseline samples indicates a common source for both salts diluted by fresher sources of
meteoric water within or during the transport of the relatively high salinity and gas-rich
endmember into the shallow Trinity aquifer. The strong negative correlation between elevated DIC
and ClI suggests that [DIC] likely increase following the oxidation of organic carbon following
mixing (dilution) with fresher water. This interpretation is supported by the strong negative
correlation between SO and DIC. Based on these data, sulfate reduction likely influences the

hydrocarbon composition of the natural baseline samples as well.
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Sulfate-paired oxidation preferentially degrades CsHs, C2Hs, and other higher order
aliphatic hydrocarbons, which causes the C2+/C1 to decrease and the §3C-CHa, §°H-CHa, 63C-
C2Hs in the residual hydrocarbon-phases to increase over time (Figure 4.6). The relatively slow
seepage of hydrocarbons into shallow aquifers (i.e., at a rate slower than oxidation) would yield
partially degraded aliphatic hydrocarbons (Kessler et al., 2006; Kornacki and McCaffrey, 2011,
Rowe and Muehlenbachs, 1999b). By comparison, if oxidation rates exceed seepage rates, all
hydrocarbon gases would be attenuated by microbial activity and converted to DIC, while SO4
would eventually be exhausted. It is important to note that conservative tracers such as Cl and
noble gases would remain as the only indicator of a previous episode of gas- and salt-rich fluid
migration, while DIC and *3C-DIC can provide a (non-conservative) record of prior interactions.
Conversely, if natural gas seepage rates exceed the rates of oxidation, hydrocarbon levels would
remain high and both the molecular (C2+/C1) and isotopic (8*3C-CHa, 6?H-CHa, §3C-C2He)
composition would be more consistent with their source.

Using this conceptual model, | investigated the extent to which microbes might have
attenuated the hydrocarbons in shallow aquifers from this study. Plots of §*C-DIC versus [DIC],
82H-CHa versus §*C-CHa, 513C-DIC versus §*C-CHa, and §'¥C-C2Hs versus §*C-CHa (Figures
4.6C-F) show two distinct subsets of data, which correspond with homeowner reported changes in
water quality. The baseline samples display moderate hydrocarbon oxidation paired with sulfate
reduction that decreased [SOa4] and increased [DIC] (Figure 4.8C). These data are consistent with
partial degradation of hydrocarbons by sulfate-paired oxidation. The observation of more highly
degraded hydrocarbons is highlighted by progressively enriched §?°H-CHa, §3C-CHa, and 8'3C-

C2Hs resulting from the preferential selection of the lighter isotopes of each hydrocarbon
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component during microbial oxidation (Aharon et al., 1992; Knoller and Schubert, 2010) (Figure
4.6). Sulfate-paired oxidation likely occurred when waters mixed and encountered different redox
conditions.

By comparison, the subset of samples with evidence of fugitive gas contamination do not
display any quantifiable changes in the concentrations of Cl, Br, Na, Sr, or other conservative
tracers (Figure 4.3). This subset of samples displays markedly higher concentrations of CHa4 (up
to 71.48 ccSTP/L), C2Hs (up to 7.87 ccSTP/L), and CsHs (up to 2.11 ccSTP/L) when compared to
the values predicted by linear regression models of baseline samples. Two of the five samples
influenced by fugitive gas contamination display elevated [DIC] and §3C-DIC and decreased
[SO4], all of which are outside of the 95% confidence interval for linear regressions based on the
best fits of the baseline. Two of the remaining three samples influenced by fugitive gas
contamination displayed significant increases in hydrocarbon concentrations during the study
period and small, but quantifiable increases in [DIC] and §*C-DIC.

