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Abstract

The last decade has seen a dramatic increase in domestic energy production from unconventional reservoirs. This energy
boom has generated marked economic benefits, but simultaneously evoked significant concerns regarding the potential for
drinking-water contamination in shallow aquifers. Presently, efforts to evaluate the environmental impacts of shale gas devel-
opment in the northern Appalachian Basin (NAB), located in the northeastern US, are limited by: (1) a lack of comprehensive
“pre-drill” data for groundwater composition (water and gas); (2) uncertainty in the hydrogeological factors that control the
occurrence of naturally present CH4 and brines in shallow Upper Devonian (UD) aquifers; and (3) limited geochemical tech-
niques to quantify the sources and migration of crustal fluids (specifically methane) at various time scales. To address these
questions, we analyzed the noble gas, dissolved ion, and hydrocarbon gas geochemistry of 72 drinking-water wells and one
natural methane seep all located >>1 km from shale gas drill sites in the NAB. In the present study, we consciously avoided
groundwater wells from areas near active or recent drilling to ensure shale gas development would not bias the results. We
also intentionally targeted areas with naturally occurring CHy to characterize the geochemical signature and geological con-
text of gas-phase hydrocarbons in shallow aquifers of the NAB. Our data display a positive relationship between elevated
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[CH4], [C,Hg), [Cl], and [Ba] that co-occur with high [*He]. Although four groundwater samples show mantle contributions
ranging from 1.2% to 11.6%, the majority of samples have [He] ranging from solubility levels (~45 x 10~® cm® STP/L) with
below-detectable [CH4] and minor amounts of tritiogenic *He in low [Cl] and [Ba] waters, up to high [*He]= 0.4 cm® STP/L
with a purely crustal helium isotopic end-member (*He/*He = ~0.02 times the atmospheric ratio (R/Ra)) in samples with CH,
near saturation for shallow groundwater (P(CH,) = ~1 atmosphere) and elevated [Cl] and [Ba]. These data suggest that “He is
dominated by an exogenous (i.e., migrated) crustal source for these hydrocarbon gas- and salt-rich fluids. In combination with
published inorganic geochemistry (e.g., *’Sr/*°Sr, Sr/Ba, Br~/Cl7), new noble gas and hydrocarbon isotopic data (e.g.,
20Ne/*®Ar, C,+/C,, 3'3C-CH,) suggest that a hydrocarbon-rich brine likely migrated from the Marcellus Formation (via pri-
mary hydrocarbon migration) as a dual-phase fluid (gas + liquid) and was fractionated by solubility partitioning during fluid
migration and emplacement into conventional UD traps (via secondary hydrocarbon migration). Based on the highly frac-
tionated “He/CH, data relative to Marcellus and UD production gases, we propose an additional phase of hydrocarbon
gas migration where natural gas previously emplaced in UD hydrocarbon traps actively diffuses out into and equilibrates with
modern shallow groundwater (via tertiary hydrocarbon migration) following uplift, denudation, and neotectonic fracturing.
These data suggest that by integrating noble gas geochemistry with hydrocarbon and dissolved ion chemistry, one can
better determine the source and migration processes of natural gas in the Earth’s crust, which are two critical factors for

understanding the presence of hydrocarbon gases in shallow aquifers.

© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The extraction of unconventional hydrocarbon
resources, which has been enhanced by horizontal drilling
and hydraulic fracturing, has rejuvenated American and
international domestic energy development (Kerr, 2010;
Tour et al., 2010). These new technologies have reduced
electricity generation from coal and expanded oil and
natural gas production by exploiting previously untapped
black shales and tight sands (Kerr, 2010; Tour et al.,
2010). Despite these economic benefits, potential risks for
drinking-water  contamination remain a concern
(Molofsky et al., 2011, 2013; Osborn et al., 2011; Jackson
et al., 2013; Vidic et al., 2013; Darrah et al., 2014;
Vengosh et al., 2014; Heilweill et al., 2015; Siegel et al.,
2015; Drollette et al., 2015). Specific environmental con-
cerns include the presence of elevated levels of combustible,
thermogenic gases in drinking-water wells <1 km from
shale gas drilling sites (Osborn et al., 2011; Jackson et al.,
2013; Darrah et al., 2014) in the northern Appalachian
Basin (NAB) (Fig. 1).

A lack of information about: (1) comprehensive pre-drill
groundwater data; (2) uncertainty in the timing and condi-
tions of geological and hydrogeological migration of
hydrocarbon-rich crustal brines and/or natural gas; and (3)
a robust set of geochemical techniques that can accurately
constrain the source, mechanism, and timing of fluid migra-
tion in the Earth’s crust, limits our understanding of the envi-
ronmental impacts of shale gas development, specifically
whether the presence of natural gas in drinking-water is nat-
ural or anthropogenic (Molofsky et al., 2011, 2013; Osborn
et al., 2011; Jackson et al., 2013; Darrah et al., 2014, 2015).
In the NAB, geochemical evidence (e.g., Br /Cl~ and
87Sr/8%6Sr) suggests that cross-formational pathways may
transmit diluted Middle-Devonian (i.e., Marcellus-like) gas-
rich brines to shallow aquifers on yet undetermined time
scales and by uncertain migration processes (Warner et al.,
2012; Vengosh et al., 2014), while a subset of drinking-
water wells may have elevated levels of methane because of

the presence of poor gas-well integrity in areas <1 km from
drilling (Osborn et al., 2011; Jackson et al., 2013; Darrah
et al., 2014). Conversely, natural methane seeps (e.g., Salt
Spring State Park, Montrose, PA) provide compelling
evidence for natural geological gas migration, unrelated to
shale gas development (Molofsky et al., 2011, 2013; Warner
et al., 2012; Baldassare et al., 2014; Darrah et al., 2014). In
this paper, we focus on understanding the natural mecha-
nisms of migration for the emplacement of hydrocarbon
gases into shallow aquifers by studying these processes in
the NAB, which is an example of an archetypal unconven-
tional energy basin located in the northeastern United States.

The occurrence, distribution, and composition of hydro-
carbons in the Earth’s crust, including Devonian
hydrocarbon-bearing formations in the NAB (Fig. 1), result
from the complex interplay between the tectonic and hydro-
logic cycles (e.g., Bethke and Marshak, 1990; Cathles, 1990;
Ballentine et al., 1991). For example, tectonic processes
induce catagenesis (by increasing burial) and drive the migra-
tion of hydrocarbons and “deep” crustal brines. Hydrocar-
bon migration, which is often accompanied by ‘“deep”
crustal (“oil field”) brines, typically occurs by two major pro-
cesses: (1) primary migration out of source rocks (e.g., black
shales, which constitute modern-day unconventional hydro-
carbon reservoir rocks) and (2) secondary migration, which
transports hydrocarbons away from the hinterland (Oliver,
1986; Allen and Allen, 1990; Bethke and Marshak, 1990),
where regional groundwater flow and buoyancy forces
emplace them in stratigraphic or tectonically-induced struc-
tural traps (Cathles, 1990; Ballentine et al., 1991; Sherwood
Lollar and Ballentine, 2009). Following primary and sec-
ondary migration, hydrocarbon- and brine-rich fluids may
be restricted to deeply buried stratigraphic and structural
traps or to ““‘unconnected” fractures, limiting their interac-
tion with the active hydrologic cycle (e.g., Selley, 1998;
Engelder, 2012; Holland et al., 2013). For example, at the
time of maximum burial, the Marcellus and overlying UD
traps in the study area were likely buried 2-6 km below the
surface (Evans, 1995).
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Fig. 1. A generalized stratigraphic column (left), areal extent of the Marcellus Formation (right), and a simplified structural cross-section
(reproduced from Sak et al., 2012) of the northern Appalachian Basin (NAB) plateau in northeastern PA and southern NY (bottom, see cross-
section A-A’ on map). The Marcellus Formation outcrop belt (upper right) is highlighted in red and the areal extent of the Marcellus
Formation is shown in purple. The three principal shallow Upper Devonian aquifers include the Catskill and Lock Haven Formations, and
Neogene surficial sediment deposits (alluvium). The generalized structural cross-section (bottom) spans from the Appalachian Plateau (to the
north and west) to the intensely deformed Valley and Ridge province (southeast) across the Appalachian Structural Front (ASF). Samples in
this study were collected within the yellow box at distances ranging from ~20 to 80 km from the ASF. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Throughout geological time, additional tectonic and cli-
matic factors may also induce and/or accelerate subsequent
phases of hydrocarbon migration, commonly termed ter-
tiary migration (Selley, 1998). For example, the culmination
of major orogenic events, such as the Alleghanian orogeny
that buried Devonian sediments in the current study area, is
followed by tectonic rifting and basin inversion (uplift and
denudation), which can induce neotectonic fractures, joints,
and faults. These deformational features can reduce the
competency of hydrocarbon seals and allow for the subse-
quent migration of hydrocarbons from conventional struc-
tural and stratigraphic traps. Uplift and denudation
processes also bring deeply buried, hydrocarbon- and
brine-rich formations closer to the surface where they can
interact with the active hydrological cycle. Similar episodes
of erosion and uplift following glacial events have been
observed in the Michigan and Illinois basins (Lerche
et al., 1997; Schlegel et al., 2011). Following these late stage
deformational processes, the hydrologic cycle can redis-
tribute thermogenic hydrocarbons within shallow aquifers,
where they mix with CH,4 produced from in-situ biological
processes leading to natural gases with hydrocarbon finger-
prints of indeterminate origin.

Consequently, numerous questions still remain regard-
ing fluid sources, the extent and mechanism of crustal fluid
migration in the NAB as well as other petroliferous
foreland basins, and the fate and residence time of organic
carbon in the shallow crust. For example, what mechanisms
could have driven natural gas and brine migration into the

previously deeply buried modern aquifers? Did fluids
migrate exclusively during episodic tectonic events, such
as the Alleghanian Orogeny (Oliver, 1986; Bethke and
Marshak, 1990; Evans, 1995; Lash and Engelder, 2009),
or do these fluids actively migrate today?

In complex tectonic regimes such as the NAB, hydrolog-
ical, geophysical, and geochemical techniques are all helpful
in evaluating the distribution of hydrocarbons in the
Earth’s crust. One technique that traditionally links these
disciplines is the analysis of gas geochemistry, specifically
stable isotopic compositions (e.g., 8°C, 8'%0, and §°H) of
hydrocarbon gases or CO, (e.g., Craig, 1953; Ballentine
et al., 1991; Sherwood Lollar et al., 1994; Gilfillan et al.,
2009; Sherwood Lollar and Ballentine, 2009).

Within the context of petroleum geochemistry, natural
gases are often classified as thermogenic, biogenic, or
“mixed” based on their molecular ratios (e.g., wetness:
C,+/Cy) along with C and H isotopic composition (e.g.,
Bernard, 1978; Schoell, 1980, 1983; Rice and Claypool,
1981; Schoell, 1988; Clayton, 1991). The composition of
thermogenic gases evolves as the organic source (i.e., kero-
gen or liquid hydrocarbons) degrades, producing diagnostic
geochemical fingerprints (i.e., 8°C-CH4, 8*H-CH.,
8'*C-C,Hg, and C;/Cy+ (e.g., Schoell, 1983)). Conversely,
“biogenic” gas forms at a relatively low temperature
(<100 °C) in dysoxic or anoxic conditions from the micro-
bial decomposition of organic matter and/or the reduction
of CO, (e.g., Schoell, 1980; Rice and Claypool, 1981;
Whiticar et al., 1986). Under these conditions, microbes
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almost exclusively produce CH, (C;/Co+ = ~5000) with a
typically light §8'*C-CH, between —55%0 and —75%o
(Schoell, 1983; Whiticar et al., 1985). It should be noted
that the measurement of multiply substituted isotopologues
of methane are now providing additional insights on the
formation temperatures of thermogenic and biogenic
methane; this approach also helps to distinguish between
methane derived from each of these sources (Stolper
et al., 2014, 2015).