Samples with evidence of fugitive gas contamination display hydrocarbon and non-
hydrocarbon molecular ratios (e.g., C2Hs+/CHa, N2/CHa, CO2/CHoa) that are significantly different
(Independent-Samples T Test p = <0.001, 0.001, and <0.001, respectively) from the majority of
baseline samples. The molecular ratios reflect significant increases in the relative abundance of
thermogenic hydrocarbons with respect to baseline samples supporting prior conclusions of
fugitive hydrocarbon gas contamination in this subset of samples.

Once fugitive gas contamination has been identified, it is critical to determine the source
and mechanism by which leakage occurred in order to evaluate potential risks to groundwater

quality, develop strategies to mitigate leaks, and improve drilling and well completion techniques
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(Darrah et al., 2014). Previous work in this area suggested that the molecular abundance of
hydrocarbon (C2Hs+/CH4) and non-hydrocarbon gases (e.g., N2/CO2 or N2/CH4), compound-
specific isotopes (e.g., 8*C-C2Hs), and the isotopic compositions of non-hydrocarbon gases can
help differentiate between fugitive gases derived from the Strawn and Barnett (Kornacki and
McCaffrey, 2011). Non-hydrocarbon tracers are specifically important because it is difficult to
differentiate between these sources using traditional hydrocarbon tracers (Figures 4.6-7) (Darrah
et al., 2014; Kornacki and McCaffrey, 2011).

Each molecular tracer (e.g., C2Hs+/CH4, N2/CHa4, CO2/CH4) displays values largely
consistent with data from Strawn gases, and none of the parameters are uniquely consistent with
Barnett gases. Thus, the simplest explanation is that fugitive gases were sourced from the Strawn
(Figures 4.6D-F, 4.7). Nonetheless, post-genetic processes that occur in groundwater can alter
molecular and isotopic ratios of natural gas and obfuscate their original source. These
complications prohibit direct comparisons between the gas geochemistry in water and produced
gases. For example, N2 is the most abundant gas-phase component in recently recharged meteoric
groundwater (~10-17 ccSTP/L), while the atmosphere constitutes a major source of potential
contamination during sampling (~78%). For these reasons, a direct comparison between N2 levels
or ratios involving Nz (e.g., N2/CHa) in groundwater and produced gas samples (Kornacki and
McCaffrey, 2011) is tenuous unless the relative N2 contributions from air-saturated water, excess
air, and exogenous gases can be uniquely constrained. Similarly, because COz2 is highly soluble
(~28x more soluble in water than CH4 at 10°C) and rapidly dissociates to DIC, the use of gas-
phase [CO2] or ratios of CO2 to other gases (e.g., CO2/N2, CO2/CHa) in groundwater studies is

problematic. As a result, the CO2/CHa (and other ratios involving CO2) collected from the gas-
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phase must be considered as a minimum value. Thus, although it is tempting to use the ratios of
N2 and CO2 (Figure 4.7) as an indicator of fugitive gas contamination from the Strawn Group
formations, one must consider these limitations. For these reasons, while N2 and CO2 molecular
tracers clearly have utility for identifying the presence of fugitive gas contamination, their
application for determining the source of natural gas is quite restricted.

The isotopes of non-hydrocarbon gases, such as N2 or CO2 may provide additional insight
and improve the utility of these tracers. In comparison to baseline samples, samples with evidence
of fugitive gas contamination display significantly depleted 5°N-N2 (-5.62 to -3.16%o). These
more negative values likely represent mixing between ASW and an exogenous source of nitrogen
derived from the degradation of organic matter. However, like the molecular composition of Nz,
the 51°N-N2 values do not uniquely implicate Strawn gases (nor do they identify a Barnett source).
Instead, the observed 8'°N-Nz2 in groundwater samples is a function of the degree to which ASW
gases have been stripped. Assuming an initial starting composition for [N2] of 10-17 ccSTP/L and
taking the average N2/CHa for Strawn gases (0.051), the introduction of 51.4 ccSTP/L of CH4 (the
average CHa concentration in samples with other indicators of fugitive gas contamination) would
only result in an increase of 2.6 ccSTP/L of N2 or between 15.3 and 26.1% of the total N2z in the
groundwater sample. Those levels of non-atmospheric nitrogen contamination with Strawn gas
would change the 8®N-N2 in groundwater by a total of between -1.44 and -2.46%.. However,
because stripping reduces the volume of initial ASW Nz, the residual mixture would contain a
higher proportion of exogenous N2 allowing deviations from atmospheric §*°N-Nz2to be quantified.
Hence, like noble gases, 51°N-Nz: is a sensitive indicator for the occurrence of stripping and hence