In addition to these genetic fingerprints, microbial activ-
ity (e.g., methanogenesis and methanotrophy), sulfate
reduction (thermal or bacterially driven), or post-genetic
fractionation (e.g., fractionation during gas transport in
the subsurface) can alter the original composition of natu-
ral gases or lead to complex mixtures of natural gases from
multiple sources. The addition of methane produced by
methanogenesis would in theory progressively enrich the
natural gas mixture in methane relative to higher aliphatic
hydrocarbons (higher C;/C,+) and lead to a more depleted
813C-CH, (Bernard, 1978; Schoell, 1983; Whiticar et al.,
1985). By comparison, microbial oxidation or sulfate reduc-
tion would similarly increase the C;/C,+ in the natural gas
mixture because higher aliphatic hydrocarbons are oxidized
preferentially to methane; however, these reactions would
produce a residual natural gas that is more enriched in
3'3C-CH, and 8'3C-C,Hg than the original composition
(e.g., Kessler et al., 2006; Pape et al., 2010). Natural gases
that migrate can become enriched in '>C and 'H relative
to their original composition (Prinzhofer and Huc, 1995;
Pape et al., 2010; Xia and Tang, 2012) because of the faster
diffusion and/or lower solubility of lower molecular weight
compounds (e.g., '“C'H, vs. "*C'Hy or '"C'H;’H).
Throughout the last few decades, the potential importance
of stable isotope fractionation of hydrocarbon gases by dif-
fusion or solubility partitioning has been discounted by the
limited feasibility for kilometer-scale diffusion of hydrocar-
bons in the crust and minimal evidence for significant frac-
tionation of stable isotopes (e.g., ~5%o) within natural gas
reservoirs (e.g., Fuex, 1980; Milkov, 2011). As a result,
today, many modern workers do not consider post-
genetic modification processes other than microbial oxida-
tion or sulfate reduction when interpreting the molecular
and isotopic composition of hydrocarbons in groundwater
studies.

The elemental and isotopic compositions of noble gases
(e.g., helium (He), neon (Ne), argon (Ar)) constitute a set of
non-reactive geochemical tracers. Therefore, the original
noble gas composition is preserved in shallow groundwater
independent of microbial activity, chemical reactions (e.g.,
sulfate reduction), or changes in oxygen fugacity. The inert
nature, low terrestrial abundance, and well-characterized
isotopic composition of noble gases in the mantle, crust,
hydrosphere, and atmosphere enhance their utility as geo-
chemical tracers of crustal fluids (Ballentine et al., 2002).

The noble gas composition of hydrocarbons and other
geological fluids are derived from three primary sources:
the mantle, atmosphere, and the crust (Ballentine et al.,
2002). While a subset of four samples in the current
study contain higher than anticipated helium isotopic
values (elevated R/Ra) consistent with resolvable mantle

contributions (>~1%), our previous work indicates that
mantle noble gases constitute <1% of helium isotopic
mixture in the majority of samples in the NAB, specifically
in the hydrocarbon-rich end-member (Hunt et al., 2012)
(discussed further in the results). Thus, in the majority of
samples in our study area, and in most shallow aquifers
globally, the noble gas isotopic composition reflects a bin-
ary mixture of inert gases from two distinct sources: the
atmosphere (air-saturated water (ASW): e.g., *°Ne, *°Ar,
BAr, 3Kr) and the crust (U + Th — *He and 2!Ne* and
YOK - YAr*, where the * denotes the proportion derived
from radioactive decay) (e.g., Ballentine et al., 2002). The
noble gas signatures of crustal fluids only fractionate by
well-constrained physical mechanisms such as diffusion
and solubility-driven phase partitioning in response to
changing fluid conditions (e.g., Gilfillan et al., 2009; Zhou
et al., 2012).

Atmospheric noble gases (AIR) dissolve in groundwater
when meteoric water equilibrates with the atmosphere prior
to groundwater recharge into the subsurface according to
Henry’s Law solubility (i.e., solubility increases with atomic
mass: He <Ne < Ar < Kr < Xe) (Weiss, 1971a,b). Because
the meteoric source for ASW is constant globally, the
concentrations of ASW components in groundwater are a
well-constrained function of temperature, salinity, and atmo-
spheric pressure (elevation) (Weiss, 1971a,b). The typical
composition of shallow groundwater in unconfined aquifers
has ASW noble gas composition characterized by near sol-
ubility levels of [*He] (~40-45 x 107°cm? STP/L), [Ne]
(175-220 x 10~®cm® STP/L), and [Ar] (0.28-0.49 cm®
STP/L) (Weiss, 1971a,b). Isotopically, each gas component
is similar to atmospheric compositions (i.e., helium:
*He/*He = 1.36 x 10 or ~0.985Ra, where Ra is the ratio
of a sample relative to the ratio of helium isotopes in
AIR = 1.39 x 1075, neon: *°Ne/**Ne (9.78) and *'Ne/*’Ne
(~0.0289), and argon “°Ar/*’Ar (~295.5)). Only helium
(0.985Ra) displays an isotopic effect related to Henry’s
Law dissolution into meteoric water that is larger than
the analytical measurement errors.

Crustal noble gases are produced in-situ within the
Earth’s crust from the decay of U, Th (*He and ?'Ne"),
and K (**Ar*) (e.g., Ballentine and Burnard, 2002). As
either hydrocarbons or groundwater interact with the
Earth’s crust, the noble gas composition changes according
to the radiogenic nature and geologic history of the rock
protolith in which the fluids form and through which they
migrate (Ballentine et al., 2002). In black shales, typical
ranges for radioactive components are U (~1-30 ppm),
Th (~1-30 ppm), and “°K (total K ~ 26,000 ppm, with
[**KJK ratio of 1.170 x 107* = ~3 ppm of “°K of which
11% decays to “CAr"), respectively (Taylor and
McLennan, 1995). Typical isotopic ratios of crustal noble
gases are -He/*He = ~0.01-0.02Ra, >°Ne/*Ne (~9.6—
10.0), 2'Ne/**Ne (~0.029-0.060), and *°Ar/*°Ar (~295.5-
1100), respectively (e.g., Ballentine et al., 2002).

Because the mantle acquired significant quantities of pri-
mordial *He during the accretion of the Earth (e.g.,
Ballentine et al., 2002), elevated [*He] and R/Ra [where
R/Ra is (3He/4Hesample)/(3He/4Heair) and the Ra=1.39 x
107%] measurements can be used to distinguish the presence
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and/or proportion of relatively small contributions (~1%)
from mantle-derived components in shallow groundwater
or other crustal fluids (Oxburgh et al., 1986; Poreda et al.,
1986). Mantle helium isotopic end-members can range from
~2 to 8Ra for MORB-like contributions common in
extensional regimes up to >30Ra near mantle plumes
(e.g., Yellowstone, Hawaii, Iceland). In addition to the
R/Ra value, the relative abundance of helium and other
heavier noble gases (e.g., neon) can provide important
insights on the source of fluids (Hilton, 1996; Ballentine
and Hall, 1999; Saar et al., 2005). Air-saturated water
and excess atmospheric air have relatively low He/Ne that
range from 0.219 to 0.247 and ~0.288, respectively. By
comparison, mantle- and crustal-derived fluids typically
have He/Ne of >1000 or more (e.g., Craig et al., 1978;
Hilton, 1996).

When paired with hydrocarbon composition, noble
gases can provide valuable insights into the source, migra-
tional history, and residence time of crustal fluids (e.g.,
Ma et al., 2005, 2009b; Zhou and Ballentine, 2006;
Gilfillan et al., 2009; Sherwood Lollar and Ballentine,
2009; Darrah et al., 2014). Here, we demonstrate that noble
gases in combination with hydrocarbon and dissolved ion
geochemistry provide a geochemical framework that can
help to constrain the geological history of “background”
hydrocarbon gases naturally present in shallow aquifers in
the NAB and potentially in other unconventional energy
basins in the future. Additionally, by understanding the
geochemical signatures imparted on a fluid as it migrates
through the crust, we present a more robust geochemical
framework for differentiating hydrocarbon gases found nat-
urally compared to those that may arise from anthro-
pogenic fugitive natural gas release related to natural gas
drilling, gas storage fields, or carbon sequestration.

2. BACKGROUND
2.1. Geological background

The NAB is an archetypal energy-producing foreland
basin located in the northeastern United States (Fig. 1).
In the eastern part of the NAB (northeastern Pennsylvania
and southeastern New York), oil and gas production occurs
within various lithologies throughout the northern Appala-
chian Plateau physiographic province, but is largely con-
fined to two genetic groups: (1) migrated gases sourced
from Ordovician shales and hosted in Ordovician/Silurian
hydrocarbon traps and (2) Middle Devonian source/
reservoir “tight gas” black shales of the Marcellus Group
(Jenden et al., 1993; Engelder et al., 2009). More complete
descriptions of relevant Appalachian geology and
hydrocarbon potential are available elsewhere (Rast,
1989; Jenden et al., 1993; Laughrey and Baldassare, 1998;
Engelder et al., 2009; Lash and Engelder, 2009;
Burruss and Laughrey, 2010), but a brief summary is
included below.

The structural architecture of the NAB evolved
throughout the Taconic, Acadian, and Alleghanian oroge-
nies, which deposited and deformed the sedimentary rocks
throughout the basin (Faill, 1997a,b; Scanlin and Engelder,

2003; Sak et al., 2012). Today, the complex depositional
and structural history of this area is exposed within the
northern section of the Appalachian Plateau physiographic
province, whose gently dipping strata are broadly folded
due to salt-core detachment folds, and further deformed
by layer parallel shortening, reverse faults, and fracturing
(Davis and Engelder, 1985; Scanlin and Engelder, 2003;
Lash et al., 2004; Sak et al., 2012).

Select lithologies of interest in this study area include:
the Middle Ordovician Trenton/Black River Group, the
Upper Silurian Salina Formation, the Middle Devonian
Hamilton Group, and the Upper Devonian Brallier, Lock
Haven, and Catskill Formations (Fig. 1). The interbedded
limestones and shales of the Trenton/Black River Group
and the overlying organic-rich Utica shale represent detrital
sediments from the Taconic Orogeny (Milici and Witt,
1988; Burruss and Laughrey, 2010). The Salina Formation
consists of interbedded shales, dolomites, and salt deposits
that act as the regional decollement for Alleghanian struc-
tures (Frey, 1973; Scanlin and Engelder, 2003). As a result,
structural folds and faults above the decollement (i.c.,
Devonian and younger stratigraphic units) bear little resem-
blance in deformation style or hydraulic connectivity to
those present beneath the Salina Formation (Frey, 1973;
Scanlin and Engelder, 2003).

The Hamilton Group is a wedge of marine sediments
that is thicker to the east and south and includes the
organic- and siliciclastic-rich, hydrocarbon-producing Mar-
cellus subgroup at its base (Ryder et al., 1996; Straeten
et al., 2011). Rb-Sr age-dating suggests that the deposition
of the Marcellus Formation occurred from approximately
384 +9 to 377 £ 11 Ma (Bofinger and Compston, 1967).
The Upper Devonian formations consist of thick, coarsen-
ing upward synorogenic deposits of deltaic and marine
shale, siltstone, sandstone, and conglomerate with interbed-
ded carbonates including the Brallier, Lock Haven, and
Catskill Formations (Fig. 1). The latter two formations
constitute the two primary lithologies that serve as bedrock
aquifers in northeastern PA and southeastern NY, along
with the overlying glacial and sedimentary alluvium
(Taylor, 1984).

The Hamilton Group and other formations above the
Salina were deformed by stably sliding along the weak Sal-
ina layer as part of the Appalachian Plateau detachment
sheet (Davis and Engelder, 1985; Scanlin and Engelder,
2003). Deformation within the Appalachian Plateau
detachment sheet is significantly less intense than the Valley
and Ridge Province and shows a combination of layer par-
allel shortening and folding that leads to the broad anti-
cline/syncline sequences, duplex/thrust faulting structures,
and jointing (Scanlin and Engelder, 2003; Engelder and
Whitaker, 2006; Lash and Engelder, 2009). Each of these
deformation features is present and observable within our
study area. A combination of thrust-load-induced subsi-
dence, clastic loading, and Alleghanian deformation led
to the onset of thermal maturation and eventually catagen-
esis of the Marcellus Formation (Evans, 1995; Lash and
Engelder, 2009). In the NAB, the Alleghanian deformation
also leads to large-scale migration of ‘“hot”, “deep”
formational brines away from the hinterland and into the



326 T.H. Darrah et al. / Geochimica et Cosmochimica Acta 170 (2015) 321-355

foreland (i.e., Appalachian Plateau) (Oliver, 1986; Bethke
and Marshak, 1990; Evans, 1995).

Rifting of the Atlantic Ocean began in the Mesozoic, as
seen in the Triassic basalts of Connecticut and New Jersey,
accelerated in the Miocene, and continues today. This
process has led to rapid basin inversion (exhumation/
unloading), erosion, and neotectonic jointing (often termed
J3) in at least the top ~0.5 km of the crust (Engelder, 2008).
The major Triassic rift basins in the Appalachian Basin
occur in the Gettysburg-Newark lowland and offshore.

Pleistocene glacial cycles have also influenced the perme-
ability of aquifer lithologies within our study area. Ice load-
ing and retreat led to an additional cycle of shallow crustal
compaction, glacial isostatic rebound, and likely additional
neotectonic fracturing throughout the last 12,000 yr. As a
result of both tectonic and glacial processes, previously dee-
ply buried lithologies such as the Catskill and Lock Haven
Formations are much closer to the surface today (by at least
~1.5-5 km) (Blackmer et al., 1994; Evans, 1995) and often
serve as highly naturally fractured, dual permeability aqui-
fers for drinking water supplies in our study area (Taylor,
1984; Williams et al., 1998; Williams, 2010). The major
stratigraphic sequences above the Upper Devonian Catskill
Formation in our study area have eroded away and there-
fore are not discussed for brevity. More complete reviews
of Carboniferous Age deposition in the NAB are available
elsewhere (Faill, 1997b).

2.2. Hydrogeological background

Detailed descriptions of potable groundwater resources
in the NAB, including the three principal aquifers discussed
here, were provided previously (e.g., Lohman, 1937, 1939;
Taylor, 1984; Williams et al., 1998). More detailed charac-
teristics of domestic well construction and well productivity
are summarized using a larger and more complete dataset
in Taylor (1984) (Table 1); our data (n = 72) are a statisti-
cally similar representation of homeowner-reported depths
and yields with a range between 35 and 90 m.

The groundwater systems in the current study area
include alluvium and Lock Haven and Catskill bedrock
aquifers. In general, the depth to groundwater is shallower
in the valleys with median depths of 7.6 m, while 32.9 m is
the median for domestic wells located on hilltops (Taylor,
1984). All three aquifers generally contain good-quality
water of Ca-HCO; water type, however, select wells, com-
monly located in local valley bottoms, yield water with iron
or manganese at higher concentrations and either Na-COj3
or Na-Cl type water, which was discussed in detail

Table 1

elsewhere (Williams et al., 1998; Williams, 2010; Warner
et al., 2012; Llewellyn, 2014).

Several shallow unconsolidated and unconfined glacial
outwash and riverine alluvium deposits, consisting of cob-
bles, sands, silts, and clays, constitute the alluvium aquifers.
The alluvium deposits are thickest (>10 m) in the valleys
and either absent or only thin covers on the ridge tops.
Domestic drinking-water wells drilled into the alluvium
typically have steel casings that penetrate nearly to the bot-
tom of the entire well (Lohman, 1937, 1939; Taylor, 1984;
Williams et al., 1998; Williams, 2010).

Beneath the alluvium are the UD bedrock aquifers of the
Catskill and Lock Haven Formations (geology described
above). These aquifer units are typically locally recharged,
nested, unconfined to semi-confined, highly naturally frac-
tured (neotectonic), dual permeability systems (Lohman,
1937, 1939; Taylor, 1984; Williams et al., 1998; Williams,
2010). Water bearing zones are generally provided from
secondary porosity (fractures) for both formations and are
typically less than 60 m below ground surface, but some
domestic wells penetrate as deep as 179 m (Taylor, 1984).
The potentiometric surface of the water table in these bed-
rock aquifers typically mimics the localized (on the scale of
individual ridge (hill top)-valley systems) ground surface
with flow sub-laterally from the recharge areas, which are
dominated by shallow vertical fractures and/or porous sedi-
ments in the local hilltops, towards discharge points in the
local valleys or hillslope (Lohman, 1937, 1939; Taylor,
1984; Williams et al., 1998; Williams, 2010). Bedrock wells
that are drilled into either the Catskill or Lock Haven For-
mations typically have much shorter casings (10-15 m) or
open holes for the majority of the well bore.

3. MATERIALS AND METHODS
3.1. Sample selection

We examine the noble gas, hydrocarbon (molecular and
stable isotopic (3'*C-CH4 and §°H-CHy)), and dissolved
ion (e.g., Cl, Ba) compositions of 72 domestic groundwater
wells and one natural methane seep within an eight county
area of Pennsylvania, USA (PA) (Bradford, Lycoming, Sul-
livan, Susquehanna, and Wayne counties) and New York,
USA (NY) (Broome, Delaware and Sullivan counties).
These samples constitute the subset of samples >1km
away from active or historical natural gas drill sites in
Darrah et al. (2014) in an attempt to minimize any potential
impacts of anthropogenic activity. In this study, we inten-
tionally include a subset of water wells known to have

Summary of domestic drinking-water well characteristics for the three principal aquifers sampled during this study that were also sampled by

Taylor (1984).

Formation Well Number Casing

Number Depth to

Number Reported well ~ Number  Specific Number

depth (n) depth (m) (n) water (m) (n) yield (I/m) (n) capacity (n)

(m) (I/min/m)
Alluvium  17.1 56 17.4 54 5.5 45 68.1 56 0.9 10
Catskill 60.4 950 12.8 918 16.8 737 454 931 0.6 352
Lock 433 213 15.2 211 14 165 37.9 211 0.2 34

Haven




T.H. Darrah et al./ Geochimica et Cosmochimica Acta 170 (2015) 321-355 327

elevated methane >1 km from drill sites along with other
nearby domestic wells in order to characterize the
hydrogeological context of naturally elevated methane
(and diluted brines) throughout the study area. As a result,
our study design does not provide any information on the
probability of finding elevated methane in shallow
drinking-water aquifers in the region.

The study area is within the NAB Plateau region under-
lain by the Marcellus Shale (~800-2200 m depth) (Figs. 1
and 2). The typical depth of shallow drinking-water wells
in our study was 35-90 m. We integrate our noble gas,
hydrocarbon gas (i.e., molecular and isotopic composition
of natural gas), and dissolved inorganic constituent (i.c.,
Cl, Ba) data with previous work on the principal aquifers
of the region (Alluvium, Catskill, and Lock Haven). Previ-
ous work in this area focused on the salt composition (i.e.,
Cl, Br), inorganic isotopic composition (e.g., 3’Sr/%°Sr) and
hydrocarbon molecular and isotopic composition (e.g.,
3'*C-CH,) in groundwater from UD aquifers (Baldassare
et al., 2014; Darrah et al., 2014; Llewellyn, 2014; Osborn
et al., 2011; Revesz et al., 2010; Warner et al., 2012).

We present data from this study with color-coded sym-
bols, while data from previous studies are identified by gray
symbols. Within all figures, the abundance of methane is
preserved using a color intensity scale, where methane con-
centrations of 0 cm® STP/L are blue and range up to red for
[CH4]> 40 cm® STP/L. To preserve geographic location,
we present data from each county using different shapes.
The symbols are as follows: Bradford (square), Lycoming
(triangle), Sullivan (diamond), Susquehanna (inverted tri-
angle), and Wayne (circle) counties in PA and NY (hexa-
gon) (including Broome, Delaware and Sullivan counties).
We place these data, and some available data from natural
gas production wells (Jenden et al., 1993; Laughrey and
Baldassare, 1998; Burruss and Laughrey, 2010; Osborn
and Mclntosh, 2010; Hunt et al., 2012) within the geologi-
cal history of the NAB.

3.2. Sampling and analysis

Although 35 of 73 samples were analyzed for dissolved
ion composition and strontium isotope chemistry as part

-5000

T ———— [ ]

s T
-5500.

®
-5500, €D

— —
/ § % 5
000 60007
—

-6000 ?

Legend

® Sample Locations
Structure
—— Anticline
—— Syncline
Structural Fronts
==m==z Connector
e Front

d smunm Limit of Folding

anticlinorium

synclinorium

e Basement Contours
Depth (m)

—= SEyTERTE Z0TT Esri
;2

Fig. 2. Digital elevation map of groundwater samples (z = 72) and the Salt Spring at Salt Spring State Park, Montrose, PA. Shaded pink
areas represent anticlines, while the blue areas demark synclines. All samples from this study were collected at distances >1 km from active
shale gas development at the time of sample collection across five counties in Pennsylvania (PA) (Bradford, Lycoming, Sullivan, Susquehanna,
Wayne) and three counties in New York (NY) (Delaware, Sullivan, Broome). Previous work identifies increasing [CH4] and salt
concentrations in valley bottoms (Molofsky et al., 2011; Warner et al., 2012) related to the cores of eroded anticlines. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)



Table 2a

The hydrocarbon, noble gas, and atmospheric gases and chlorine (Cl) and barium (Ba) concentrations of drinking-water samples in northeastern PA and southeastern NY.