the presence of fugitive gas contamination (Darrah et al., 2014; Wen et al., 2016b). Nonetheless,
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like the discussion of molecular tracers above, the role of §'°N-N: as a tracer for the source of
natural gas is limited.

There are similar limitations to applying §**C-COz. These limitations are discussed below
but are largely related to the fact that the §'*C-COz is buffered by dissolution into water and the
labile nature of carbon during hydrocarbon oxidation, methanogenesis, and gas-water partitioning.
Thus, while the abundance of N2 or CO2 and their isotopes can be valuable tracers for identifying
the presence of fugitive gases, their utility as a method to fingerprint fugitive gas sources is actually
quite limited, particularly in this setting.

4.4.4 Secondary Processes and Challenges with Identifying the Source of Fugitive Gas
Contamination

While the inorganic geochemical dataset does not show evidence for the migration of
formational brines (discussed further in 4.6), there are noticeable changes in [SO4] and [DIC] for
some of the impacted drinking-water wells. Importantly, these changes are the only observed
differences in inorganic tracers between the baseline samples and the samples influenced by
fugitive gas contamination.

The naturally-occurring hydrocarbon- and salt-rich endmember displays intermediate
[DIC] and relatively negative §3C-DIC (~-12%o). These 8'3C-DIC values are non-unique and
consistent with soil organic matter and partial oxidation of hydrocarbon gases paired with sulfate
reduction. The latter interpretation is supported by the presence of quantifiable levels of H2S (3-
61 x 10 ccSTP/L) in these samples. Importantly, this subset of samples inferred to be consistent
with baseline does not display any deviations from the linear SOs-Cl trend (Figure 4.8A).

In contrast, several samples in the subset impacted by fugitive gas contamination display

significant deviations from baseline samples for both [SO4] and [DIC]. The first two samples
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Figure 4.8: [SO4] vs. [CI] (A), H2S/SOa4 vs. C2He+/CHa (B), [SO4] vs. [HCOs] (C), and [H2S]
vs. H2S% of total [S] (D). In background samples, SO4, HCOs, and ClI reflect a conservative
2-component mixing relationship independent of [CH4]. In anomalous samples with evidence
of fugitive gas contamination, there is a significant decrease in SO4 and increase in HCOs
and H2S. These data are consistent with methane oxidation and sulfate reduction, which
produces HaS.
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influenced by fugitive gas contamination show extensive depletion of SOs, while two of the
remaining three samples (including two that experienced marked increases in CH4 concentrations
during the study) display trends of minor decreases in SO4 concentrations during this study.
Similarly, these samples displayed a marked enrichment of [DIC] and variable increases in 3C-
DIC (Figure 4.5). Each of the three remaining samples displays higher [DIC] and §*3C-DIC values
that have experienced minor increases throughout time. Similar trends are observed when
comparing the proportion of H2S relative to SO4, which show nearly quantitative conversion of
SO4to H2S. These trends indicate that post-genetic sulfate-paired hydrocarbon oxidation following
fugitive gas contamination degrades hydrocarbons and converts the sulfate pool to H2S (Figure
4.8).