Sample CH, C,Hg N, 0, Ar “He ONe Ne (total)  °Ar Cl Ba C/C,  CyCy No/Ar CH,/*°Ar “He/CH,
(em*/L) (ecm*/L) (cm*/L) (em’/L) (em®/L) (10™°cc/L) (10™°cc/L) (10™°cc/L) (10™°cc/L) (mg/L) (pg/L) (x10%)
Pennsylvania
Susquehanna county
DPA-1 0.97 1.5E—04 12.0 0.09 0.31 5261 273 302 1053 13 385 6420  1.56E—04 385 920 5428
DPA-2 1.32 1.8E—04 14.1 0.17 0.33 11,662 318 352 1098 60 529 7530  1.33E—04 433 1202 8835
DPA-3 0.01 bdl 12.6 0.07 0.33 3599 225 248 1098 24 55 389 9 359,938
DPA-4 2.34 4.0E—-04 14.0 0.04 0.27 6233 403 446 916 59 765 5850  1.71IE—04 51.6 2556 2664
DPA-5 0.01 bdl 15.3 0.07 0.39 84 194 214 1308 2 60 394 8 8446
DPA-6 0.01 bdl 13.1 0.09 0.32 5792 183 203 1084 15 73 407 9 579,190
DPA-7 3.56 1.7E—02 13.6 0.01 0.34 5632 253 280 1149 623 378 210 476E—03 40.1 3102 1581
DPA-9 0.01 bdl 13.6 0.02 0.36 158 260 287 1233 2 57 373 8 15,788
DPA-10  0.01 bdl 14.2 0.01 0.32 66 161 178 1086 5 151 41 9 6563
DPA-13  0.08 bdl 11.6 0.02 0.28 159 230 255 960 13 61 407 83 1985
DPA-14  0.01 bdl 15.6 0.01 0.43 148 351 388 1444 6 57 366 7 14,787
DPA-21 0.0l bdl 17.1 0.05 0.47 84 307 340 1602 2 361 6 8447
DPA-22  0.01 bdl 19.5 0.02 0.50 88 230 254 1688 3 389 6 8836
DPA-26 0.0l bdl 13.9 0.01 0.34 111 384 425 1133 15 49 415 9 11,083
DPA-27 0.0l bdl 12.8 0.04 0.27 25 107 118 912 3 472 11 2480
DPA-39 3.4 43E—-04 157 0.00 0.30 9874 544 602 1017 22 7977 125E—04 52.0 3373 2879
DPA-41  0.05 bdl 17.0 0.08 0.40 1505 306 338 1348 2 84 25 34 32,985
DPA-42  0.00 bdl 10.2 0.41 0.26 38 151 167 865 2 397 4 10,964
DPA-74  0.01 bdl 14.8 0.08 0.38 73 190 210 1270 3 67 393 5 12,272
DPA-81  0.02 bdl 16.2 0.05 0.43 1118 290 321 1455 9 377 15 50,578
DPA-82  0.02 bdl 21.4 0.03 0.54 221 311 343 1833 2 64 394 9 12,999
DPA-85  0.08 bdl 16.9 0.18 0.45 1219 284 314 1518 7 376 53 15,233
DPA-212  0.00 bdl 14.9 0.52 0.39 63 198 219 1321 1 38 38.1 3 15,493
DPA-213  0.01 bdl 16.3 0.29 0.40 57 200 221 1337 2 55 413 5 8423
DPA-214  0.01 bdl 18.8 1.64 0.66 197 395 436 2234 64 285 4 21,538
DPA-215 1.77 2.6E—04 165 0.54 0.44 3694 662 732 1477 17 417 6743  1.48E—04 37.7 1198 2087
DPA-216  0.31 bdl 14.6 0.35 0.41 5613 296 328 1385 257 356 224 18,105
DPA-217 047 1.5E—04 16.5 0.66 0.45 9694 379 418 1520 15 250 3133 3.19E-04 367 309 20,626
DPA-218 1.34 2.1E—04 16.8 0.13 0.31 16,338 522 576 1047 17 468 6390  1.56E—04 543 1279 12,192
DPA-219  0.01 bdl 11.8 0.04 0.30 1514 345 382 1026 17 87 388 6 238,470
DPA-220 2.02 32E—04 149 0.00 0.35 27,803 546 604 1182 24 522 6400  1.56E—04 42.6 1708 13,764
DPA-221  0.03 bdl 14.4 0.00 0.42 1608 181 201 1419 7 61 343 23 49,892
DPA-222  0.15 bdl 16.2 0.00 0.31 2045 241 266 1047 15 190 524 146 13,367
DPA-223 1.18 5.0E—04 13.9 0.00 0.31 8602 292 323 1047 17 343 3976 2.52E—04 449 1122 7319
DPA-224  6.80 9.6E—04 14.6 0.01 0.34 16,508 828 915 1155 59 482 7096  1.41E—04 42.6 5885 2428
DPA-225 37.8 bdl 17.0 0.01 0.34 37 174 192 1145 2 57 38,000 2.63E—05 50.0 33,005 1.0
Salt Spring ( Montrose, PA)
DPA-8 40.8 22E-01 128 0.00 0.30 79,372 312 345 1017 3973 83,700 183 546E—03 424 40,122 1945

1.9E+02
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Bradford county
DPA-34  0.01
DPA-36  0.01
DPA-102  0.01
DPA-103 233
DPA-105 0.49
DPA-106  30.8
DPA-107  39.7
DPA-226 4.40
DPA-227 29.1
DPA-228 21.2

Wayne county

DPA-52 5.04
DPA-53 5.39
DPA-54 3.05
DPA-241 39.8

Sullivan county

DPA-200 0.0

DPA-201 042
DPA-202  0.61
DPA-203 2.75
DPA-204 0.01
DPA-205 0.01
DPA-206 0.01
DPA-207 0.01
DPA-208 0.01
DPA-209 0.98

Lycoming county
DPA-210 17.1
DPA-211 157
DPA-58 2.28

New York

Sullivan county
DNY239 0.01
DNY-240 0.01

Delaware county
DNY-236 24.7
DNY-238 225
DNY-242 0.02

Broome county

DNY-243 37.5
DNY-244 0.00
DNY-245 3.39
DNY-246 0.03

bdl
bdl
bdl
3.9E-03
bdl
3.7E-03
8.6E—03
6.6E—04
4.8E—-03
2.0E-03

3.4E-04
4.9E-04
2.4E—-04
3.3E-03

bdl
7.7E—05
3.5E-03
3.4E-04
bdl
bdl
bdl
bdl
bdl
1.0E—04

5.0E-04
5.0E—-04
3.1E-04

bdl
bdl

1.8E—03
1.7E-03
bdl

2.8E-03
bdl
1.8E—04
bdl

12.6
11.3
27.3
14.2
18.3
15.3
11.1
25.2
15.8
17.9

20.1
26.3
22.1
26.3

12.0
11.6
14.3
15.3
18.2
12.8
15.6
11.1
15.9
16.4

21.4
19.5
14.6

15.0
13.1

21.0
19.6
18.2

12.7
12.5
16.1
18.9

0.10
0.04
1.08
0.82
0.98
0.66
0.01
0.01

0.01

0.15
0.02
0.03
0.15

0.16
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.57

0.63
0.00

0.56
0.69
0.48

0.31
0.03
0.02
0.61

0.32
0.30
0.62
0.33
0.39
0.32
0.31
0.46
0.35
0.41

0.40
0.40
0.39
0.59

0.34
0.27
0.31
0.29
0.43
0.36
0.45
0.38
0.42
0.31

0.35
0.35
0.34

0.41
0.38

0.51
0.50
0.43

0.36
0.31
0.35
0.49

185
223

385
28,266
514
42,416
169,761
55,365
93,500
79,633

29,967
23,969
21,325
403,035

39
2528
1363
28,411
62

38

47

74

62

56

189
164
15,239

60
42

181,906
142,433
851

120,953
41
14,539
762

174
131
547
817
405
914
1141
524

889

480
473
1021
1754

168
389
639
413
200
163
201
177
153
153

156
162
501

215
174

1491
1585
267

895
187
320
357

192
144
604
903
448
1010
1261
579

983

530
523
1128
1939

186
429
706
456
221
180
222
196
169
169

173
179
554

238
192

1648
1751
295

990
207
354
394

1089
1025
2092
1115
1318
1078
1044
1541
1166
1385

1345
1355
1331
1993

1154
912

1047
980

1463
1206
1530
1287
1432
1061

1193
1182
1149

1383
1298

1733
1687
1467

1199
1062
1166
1654

71

14
1412
1003
191
143
66

197
54
45
993

56
128
145

269
161

250

51

52
67
36
1474

19,380
2497
3498
4363
1490

1340
190
690
5120

213
427
967
41
29
48
34
67
28

28
57
314

89
67

1930
910
40

1710
90
241
70

5909

8323
4062
6655
6053
10,733

14,800
11,011
12,667
11,354

5473
175
8159

9800

34,260
31,460
7321

13,650
13,065

13,421

18,461

1.69E—04

1.20E—-04
2.46E—04
1.50E—-04
1.65E—04
9.32E-05

6.76E—05
9.08E—05
7.89E—-05
8.81E—05

1.83E—-04
5.71E-03
1.23E-04

1.02E—-04

2.92E-05
3.18E—-05
1.37E—-04

7.33E-05
7.65E—05

7.45E—05

5.42E—-05

39.1
37.2
44.1
43.0
46.9
47.9
35.8
553
45.7
43.6

50.6
65.6
56.2
44.5

35.1
43.0
46.1
52.8
41.9
35.8
34.4
29.2
37.5
523

60.5
55.7
42.8

36.6
34.0

41.0
393
41.8

35.8
39.9
46.8
38.7

10

20,899
372
28,544
38,030
2856
24,967
15,327

3746
3979
2289
19,967

460
582
2807

3 00 1 oo

924

14,364
13,303
1985

14,239
13,317
12

31,243

2910
16

18,546
22,266
38,495
1213
1049
1379
4276
12,583
3213
3751

5950
4447
7000
10,127

3888
6019
2234
10,331
6150
3830
4720
7390
6176
57

11
10
6684

4973
3787

7374
6341
48,381

3228
13,157
4287
28,505
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Table 2b

Stable carbon and hydrogen isotope ratios of methane and helium, neon, and argon isotope measurements in drinking-water samples in northeastern PA and southeastern NY.

Sample ~ §°C-C, &H-C; °He/*He (R/Ra) (tlo) = (£lo) »Ne (£lo) AT (£lo) AT (£lo) he gHe GHe o JHe S Aquifer
(per mil)  (per mil) T.U.
Pennsylvania
Susquehanna county
DPA-1 —43.3 —199.6 0.03 0.000  9.78 0.079  0.0288 0.0003 0.1919 0.0014 295.0 3.5 026 19.2 17.4 5.0 0.4 Alluvium
DPA-2 —42.9 —180.4 0.09 0.000  9.94 0.083  0.0288 0.0003 0.1873 0.0019 306.6 2.4 0.29  36.7 33.2 10.6 5.2 Alluvium
DPA-3 0.15 0.001  9.92 0.076  0.0292 0.0004 0.2051 0.0016 301.1 2.3 0.20 16.0 14.5 33 3.9 Alluvium
DPA-4 0.04 0.000  9.83 0.075  0.0287 0.0002 0.1895 0.0021 3053 2.4 044 155 14.0 6.8 0.4 Alluvium
DPA-5 0.62 0.003  9.87 0.088  0.0287 0.0003 0.1969 0.0016 307.1 1.9 0.15 04 0.4 0.06 8.9 Catskill
DPA-6 0.12 0.001  9.89 0.097  0.0286 0.0003 0.1915 0.0008 300.8 1.7 0.17 316 28.6 5.3 5.1 Catskill
DPA-7 —45.8 —243.0 0.02 0.000  9.80 0.096  0.0291 0.0003 0.1858 0.0011 304.8 1.9 022 222 20.1 49 2.4 Catskill
DPA-9 0.56 0.003 0.1854 0.0014 2999 22 0.21 0.6 0.5 0.13 3.4 Catskill
DPA-10 1.32 0.007 0.1873  0.0016 2954 19 0.15 04 0.4 0.06 1.1 Catskill
DPA-13 —559 —237.0 0.24 0.001 0.1876  0.0013  296.5 2.2 024 0.7 0.6 0.17 0.6 Alluvium
DPA-14 0.75 0.003 0.1898 0.0011 296.0 1.9 024 04 0.4 0.10 1.4 Catskill
DPA-21 1.10 0.003  9.84 0.096  0.0289 0.0002 0.1906 0.0013 2995 22 0.19 0.3 0.2 0.05 3.7 Catskill
DPA-22 0.80 0.004 9.78 0.078  0.0284 0.0003 0.1876 0.0015 297.0 2.6 0.14 04 0.3 0.05 Catskill
DPA-26 1.26 0.005 10.03 0.098 0.0299 0.0002 0.1939 0.0011 300.6 1.4 034 0.3 0.3 0.10 5.2 Catskill
DPA-27 1.10 0.005 0.1928 0.0011 309.5 1.9 0.12 0.2 0.2 0.03 5.0 Catskill
DPA-39 —44.1 —196.5 0.03 0.000 0.54 18.1 16.4 9.7 Catskill
DPA-41 0.09 0.000  9.76 0.096  0.0289 0.0002 0.1998 0.0012 296.7 1.1 0.23 49 4.5 1.1 Catskill
DPA-42 0.99 0.004  9.79 0.096  0.0300 0.0002 0.1984 0.0010 2982 1.9 0.17 0.3 0.2 0.04 3.1 Catskill
DPA-74 1.01 0.004  9.66 0.094 0.0294 0.0001 0.1919 0.0015 297.6 2.3 0.15 04 0.3 0.06 8.8 Catskill
DPA-81 0.11 0.000  9.95 0.094  0.0286 0.0003 0.1897 0.0015 2955 22 020 3.9 3.5 0.77 Catskill
DPA-82 0.51 0.002  9.99 0.094  0.0290 0.0002 0.1928 0.0015 300.3 1.6 0.17 0.7 0.6 0.12 2.6 Catskill
DPA-85 0.10 0.000  9.88 0.096  0.0281 0.0002 0.1878 0.0013 2943 1.9 0.19 43 3.9 0.8 2.4 Catskill
DPA-212 1.22 0.007  9.86 0.078  0.0291 0.0003 0.1909 0.0015 294.0 2.2 0.15 03 0.3 0.05 11.7  Catskill
DPA-213 1.07 0.004  9.94 0.096  0.0287 0.0003 0.1932 0.0019 299.0 1.4 0.15 0.3 0.3 0.04 5.0 Catskill
DPA-214 0.59 0.002  9.76 0.085  0.0289 0.0003 0.1912 0.0019 2989 23 0.18 0.5 0.5 0.09 Catskill
DPA-215  —43.1 0.06 0.000  9.90 0.098  0.0284 0.0002 0.1890 0.0021 295.1 2.6 045 5.6 5.0 2.5 Catskill
DPA-216 0.97 0.004 10.01 0.120 0.0291 0.0003 0.1860 0.0014 297.3 23 0.21 18.9 17.1 4.1 1.0 Catskill
DPA-217  —53.9 1.04 0.004 0.1907 0.0019 294.7 1.7 0.25 256 23.2 6.4 5.3 Catskill
DPA-218  —56.7 —168.4 0.05 0.000 0.1917 0.0015 3034 24 0.50 313 28.3 15.6 Catskill
DPA-219 0.48 0.002 3046 2.4 034 44 4.0 1.5 Catskill
DPA-220  —59.5 —171.3 0.05 0.000 0.1859 0.0018 298.7 2.9 0.46 50.9 46.0 23.5 Catskill
DPA-221 0.17 0.001 0.13 8.9 8.0 1.1 0.2 Catskill
DPA-222  —543 —164.9 0.22 0.001 0.23 85 7.7 2.0 0.1 Catskill
DPA-223  —54.4 —165.2 0.07 0.000 0.1881 0.0019 3141 29 0.28 29.5 26.7 8.2 Catskill
DPA-224  —36.7 —146.0 0.02 0.000 0.72 199 18.0 14.3 Catskill
DPA-225 —68.3 -3124 1.01 0.004 9.83 0.098  0.0284 0.0003 0.1880 0.0005 294.7 29 0.15 0.2 0.2 0.03 52 Catskill
Salt Spring ( Montrose, PA)
DPA-8 —45.8 —243.0 0.02 0.000 10.02 0.084 0.0293 0.0002 0.2007 0.0020 304.8 1.4 0.31 2541 2299 78.1 2.5 Catskill
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Bradford county
DPA-34

DPA-36

DPA-102
DPA-103  —41.7
DPA-105  —66.5
DPA-106  —56.0
DPA-107 —-52.2
DPA-226 —71.1
DPA-227 —48.6
DPA-228 —50.4

Wayne county

DPA-52 —43.1
DPA-53 —56.5
DPA-54 —45.2

DPA-241 4338

Sullivan county
DPA-200
DPA-201  —44.8
DPA-202  —39.8
DPA-203  —54.8
DPA-204
DPA-205
DPA-206
DPA-207
DPA-208
DPA-209 —67.8

Lackawanna county
DPA-210 —64.7
DPA-211  —66.1
DPA-58 —53.7

New York
Sullivan county
DNY239
DNY-240

Delaware county
DNY-236 —50.5
DNY-238 —41.6
DNY-242

Broome county
DNY-243 —45.8
DNY-244
DNY-245 —48.5
DNY-246

—195.0

—204.9
—237.0
—215.0
—225.5
—211.1

—202.8
—220.9
—197.5
—219.1

—195.9
—187.7

—331.2
—326.0

—215.1
—220.0

—180.7

—199.9

0.18
0.17
0.55
0.10
0.91
0.02
0.04
0.04

0.03

0.03
0.04
0.04
0.02

0.98
0.05
0.06
0.15
1.15
0.91
0.89
0.52
1.25
0.73

0.84
0.88
0.20

0.89
0.75

0.03
0.02
0.13

0.03
0.94
0.04
0.18

0.001
0.000
0.002
0.000
0.004
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.005
0.000
0.000
0.001
0.005
0.004
0.004
0.002
0.005
0.003

0.004
0.004
0.001

0.004
0.003

0.000
0.000
0.001

0.000
0.004
0.000
0.001

9.87
9.84
10.00
10.01
9.90
9.92
9.96
9.93

9.97
10.00
9.93
10.09

9.89
9.92

9.94

9.88
9.83

9.68
9.73

10.05
9.92

10.01
9.98
9.94

10.08
9.83
10.01
9.98

0.083
0.085
0.088
0.085
0.084
0.088
0.089
0.097

0.087
0.098
0.086
0.087

0.079
0.079

0.080

0.088
0.087

0.084
0.087

0.098
0.077

0.098
0.100
0.097

0.098
0.097
0.098
0.100

0.0287
0.0286
0.0289
0.0286
0.0289
0.0287
0.0286
0.0279

0.0287
0.0293
0.0286
0.0288

0.0290
0.0288

0.0287

0.0287
0.0283

0.0285
0.0291

0.0287
0.0289

0.0287
0.0281
0.0287

0.0293
0.0284
0.0297
0.0289

0.0003
0.0003
0.0002
0.0002
0.0003
0.0003
0.0003
0.0001

0.0003
0.0002
0.0003
0.0003

0.0003
0.0002

0.0003

0.0003
0.0003

0.0003
0.0002

0.0003
0.0002

0.0002
0.0002
0.0003

0.0001
0.0002
0.0003
0.0003

0.1912
0.1960
0.1897
0.1900
0.1959
0.1891
0.1898
0.1940
0.1860
0.1890

0.1929
0.1768
0.1868
0.1920

0.1768
0.1929

0.1768
0.1929

0.1768
0.2100

0.1880
0.1790

0.1899
0.1889

0.1957
0.1984
0.1901

0.1939
0.1895
0.1859
0.1910

0.0015
0.0015
0.0027
0.0028
0.0015
0.0013
0.0011
0.0009
0.0016
0.0011

0.0013
0.0014
0.0011
0.0013

0.0014
0.0013

0.0010
0.0015

0.0010
0.0017

0.0011
0.0012

0.0012
0.0013

0.0019
0.0022
0.0013

0.0015
0.0013
0.0016
0.0016

298.0
297.5
295.6
296.1
298.6
307.1
303.5
295.3
297.2
296.1

305.6
295.9
304.5
308.0

296.7
297.3

296.6
296.5

297.1
298.1

295.4
295.5

298.9
293.1

302.1
306.6
296.6

301.8
297.1
297.9
297.5

1.8
2.2
1.9
2.1
2.0
2.7
2.3
2.0
2.6
1.7

2.4
1.7
2.4
1.5

3.8
1.4

2.3
2.0

2.6
2.0

2.3
1.7

2.0
1.9

2.4
2.4
2.3

2.4
2.2
2.0
1.4

0.16
0.13
0.26
0.73
0.31
0.85
1.09
0.34

0.64

0.36
0.35
0.77
0.88

0.15
0.43
0.61
0.42
0.17
0.13
0.13
0.14
0.11
0.14

0.13
0.14
0.44

0.16
0.13

0.86
0.94
0.18

0.75
0.18
0.27
0.22

1.1
1.7
0.7
34.6
1.3
46.4
148.8
105.7
n/a
89.6

62.5
50.7
690.0
229.8

0.23
6.5

2.1

68.8
0.31
0.24
0.23
0.42
0.40
0.37

1.21
1.01
30.4

0.3
0.2

122.0
89.9
3.2

135.1
0.2
454
2.1

1.0
1.5
0.6
313
1.1
42.0
134.6
95.7

56.5
458
18.9
207.9

0.2
5.9
1.9
62.3
0.3
0.2
0.2
0.4
0.4
0.3

1.1
0.9
27.5

0.3
0.2

110.4
81.3
2.9

122.2
0.2
41.1
1.9

0.17
0.22
0.18
254
0.39
39.4
162.6
359
80.2
57.5

22.3
17.7
16.0
202.2

0.03
2.8

1.3

29.0
0.04
0.03
0.03
0.06
0.04
0.05

0.16
0.14
13.3

0.04
0.03

105.0
84.4
0.58

100.9
0.04
12.5
0.46

0.7

0.2
5.3
4.7

43
5.0
5.4
2.0

2.1
5.0
7.3

6.2
5.8

8.9

2.1
4.1

4.8

Lock Haven
Lock Haven
Lock Haven
Lock Haven
Lock Haven
Lock Haven
Lock Haven
Alluvium

Alluvium

Lock Haven

Catskill
Catskill
Catskill
Catskill

Lock Haven
Alluvium
Alluvium
Alluvium
Lock Haven
Alluvium
Lock Haven
Lock Haven
Lock Haven
Lock Haven

Lock Haven
Lock Haven
Catskill

Catskill
Catskill

Catskill
Catskill
Catskill

Catskill
Catskill
Catskill
Catskill
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of a previous study (Warner et al., 2012), all data reported
here represent a more recent sample collection and analyses
including 38 domestic water wells that were not previously
collected or analyzed. All samples (n = 73) were analyzed
for their major gas abundance (e.g., CHy4, CoHg, N, O,)
and noble gas composition (He, Ne, Ar, and their isotopes)
according to standard methods reported previously
(Darrah et al., 2014). The stable carbon isotopic composi-
tion of methane (3'*C-CHy) was determined for all samples
with [CH,4] exceeding 0.5 cm® STP/L (n = 36), while paired
stable hydrogen isotopic composition (6°H-CH,) is avail-
able for n = 30 of the samples included in this study.