Bacterial sulfate reduction (BSR) converts SO4 to H2S and typically occurs in highly
reducing conditions triggered from either mineralization of organic matter or bacterial CHa
oxidation. BSR is known to occur in other methane-contaminated aquifers (Humez et al., 2016;
Knoller and Schubert, 2010; Van Stempvoort et al., 2005; Van Stempvoort et al., 2007; Woda et
al., 2018). In either scenario, the SOa4 reduction is typically associated with an increase of [DIC]
and the occurrence of lighter §3C-DIC (Aharon et al., 1992; Van Stempvoort et al., 2005; Van
Stempvoort et al., 2007). However, the occurrence of both elevated [DIC] and enriched §*C-DIC
in samples with fugitive gas contamination (Figures 4.5D, 4.8C) initially appears inconsistent with
this assertion.

I envision four plausible explanations that could account for the apparent mismatch
between low SO, elevated [DIC], and enriched §*C-DIC. These include: 1) the dissolution of

enriched $3C-DIC from carbonate rocks present in the Trinity aquifer following H2S generation;
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2) preferential oxidation of higher aliphatic hydrocarbons; 3) an external source of CO2 with a high
513C; and 4) secondary methanogenesis.

Because there are no increases in [Ca] and [Sr] or changes in the Na/Cl or 8/Sr/%®Sr that
should accompany base-exchanges reactions associated with the dissolution of carbonates (Figures
4.3-4), it is reasonable to rule out Scenario 1. The preferential oxidation of higher order
hydrocarbons could account for the increase in [DIC], but would not produce sufficiently enriched
S13C-DIC. The §**C of C2+ components in this study area have a range of §3C-Cx between -34.3
and -28.1%o (Hill et al., 2007; Rodriguez and Philp, 2010; Zumberge et al., 2012)) (Table 4.2),
which cannot accommodate mass balance considerations of both [DIC] and §*3C-DIC. Further, no
quantitative decrease in C2+/C1 was observed in this subset of samples (Figures 4.6-8). The relative
enrichment of DIC in the affected drinking-water wells (29 to 158 mg/L) corresponds to the
addition of CO2 (0.48 to 2.59 mmol CO2/L of water), with two possible external sources for DIC
in samples with evidence for fugitive gas contamination.

Here, | evaluate whether the Strawn-sourced gas is a viable explanation for all of the
geochemical observations. Strawn gases contain up to 0.5% CO:2 by volume with a relatively
enriched §*C-CO:z in this area (-2.31 to -5.72%o) (Table 4.6). Although Strawn [COz2] are lower
than those of the Barnett (0.9-1.2%), it is important to consider that these [CO-] are actually ~12.5
times higher than the atmospheric values of COz. As a result, the [CO2] in fugitive gas from the
Strawn could lead to increases in [DIC] if released directly into the Trinity aquifer or in conditions
of exceedingly high volumes of gas relative to water (i.e., Vgas/Vwater).

Similarly, the elevated $*C-COz2 in Strawn-produced gases could also account for the

observed increase in the 3:3C-DIC. One potential conflict with this conclusion is that slow seepage
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of Strawn gases into the Trinity aquifer is thought to account for baseline methane- and salt-rich
fluids in the current study area (Darrah et al., 2014; Larson et al., 2018; Nicot et al., 2017a; Wen
et al., 2017). The absence of a clear Strawn influence in baseline samples may instead reflect the
highly soluble nature of CO2 during fluid transport. The slow migration of Strawn gases would
allow COz2 from the Strawn to dissolve into and equilibrate with formation waters during fluid
transport. By comparison, the transport of relatively large volumes of Strawn gases (i.e., extremely
high Vgas/Vwater) into the shallow aquifer would occur without sufficient opportunity for CO2 to
dissolve into formation waters and allow highly soluble CO: to reach the Trinity aquifer. As a
result, it is plausible that the dissolution of CO2 from Strawn-sourced fugitive gases (Scenario 3)
could account for both trends of progressively enriched §3C-DIC and elevated [DIC] associated
with sulfate reduction triggered by fugitive gas contamination.