Before sampling, wells were flowed to remove stagnant
water and simultaneously monitored for pH, electrical con-
ductance, and temperature until stable values were
obtained. Water samples were collected prior to any treat-
ment systems and were filtered and preserved following
USGS protocols (USGS, 2011). The methods for the anal-
ysis of inorganic constituents were identical to those
reported previously (Warner et al., 2012). Dissolved hydro-
carbon gas samples were collected in the field using proce-
dures detailed by Isotech Laboratories (Isotech, 2011),
stored on ice until delivery to their facilities, and analyzed
for methane, ethane, and propane concentrations and iso-
topic compositions of methane. Procedures for gas analyses
were summarized previously (Osborn et al., 2011; Jackson
et al., 2013). Isotech Laboratories used chromatographic
separation followed by combustion and dual-inlet isotope
ratio mass spectrometry to measure dissolved gas concen-
trations and 6'3C-CHy (detection limits for C;, C,, and
C; were 0.001, 0.0005, and 0.0001 mol%, respectively).

Noble gas samples were collected in refrigeration-grade
copper tubes that were flushed in-line with at least 50 vol-
umes of sample water prior to sealing with stainless steel
clamps. In the laboratory, the fluid was extracted from the
copper tube on a vacuum line and sonicated for ~30 min
to ensure complete transfer of dissolved gases to the sample
inlet line (Solomon et al., 1995). Major gas components
(e.g., Ny, Oy, Ar, CHy, C,Hg) were measured using an
SRS quadrupole mass spectrometer (MS) and an SRI gas
chromatograph (GC) (Hunt et al., 2012; Darrah et al.,
2013). The isotopic analyses of noble gases were performed
using a VG 5400 MS at the University of Rochester Rare
Gas Lab following methods reported previously (Darrah
and Poreda, 2012; Hunt et al., 2012; Darrah et al., 2013).
Standard analytical errors were +3% for noble gas concen-
trations ([*He] (1.45%), [**Ne] (1.61%), and [**Ar] (1.59%)).
Isotopic errors were approximately £0.01 times the ratio of
air (or 1.4 x 107%) for *He/*He ratio, <+0.5% and <+1%
for ?°Ne/**Ne and ?'Ne/**Ne, respectively, and <=+1% for
BAr/*®Ar and *°Ar/*°Ar, respectively (higher than normal
because of interferences from C; on mass = 36). Errors
for individual samples are shown in Table 2b.

To evaluate the potential for in-situ radiogenic produc-
tion and/or release of “He, we analyzed the [U] and [Th]
in Catskill and Lock Haven outcrop samples collected in
Susquehanna and Bradford counties. Analyses were con-
ducted by standard methods using inductively coupled
plasma mass spectrometry (ICP-MS) (Darrah et al., 2009;
Cuoco et al., 2013). Tritium analyses were performed on

43 groundwater samples, including a sample from Salt
Spring State Park, to evaluate the contributions from mod-
ern meteoric water. Tritium concentrations were measured
by the in-growth of *He using a VG 5400 noble gas MS
at the University of Rochester by methods reported previ-
ously (Solomon et al., 1992, 1995).

3.3. Numerical modeling

When combined, noble gases and the composition of
gas-phase hydrocarbons (i.e., molecular and stable isotopic
compositions) provide powerful tracers of gas migration
processes (e.g., Gilfillan et al., 2009; Hunt et al., 2012). Pre-
vious work suggests that diffusion, single-phase advection,
and/or dual-phase advection may control the movement
of fluids and post-genetic modification of natural gases in
the Earth’s crust (e.g., Prinzhofer and Pernaton, 1997;
Lorant et al., 1998; Gilfillan et al., 2009; Pape et al., 2010;
Xia and Tang, 2012; Darrah et al., 2014). Herein, we apply
numerical models to investigate and constrain the subsur-
face conditions and viable mechanisms of gas transport to
shallow aquifers including: (1) single-phase advection of
methane-rich brine (gas dissolved in water); (2) “buoyant”
advection of a gas-phase natural gas; (3) two-phase advec-
tion (i.e., free gas + brine); and (4) aqueous diffusion of
gases. Mechanisms 1 (gray), 2 and 3 (red), and 4 (green)
are shown as dashed color-coded lines in Figs. 10 and 11.

All models assume: (1) that the initial ASW composition
of shallow drinking-water wells are consistent with recently
recharged meteoric water. Note that this assumption is sup-
ported by the minor presence of tritium, local meteoric
water line-like composition of water isotopes (8*°H-H,O
and 3'®0-H,0) (Warner et al., 2012), non-detectable
methane, low salinity, and ASW-like composition in many
samples. Groundwater recharged under these conditions is
assumed to have a salinity of zero and to have equilibrated
at ~10 °C at an elevation of 600 m (i.e., present day equili-
bration conditions for shallow groundwater in this area).
Under these conditions, the 2°Ne and °Ar in ASW are
171 x 10"°cm® STP/L and 1223 x 10 cm® STP/L,
respectively; (2) the starting natural gas composition of
migrated hydrocarbon gases are consistent with Marcellus
production  gas:  °Ne/*°Ar =0.10, “*He/CH, =350
(x107%), C,+/C,=0.018, and &"C-CH,= —33%c to
—28%o generated at an initial reservoir depth of ~2500 m
and ~1 M NaCl. We use a Marcellus-like starting composi-
tion because it is the shallowest major hydrocarbon-
producing unit in the current study area (Fig. 1) and the
inorganic geochemistry (e.g., 3’Sr/%®Sr) of shallow brines
in this area are consistent with a Marcellus-like source
(Warner et al., 2012); and (3) hydrocarbon generation
and migration conditions (salinity, geothermal gradient,
etc.) are consistent with the conditions of the NAB. Because
the evidence for mantle contributions >1% within our cur-
rent study are limited to a subset of four samples with low
salt content and hydrocarbon gas levels, we do not incorpo-
rate hydrothermal circulation into our numerical or physi-
cal transport models for the hydrocarbon-gas and salt-rich
fluids. Similarly, due to a lack of empirical or field-based
evidence for oil-phase hydrocarbons in our study, we do
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Fig. 3. Variations of [CH,], [C;H,], and [*He] compared to [Cl] and [Ba] in groundwater (symbol designations shown in Section 3.1) and a
natural salt-rich spring (Salt Spring State Park, Montrose, PA shown as a star) located >>1 km from active shale gas drilling in PA and NY at
the time of sampling. In general, CH,, C,H,, and *He concentrations increase with brine components (i.e., Cl and Ba) (or Br, not shown)
across the study area. The Cl-rich fluids contain elevated Br~/Cl~ and Ba/Sr, as well as ¥’Sr/*Sr consistent with Middle Devonian Formation
brines (i.e., Marcellus-like) (Warner et al., 2012). Notice that the increase in [CH4] “rolls over” as methane concentrations approach saturation
levels for shallow groundwater. The upper level (saturation =40 ccSTP/L at 10 °C and 1 atm) for [CH4] demonstrates how groundwater
saturation or “‘bubble point” limits constrain the maximum dissolved gas concentrations in natural conditions. The positive correlations of
[CH4], [C5H,, and [*He] with [Cl] and [Ba] suggest the coherent migration of a gas-rich, saline fluid from deeper formations into Upper
Devonian aquifers across the region that has been recently diluted by meteoric water. The coexistence of CH,, C,Hg, and “He suggests a

thermogenic source for the hydrocarbon gases.

not incorporate oil-gas partitioning into our numerical
models for the hydrocarbon-gas and salt-rich fluids.

We model Mechanism 1 (single-phase advection; gray
trend in Fig. 10) assuming gas and brine migrate as a
single-phase fluid (i.e., no free gas-phase is present) and
thus does not experience any gas-phase partitioning. In this
scenario (i.e., Vgas/Viiquia =0), the ASW noble gases
(e.g., 2°Ne/**Ar) would not experience any quantifiable
fractionation of ASW components in the absence of multi-
ple phases (e.g., gas + water) (Ballentine et al., 2002). How-
ever, the migrating fluid would accumulate radiogenic “He
from the country rock, resulting in an increase in the
4HC/CH4.

Mechanisms 2 and 3 (dashed red lines) assume a free
gas-phase or dual-phase (i.e., brine + free gas) fluid
migrates within a crustal matrix that contains static, cap-
illary bound, or connate pore fluids (e.g., crustal water). In
this scenario, gases would partition according to their
respective  solubilities (Smith and Kennedy, 1982;
Ballentine et al., 2002). The Bunsen solubility (f) con-
stants for the noble gases are determined using Weiss
(1971a, 1971b) and Smith and Kennedy (1982), while the
partition coefficients (o« = Bx/By) are calculated following
Smith and Kennedy (1982) and Ballentine et al. (2002).
Because the timing and thermal history for natural gas
migration is uncertain, we model a range of temperature
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Fig. 4. Hydrogen (8°H-CHy) versus carbon (3'*C-CH,) isotopic compositions of possible natural gas sources (a-top); Ordovician (yellow
circles), Silurian (black squares), Marcellus (red circles), and Upper Devonian (green circles) production gases from PA and NY regions of the
NAB (e.g., Jenden et al., 1993; Laughrey and Baldassare, 1998; Burruss and Laughrey, 2010; Osborn and MclIntosh, 2010) (b-middle); and
dissolved methane in shallow groundwater across the region (c-bottom). The conventional interpretation of this plot relates the isotopic
composition (3°H-CH, and 8'*C-CH,) of methane to the thermal maturity of the source (trend of increasing maturity producing heavier
3?H-CH, and 8'*C-CH, shown in the thick dashed blue line (a)) (e.g., Schoell, 1983). Gas produced by microbes (green and blue boxes) yield
lighter isotopic ratios for CHy, while intermediate values are assumed to represent mixing between thermogenic and biogenic end-members
(trends shown with blue and green arrows). The “subsurface” and “near-surface” microbial end-members both have light 5'*C-CH,, but are
distinguishable by lighter 8*H-CH, in “near-surface” microbial CH,. The Ordovician and Middle-Devonian (Marcellus) production gases in
NAB are characterized by “dry thermogenic” composition, while most oil-associated Upper Devonian gases exhibit either a composition
along a “mixing” trend between dry thermogenic and sub-surface microbial end-members or alternatively may represent gases formed during
the early evolution of hydrocarbon gases associated with oil (b). Isotopic data of methane in groundwater (c) is based on previous publications
(marked by gray squares (Revesz et al., 2010) and gray circles (Jackson et al., 2013)) and our new data collected >>1 km from shale gas
development (colored symbols). The isotopic variations of carbon and hydrogen (i.e., 8*H-CH, and 8'*C-CHy) follow an apparent mixing
relationship between “dry thermogenic” and “‘subsurface microbial” natural gas. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

conditions (a proxy for burial depth), assuming a standard
geothermal gradient (i.e., 25 °C/km). The modeled temper-
atures range from 0 to >200 °C. Since all groundwater
wells were sampled at depths <90 m, Bunsen solubility
constants (f values: e.g., fne/Bar) Were not corrected for
geothermal gradients. The solubility fractionation model
adapts the GGS-R model developed for CO, (Gilfillan
et al., 2008, 2009; Zhou et al., 2012), and previously
adapted for hydrocarbons (Darrah et al., 2014), to evalu-
ate the fractionation of atmospheric (i.e., 2’Ne/*°Ar) and
crustally-derived components (e.g., *He/CH,, C,+/C;,
and 3'"°C-CHy,).

The two-stage groundwater gas stripping and re-
dissolution (GGS-R) model, as outlined in Gilfillan et al.
(2008, 2009), Zhou et al., (2012), postulates that trace gas
components are extracted from the water phase in equilib-
rium with a gas phase through “gas stripping.” The nucle-
ation of a separate gas phase in groundwater occurs when
the sum of the partial pressures of all dissolved gases (but
generally dominated by a few major components such as
CO, or CHy) exceeds the hydrostatic pressure, commonly
called the saturation point or “bubble point”. In cases
where the partial pressure of dissolved methane is domi-
nant, it controls the partitioning of trace gases (He, Ne,
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Fig. 5. N, (top) and *°Ne (bottom) vs. *’Ar in northeastern PA and southeastern NY at distances >1 km from drilling. In natural
groundwater systems, the concentration of atmospheric (ASW) gases (e.g., 2°Ne, 3°Ar, N,) is determined by their solubility during meteoric
recharge. The majority of samples collected >>1 km from drilling in PA have **Ar and N, that vary within 15% of the temperature-dependent
solubility line. A subset of methane-rich samples show a moderate increase in [*°Ne] discussed below.

Ar) because these trace components alone cannot attain (or
sustain) sufficient partial pressures to nucleate or remain in
the bubble phase even at the relatively low hydrostatic pres-
sures present near the vadose zone.

Our adaptation of the GGS-R model for hydrocarbons
postulates that catagenesis produces sufficiently high natu-
ral gas concentrations to generate a free gas-phase or “bub-
ble” leading to the primary and later secondary migration of
hydrocarbon gases. Note that although bubble nucleation
could occur through hydrothermal circulation (Ma et al.,
2009a,b), there is evidence for <1% contribution of
mantle-derived helium in hydrocarbon gas and salt-rich
samples in our current study. Similarly, there are no
reported excess geothermal (heat) anomalies in the current
study area. The gas-phase (or two-phase) fluid would then
contain crustal and ASW noble gases with the relative par-
titioning of the trace gas components between the gas and

water phases dependent upon: (a) the respective Bunsen sol-
ubility coefficients for each phase (fx, the ratio at equilib-
rium of the volume of dissolved gas x (at STP conditions)
per unit volume of solution, when the partial pressure of
x is 1 atmosphere) and (b) the in-situ volume ratio of gas
to water (i.e., Vgas/Viwater) (Aeschbach-Heritg et al., 1999;
Ballentine et al., 2002; Holocher et al., 2003; Aeschbach-
Hertig et al., 2008). This initial stage would significantly
enrich the migrated hydrocarbon fluid in [*’Ne] and
increase the **Ne/*®*Ar. As the gas migrates into overlying
groundwater containing gas levels below methane satura-
tion, there is a partial re-dissolution of methane and the
previously exsolved components back into groundwater
(Gilfillan et al., 2008, 2009). In this scenario, the more sol-
uble trace gas components (e.g., CoHg >CH4=°Ar) prefer-
entially re-dissolve into the static, capillary bound or
connate pore fluids according to their relative partition
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Fig. 6. The helium isotopic composition (*He/*He) shown as the ratio of the sample to the air standard (1Ra) vs. [*He] (top), [CH,] (middle), and
[CI] (bottom) in northeastern PA at distances >1 km from drilling. Fresh meteoric water has solubility levels of [*He] =45 x 107® cm® STP/L
and a *He/*He near the atmospheric standard (0.985Ra). After groundwater recharge, the *He/*He varies as a function of the radiogenic decay of
3H to *He and the influx of [*He] from: (a) radioactive decay of U and Th; (b) intrinsic release of “He that has accumulated in mineral grains
within the aquifer; and (c) a flux from exogenous sources. Our data suggest that in the majority of samples the helium has a crustal source, while
maximum crustal inputs correspond to the addition of thermogenic natural gas ([CH4] (middle) and increasingly brine-rich components [Cl]
(bottom)). Four samples with low salt and natural gas levels have elevated R/Ra values with elevated He/Ne likely providing evidence for
mantle-derived contributions (discussed further in Fig. 7). Four samples with low [*He] and He/Ne are related to targeted microbial samples.
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Fig. 7. The R/Ra vs. He/Ne (A); the R/Ra with air-saturated water and excess air removed (i.e., noea: no excess air) (Ruoea/ Ra) vs. *“He.q/*He
(i.e., atmospheric equilibration concentrations of *He over measured *He minus air-saturated water and excess air) (B); and a zoomed in image
of B (C). The majority of groundwater samples in this region, specifically in the hydrocarbon gas-rich and salt-rich end-member, appear to be
a two component mixture of ASW and crustal helium (<1% mantle-derived); in these samples the helium isotopic composition for the gas-rich
end-member approaches 0.02Ra and tracks an increase in [*He] with increased [CH,4], [C1”], and [Ba]. By comparison, four samples show
R/Ra values well above crustal production ratios even at elevated He/Ne and after atmospheric helium is removed; these samples show
evidence for between 1.2% and 11.6% mantle-derived helium.
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Fig. 8. The *He/**Ne vs. CH4/*°Ar (top) and *He/*°Ar vs. CH4/*°Ar (bottom) in groundwater samples from the current study. The trends of
increasing *He/*°Ar and *He/*’Ne vs. CH4/*®Ar show a coherent dilution of *He-rich and CH,-saturated groundwater (typified by the Salt
Spring) by meteoric water with ASW composition (low concentrations of “He, Cl, and no CHy). These findings suggest that hydrocarbon-rich
brine components were diluted (mixed) with relatively young meteoric waters in the shallow subsurface. The combination of high [CH4] (i.e.,
high CH,4/*°Ar) and [*He] (e.g., “He/**Ar and *He/**Ne) enables us to distinguish natural gases targeted for their shallow microbial inputs
(e.g., landfills and agricultural fertilizer) from the hypothesized migrated thermogenic gases in the NAB.

coefficients (o), while less soluble components (e.g., “He and
20Ne) preferentially remain in the gas-phase.

In low gas to water conditions (i.c., as Vgas/Viater
approaches 0), trace gases with different solubilities will
strongly fractionate as they partition from groundwater
into the gas-phase (Gilfillan et al., 2009). In this scenario,
the degree of molecular fractionation increases and can
approach a maximum fractionation value of the ratio of
their respective Bunsen coefficients (fx/By), termed alpha
() (assuming single stage fractionation; multi-stage frac-
tionation can greatly exceed o). For example, the Bunsen
coefficient ratio (a) for 2°Ne vs. *°Ar (fne/Bar) is ~3.7 at
10 °C, and for *He vs. CH,4 (Bue/Bcu,) is ~4.4 at the same
temperature. On the other hand, for components with sim-
ilar solubilities such as CHy vs. 3%Ar ( Bcual/Par), o is about 1
at 10 °C (Ballentine et al., 1991; Sherwood Lollar and

Ballentine, 2009) and for “He vs. 2°Ne (Bue/fne) o is about
1.2 at the same temperature (Weiss, 1971a,b). Thus, these
pairs of gases will partition into the gas phase according
to the Vis/Viater» but will not experience significant
molecular or isotopic fractionation relative to each other.
As the Vguo/ Vivarer increases, the amount of dissolved gas
that partitions into the gas-phase will increase, while the
degree of molecular (or isotopic) fractionation between
gases with different solubilities decreases. Thus, in high
Voas! Viwater conditions nearly all of the trace gases will par-
tition into the gas-phase. In this case, even components
with relatively large differences in solubility will not experi-
ence changes in molecular or isotopic ratios in either the gas
or the residual water phases. Our model assumes maximum
o fractionation values because theoretically gas emplace-
ment occurs when relatively low volumes of gas migrate
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Fig. 9. The 2°Ne/**Ar vs. [**Ne] (top), [*°Ar] (middle), and N,/Ar (bottom) in groundwater from the present study. The 2°Ne/3°Ar can be a
sensitive proxy for gas—water interactions and crustal fluid migration mechanisms. However, the *’Ne/**Ar can also be impacted by air
contamination and/or the addition of “excess air”. The present dataset shows a strong positive correlation (> = 0.849; p < 0.01) between
2Ne/**Ar and [*Ne] (top), but no significant correlation (p > 0.35) with [*®Ar] (middle) or N»/Ar (bottom). These trends suggest that the
elevated 2°Ne/*°Ar in the current study relates to a history of gas-water interactions as opposed to excess air. Elevated [?’Ne] without
increased [*®Ar] or N,/Ar suggests that a highly fractionated (i.e., elevated 2*Ne/**Ar) hydrocarbon-rich brine mixes with a young meteoric
water close to surface (i.e., otherwise both 2’Ne/*°Ar and N,/Ar would both be fractionated by the migrational process). The addition of a
migrated gas-rich phase with exogenous *°Ne increases the [*°Ne] significantly, but does not alter the [*°Ar].
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Fig. 10. *He/CH, versus 2°Ne/*°Ar in dissolved gas in shallow groundwater samples as compared to Marcellus (solid red box) and Upper
Devonian production gases (pink box). Once incorporated into a crustal fluid, the ratios of thermogenic and ASW components can be
predictably fractionated by gas—water interactions in the crust (e.g., Gilfillan et al., 2009; Sherwood Lollar and Ballentine, 2009). As a result,
dissolved gas components are sensitive tracers for distinguishing different migration processes. We modeled four migration scenarios from a
single source of the Marcellus gas: (1) simple 1-phase advection (gray line); (2 and 3) solubility fractionation during the advection of a fluid
with a gas phase (i.e., a free-phase gas (2) and a 2-phase fluid (3)), sorted by temperature (red dashed lines); and (4) primary diffusion (green
line). The observed °Ne/*°Ar and “He/CH,4 data of shallow groundwater are not consistent with any of these three models alone.
Consequently, we hypothesize two sequential stages of hydrocarbon-rich brine migration including: (1) transport of the Marcellus gas to UD
reservoirs via primary and later secondary (buoyant) migration, during which isotopic fractionation is induced by differential solubility of the
gases that generated the NAB UD production gases (Trend 1) and (2) a final secondary diffusion of the UD gas into the shallow UD aquifers,
termed tertiary migration (blue dashed line) (Trend 2). The combination of elevated 2°Ne/**Ar and the correlation between gas components
(e.g., CHy, *He, 2°Ne/*®Ar) and salts (e.g., Cl, Br, Ba) suggests that the initial emplacement occurred by the advection of a 2-phase fluid. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

through the water-saturated crust (i.e., low Vs Viater)s
note also that our empirical observations require extensive
fractionation (near maximum o) to accommodate the
observed 2°Ne/>°Ar in the methane-rich samples.