Secondary methanogenesis (i.e., the conversion of previously oxidized hydrocarbons to
CHa by microbial consortia) could also account for the observed enrichment in §**C-DIC (Scenario
4). The 8'3C-DIC of the DIC pool utilized to generate microbial CHa is dependent on the extent of
hydrocarbon oxidation and the §*C of the oxidized compounds. Partial oxidation followed by
secondary methanogenesis should be paired with a decrease in the DIC pool, increase in §**C-DIC,
and decrease in the 8®C-CHa4. Samples interpreted to have been influenced by fugitive gas
contamination display more negative §:3C-CHathan the rest of the samples included in the current
study, and in some cases §**C-CHa is lower than the range of data observed for production gases
from either the Barnett of Strawn produced gases. At least one of the samples (BSA-2) displays
clear evidence for secondary methanogenesis with both the presence of more negative (5*C-CHa

ranges from -51.19 to -50.64%o across the sampling times) and associated heavier §*C-DIC (-1.0
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to -2.0%0 across the sampling times). However, one would anticipate that secondary
methanogenesis would be associated with an overall decrease in [DIC]. Instead, the [DIC] for
BSA-2 range from 583.8 to 604.6 mg/L, which is the second highest [DIC] in the current study.
The degree of oxidation and associated [DIC] are difficult to constrain, which indicates that the
observed [DIC] may reflect the partial loss of the original DIC pool, making it challenging to
eliminate Scenario 4 based on the relative DIC levels. While the relationship between oxidation
and secondary methanogenesis is markedly less clear for the remaining samples influenced by
fugitive gas contamination, we note that each of these samples also displays relatively high [DIC],
more positive §3C-DIC, and lower [SO4] compared to baseline samples; these samples also
displayed more negative 6'3C-CHa (Figures 4.6-8). Although total H2S concentrations were higher
in some of the baseline samples, the highest H2S/SO4 were found in the subset of samples with
evidence of fugitive gas contamination suggesting nearly quantitative conversion of sulfur to H2S
(Figure 4.8). Each of these observations is consistent with sulfate-paired oxidation followed by
secondary methanogenesis (Scenario 4).

Although it is challenging to distinguish between Scenarios 3 or 4, a component of
secondary methanogenesis is necessary to explain all of the data. A careful review of the §?°H-CHa
versus 813C-CHs displays a linear trend of more negative 8'3C-CHa (ranging from -46.22 to -
51.19%o0) without any quantifiable changes in 8*3C-C2Hs in the subset of samples with evidence
for fugitive gas contamination (Figure 4.6F). If the DIC and §'*C-DIC were related to the
dissolution of migrated natural gas from the Strawn alone (Scenario 3), one would not anticipate
a decrease in the §**C-CH4 composition. Mixing with a third endmember (e.g., primary microbial

CH4) could account for the linear trend observed in Figure 4.6F but cannot account for the
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increases in DIC or decreases in SO4 (which can be accounted for by sulfate-paired oxidation).
However, while oxidation of Strawn-sourced gases can accommodate the observed changes in DIC
and SOa, oxidation would influence both the §*3C-CHaand §*3C-C2Hs, while influencing the §*3C-
C2Hesto a greater extent. While contributions of Strawn-derived CO2 (Scenario 3) cannot be ruled
out, single-stage dissolution of CO2 from Strawn-sourced gases alone cannot account for the mass
balance of observed increases in [DIC]. In fact, assuming 100% of the CO:2 derived from a single
pulse of fugitive Strawn-sourced gas dissolved into the Trinity aquifer, it would only account for
an increase of [DIC] between 2.7 and 8.2 mg/L. These observations suggest Scenario 3 is only
viable in a multiple stage process in which at least 12-37 volumes of Strawn-sourced gas migrated
through the Trinity Aquifer and quantitatively dissolved the CO2 (or more volumes with partial
dissolution).

Based on all of these considerations, the most parsimonious explanation involves a multiple
stage process. The first stage begins with the migration of fugitive Strawn-sourced gas (consistent
with Scenario 3) to the Trinity aquifer. Next, the majority of Strawn-sourced CO2 dissolves into
groundwater of the Trinity Aquifer, which would increase the [DIC] and §3C-DIC and increase
the CO2 pool for methanogenic activity. In the third stage, sulfate-paired hydrocarbon oxidation
increases the [DIC] and decreases the [SO4]. If sulfate-paired aerobic oxidation was the terminal
stage of the reaction the residual §**C-CHa4 would be more positive than the original source; this
trend is observed in baseline samples. However, if the microbial consortia utilize the newly
developed, labile DIC pool to generate microbial CH4 from the previously oxidized hydrocarbons,
it will lead to an overall decrease in the 6'3C-CHa without any changes in the §3C-C2Hs and small

increases in 8*C-DIC. As a result, a complete understanding of these multiple-stage processes
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requires a fourth stage (secondary methanogenesis) to adequately explain the observed data.
Similar reactions can influence the geochemistry of water and gas geochemical tracers in other
fugitive gas studies, at least in instances where sulfate-paired aerobic oxidation is an intermediate
step in the process of post-genetic hydrocarbon oxidation in shallow aquifers.
4.4.5 Comparison to Observations in Appalachian Basin

These observed changes in DIC and SO4 are consistent with recent findings by Woda et al.
(2018) who observed SOa4 reduction and the occurrence of HzS formation in a normally-oxidizing
groundwater system in Pennsylvania located near a producing natural gas well with known
integrity issues, which they associated with sporadic gas release. Interestingly, they also observed
metal reduction prior to the reduction of sulfate and the release of soluble Fe and Mn in their time
series data. Although these trends were not seen in our dataset, there are important differences
between the two study areas. The aquifers overlying the Marcellus in their region of study are
normally oxidizing and have relatively low levels of SO4. As a result, increasingly reducing
conditions must first pass through the metal reduction stage. This is observed first by the release
of redox sensitive and potentially toxic trace elements into the groundwater in areas of
anthropogenic gas release in PA (Woda et al., 2018). In our study area, the aquifer was naturally
in a reduced state as indicated by the presence of active sulfate reduction, H2S, and sulfate-paired
hydrocarbon oxidation in baseline samples (Figure 4.8). Future studies in Parker County should
monitor other redox sensitive and toxic trace metals (e.g., As) to determine if these secondary
reactions impair water quality beyond safe drinking-water levels due to unnaturally reduced

groundwater conditions.
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Overall, these data confirm the presence of fugitive gas contamination in 5 of 20 drinking-
water wells. Like Pennsylvania, our dataset identifies secondary changes in water quality related
to the introduction of fugitive gases. However, those changes are dependent upon a given aquifer’s
position on the redox ladder and baseline geochemistry prior to the introduction of fugitive natural
gas. In either case, the occurrence of fugitive gas contamination induces highly reducing conditions
that leads to CH4 oxidation and sulfate reduction in the Trinity aquifer. In combination, these
processes favor the conversion of sulfate to H2S. While these processes do not present emergent
hazards like explosion, asphyxiation, or even metal contamination, they may produce a
“geochemical hangover” in aquifers with naturally elevated SO4 that can be converted to H2S.
Over time, this process may lead to chronic Hz2S exposure and eventually lead to the release of
oxyanion forming metals adsorbed onto aquifer solids.

4.4.6 Implications of Fugitive Gas Contamination

One of the public concerns related to shale gas drilling is the suggestion that fugitive gas
contamination could precede the future migration of formational brines and/or hydraulic fracturing
fluids containing radionuclides and other toxic compounds (Darrah et al., 2014; Llewellyn et al.,
2015; Vengosh et al., 2014). Although multiple lines of geochemical evidence suggest the presence
of fugitive gas contamination in five drinking-water wells, these data show that there is no evidence
for the arrival of hydraulic fracturing fluids and/or formation water. These conclusions are based
on the lack of any changes in the linear relationships between the majority of inorganic constituents
(e.g., Ca, Na, Cl, Br, Sr, §'!B, 8/Sr/?®Sr), including the drinking-water wells with evidence of
fugitive gas contamination (Darrah et al., 2014). In fact, with the exception of SO, HCOs, and

their isotopes, the regression of inorganic data for samples with evidence of fugitive gas
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contamination (including those that changed over time) is indistinguishable from a regression of
the baseline samples. These results suggest a single continuous population that is unaltered by the
presence of fugitive gas contamination for most inorganic components and is consistent with the
lack of any addition of an exogenous brine component during the time period of this study. These
results preclude the current migration of formational brines (and likely hydraulic fracturing fluids)
from the deep subsurface to shallow aquifers in this study area, at least through the time interval
of this investigation.
4.5. Conclusions

Previous studies implicated Strawn Group produced gases as the likely source of fugitive
gas contamination in a subset of shallow groundwater drinking-water wells in Parker County,
Texas based on a combination of hydrocarbon molecular and stable isotopic compositions,
dissolved ion geochemistry, and noble gas geochemistry. Here, the ability to identify fugitive gas,
the source formation of contamination, and secondary environmental impacts have been tested
using a more comprehensive suite of geochemical parameters including stable isotopes of water,
8B, 87Sr/8Sr, $13C and 8°H of CH4 and C2Hs, §*C-DIC, and 6°N-Nz, [H2S], and ratios of major
gases, in addition to the previously used geochemical techniques. These data confirm the presence
of fugitive gas in a subset of samples that is clearly distinct from baseline mixing between a high
salinity, high SO4 endmember and recently recharged meteoric water. The data presented here also
suggest stable isotopes such as nitrogen 5°N-N2 and major gas ratios such as N2/CHa, CO2/CHa
may be used to identify fugitive gas contamination but are only useful for identifying the sources
if all components of N2 (e.g., excess air) or reactions involving CO2 (e.g., carbonate dissolution)

can be constrained, which is not the case in the current study area. A combination of geochemical
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data suggest that secondary reactions includes sulfate-paired hydrocarbon oxidation, secondary

methanogenesis, and the formation of H2S.
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Chapter 5. Concluding Remarks

In order to properly evaluate the presence of thermogenic natural gas in scenarios of
naturally-occurring migration and fugitive gas contamination, the work presented in this document
has highlighted both the importance of integrating a diverse suite of geochemical techniques as
well as the full consideration of processes that may affect hydrocarbons once present in shallow
groundwater. In particular, the work presented here suggests inert noble gases are a critical
geochemical tool for distinguishing between in situ processes of post-genetic modification of
hydrocarbons such as oxidation and secondary methanogenesis or alteration following transport
or mixing. For the first time, the process of secondary methanogenesis following the aerobic
microbial oxidation of thermogenic hydrocarbons has been quantifiably modeled and applied to
previously published groundwater data and the new data presented herein. Secondary
methanogenesis may explain commonly observed hydrocarbon geochemical signatures that were
previously presumed to result from extreme hydrocarbon molecular and stable isotopic
fractionation as a result of solubility partitioning during migration and mixing with microbial gas.

Future work in the field of hydrocarbon contamination of shallow groundwater should
focus on the potential secondary effects resulting from microbial degradation of natural gas.
Recent work in the Appalachian Basin observed the redox-controlled release of metals such as
iron as a result of intermittent pulses of fugitive gas that was subsequently oxidized by microbes.
Evidence of changing redox states were also observed in the work presented here from Parker

County, Texas. The sudden change from oxidizing to reducing conditions may release other, more
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toxic metals (e.g., arsenic) and this should be monitored in areas suggested to be contaminated by

fugitive gas.
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