The diffusion model (Mechanism 4: dashed green lines)
assumes 1-D diffusion of a hydrocarbon-rich brine with
Marcellus composition into an overlying static crustal brine
that was previously devoid of any thermogenic natural gas
components (i.e., CHy, CoHsg, 4He). The assumed boundary
conditions (i.e., a natural gas from the Marcellus diffuses
into a brine devoid of any natural gas previously) may be
plausible for crustally-derived components (e.g., [*He],
[CH,4)), but clearly represent maximum diffusional constants
for the ASW components (e.g., 2°Ne, *°Ar). The latter
results from the fact that the concentration of ASW compo-
nents were fixed in the past when crustal waters equilibrated
with the atmosphere during recharge and should have min-
imal concentration gradients. These boundary conditions
for diffusional fractionation were chosen because they repre-
sent the maximum possible fractionation factors for ASW
noble gases (i.e., *’Ne and *°Ar; the importance of which
is discussed further below). The relative diffusional fraction-
ation factors (o) for various gas components is assumed to
be equal to the ratio of the diffusion coefficients for each
parameter (i.e., « = Dx/Dy, where Dx is the diffusional con-
stant for component X and Dy is the diffusional constant for
component Y). To a first approximation, the diffusional o
for various gas species are equivalent to the ratio of the
square roots of their masses.

4. RESULTS
4.1. Hydrocarbon gases

4.1.1. Hydrocarbon concentrations

Gas-phase hydrocarbons in shallow aquifers may result
from in-situ microbial or thermogenic production and/or
the migration of hydrocarbons from an exogenous source
(e.g., Revesz et al., 2010; Osborn et al., 2011). Methane con-
centrations in groundwater from this sample set range from
below detection limits (~0.01 cm® STP/L) to 39.8 cm® STP/
L (Table 2a). The upper limit is near saturation conditions
for methane in fresh water (saturation for [CHy] is
~32-40 cm® STP/L (e.g., Revesz et al., 2010) at P(CHy)
=1atm at 10 °C). By comparison, ethane concentrations
range from below detection limits (~0.001 cm® STP/L) to
0.271 cm® STP/L (Table 2a). Because microbes do not pro-
duce significant quantities of ethane or heavier aliphatic
hydrocarbons in the subsurface (Bernard, 1978; Schoell,
1980), ethane serves as an indicator of thermogenic gas
inputs (e.g., Jackson et al., 2013).

All samples with elevated salt contents (e.g., [Cl], [Ba])
display a concomitant increase in [CH4] and [C,Hg]
(Fig. 3). This trend reinforces the hypothesis for the natural
coexistence of [CH4] and brine-rich salts in low lying valleys
across the region (Fig. 3 and Table 2a) (Molofsky et al.,
2011, 2013; Warner et al., 2012; Darrah et al., 2014;
Kravchenko et al., 2014). The general co-variation of
[CH,], [CoH], and [*He] with dissolved salts (i.e., [C]] and
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Fig. 11. Co+/C; vs. 8'3C-CH, (top) and “He/CH, vs. 8'3C-CHy (bottom) in groundwater from the current study area. In the C,+/C; versus
813C-CH, (top), we compare our data to published data (gray squares (Revesz et al., 2010); gray circles (Jackson et al., 2013)) and values of
shallow microbial gas (gray box), Marcellus production gases (red box), and UD production gases (pink box). Notice that many of NAB
groundwaters do not plot along a mixing trajectory, even if one assumes a relatively enriched microbial end-member (8'*C-CH, = —52 per
mil). In fact, a hypothetical microbial end-member of 8'*C-CH, = —41 per mil is required to account for the stable isotopic composition of the
majority of the methane-rich samples. Similar results are obtained by assuming mixing occurs between UD production gases and microbial
end-members (not shown). By comparison, elevated helium levels in shallow groundwater are produced as natural gases fractionate during
migration from a deep, thermogenic source. Thus, “He (i.e., “He/CH,) provides a powerful externally defined end-member for distinguishing
between biogenic and thermogenic natural gas inputs. If mixing were to occur between Marcellus or UD production gases and microbial end-
members, the *He/CH, should decrease. Similarly, methane oxidation could increase the “He/CH,, but should lead to an increase in the
residual 3'>C-CH,. Instead, the opposite trend (more negative 8'*C-CH, and increasing “He/CH,) is observed in a plot of “He/CH, versus
313C-CH,. A subset of samples that do diverge from this trend and show paired decreases in “He/CH, and 8'>C-CH, (dashed gray arrow
denoted as “mixing with microbial methane”) were targeted specifically for their microbial sources (e.g., landfill). These samples have low
[*He] (consistent with air-saturated water) and *He/CH, orders of magnitude lower than production gases or other samples in the study.
Together, these data suggest that a post-genetic alteration process other than microbial alteration may affect the C,+/C;, “He/CH,, and 8'*C-CH,4
relative to the original source composition (i.e., Marcellus gas). When combined with noble gas data, it appears that the concave curve typified
by the rapid depletion of C, relative to C, in the C,+/C; versus 8'>C-CH,, previously interpreted as post-genetic fractionation by “diffusional
fractionation” (Prinzhofer and Pernaton, 1997), may instead reflect solubility fractionation (red line) during the advection of a dual-phase
(water and gas) fluid consistent with Fig. 10. In combination with Fig. 4, these data suggest that a subset of the “subsurface microbial”
end-member may also include some migrated thermogenic natural gas in the NAB. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

[Ba]) likely demonstrates a common origin and migration 2012, 2014). The exceptions to this trend are (a) those
process for natural gas and dissolved inorganic solutes, methane-rich waters that have a microbial source as defined
consistent with hydrocarbon-rich brines observed elsewhere by low 8'*C-CH, and 8°H-CH, and a lack of ethane and

(Eisenlohr et al., 1994; Schlegel et al., 2011; Warner et al., radiogenic [*He] (explored further below) and (b) a subset
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of samples <1 km from drilling reported elsewhere that
have multiple lines of evidence suggesting the presence of
fugitive gas contamination related to shale gas development
(Osborn et al., 2011; Jackson et al., 2013; Darrah et al.,
2014). Although only [Cl] and [Ba] are shown in Fig. 3,
previous work on the other inorganic constituents (e.g.,
Br/CI~, ¥Sr/*®Sr, Ba/Sr) of these high salinity waters
(i.e., [Cl]>20 mg/L) indicated that the salt components
are consistent with the addition of deep, Mid-Devonian
(Marcellus-like) formational brines into shallow groundwa-
ter (Warner et al., 2012). Based on these considerations,
and the fact that the shallowest hydrocarbon source rock
in this study area is the Marcellus, we suggest that a
Marcellus source for these fluids is plausible.

Groundwater transport plays a fundamental role in
hydrocarbon gas migration and physically controls the
migration of gases from and within hydrocarbon reservoirs
(Cathles, 1990; Ballentine et al., 1991; Ballentine and
O’Nions, 1994). Fig. 3 also reveals how the conditions of
gas saturation in water regulate the concentrations of
methane in groundwater from the region. In
Fig. 3a and b, notice that the [CHy4] “roll over” (i.e., stop
increasing) as they approach the saturation level (“bubble
point”) of methane (32-40 cm® STP/L) in fresh water at
latm and 10°C for a water in equilibrium with a
methane partial pressure of 1atm (P(CH4) =1 atm) and
normal levels of air-saturated water gases (predominantly
N,), whereas [Cl] and [Ba] continue to increase
(Fig. 3a and b). The “roll over” in methane results from
the fact that conservative inorganic tracers (e.g., CI,
Br, etc.) remain well below their respective saturation
levels in water, while the levels of CHy (or other
major gases) are limited by their saturation levels
(i.e., “bubble point”).

In order to prevent gas loss or significant two-phase
partitioning, which commonly occurs when using simple
plastic or glass screw-top containers or the inverted
bottle method, we collected the groundwater samples using
gas-tight copper tube samplers in-line with the domestic
wells prior to any pressure tanks or treatment systems.
Thus, this upper “roll over” limit for [CH,4] in shallow aqui-
fers >1 km from drilling is not an artifact of sampling, as is
the case for the other sampling techniques listed above, and
is regulated by the saturation or bubble point for methane
in water at or near P(CHy) = 1 atm.

4.1.2. Stable isotopic composition of hydrocarbon gases

The stable isotopic compositions of methane (i.e., 8H-CH,
and 8'>C-CHy) provide additional insight into the origin of
methane-rich crustal fluids present in Middle and Upper
Devonian formations (Fig. 4a). The conventional inter-
pretation of Fig. 4a relates the isotopic composition of
methane to the degree of thermal maturity. Thermogenic
gases fall along the thermal maturation trend (dashed
blue arrow in 4a), whereas biogenic gases plot as two
distinct “light” 8'*C-CH, end-members predominantly
distinguished by their 8°H-CH,; shallow “near-surface”
microbial gases (green box) have significantly lower
8’H-CH, signatures than ‘“subsurface microbial” gases
(solid blue box; Fig. 4a) (Schoell, 1980, 1988).

The majority of production gas data from Ordovician
(yellow circles), Silurian (black squares), and Middle Devo-
nian (Marcellus, red circles) sequences in PA and NY are
consistent with thermally mature, “dry thermogenic”
methane with 8'°C-CH, of -28 to -40%0 and clearly fall
along the “thermal maturation line” (Fig. 4a and b) (data
from Jenden et al., 1993; Burruss and Laughrey, 2010;
Osborn and Mclntosh, 2010). By comparison, many oil-
associated Silurian production gases (black squares) from
PA (Laughrey and Baldassare, 1998) and oil-associated
Upper Devonian production gases (green circles) from
NY (Jenden et al., 1993; Osborn and MclIntosh, 2010),
range between —44%o to —55%c. These samples fall along
a trend that can be interpreted as either a mixture between
thermogenic gases that plot along the thermal “maturation
trend” and “‘near-surface microbial” end-members or the
thermally immature end-member of oil-associated hydro-
carbon gases.

The stable isotope trends for dissolved CHy in the
majority of groundwater samples also fall along an appar-
ent “mixing” trend between a ‘“‘dry thermogenic end-
member”, similar to Marcellus production gases (e.g.,
Jenden et al., 1993; Laughrey and Baldassare, 1998;
Baldassare et al., 2012), and microbial inputs (Schoell,
1980, 1983; Jenden et al., 1993) (Fig. 4c). By comparison
to the production gases from this region, the majority of
groundwater samples appear to plot along a mixing line
between the production gases and the “‘subsurface” micro-
bial end-member. Importantly, all groundwater samples in
the present study have isotopic compositions that plot
along the “mixed” gas trend, with the exception of four
samples intentionally targeted for their “surficial” microbial
production (i.e., near a landfill and/or manure leachate
ponds, with low levels of ethane, “He, Ba, and Cl) as
reported in Darrah et al. (2014) (Fig. 4c).

4.2. Non-combustible gases

4.2.1. Major dissolved gases

The concentrations of dissolved atmospheric (ASW)
gases (i.e., °Ne, *°Ar, N,) can also help to elucidate the
interactions that occur between natural gas and water
(Solomon et al.,, 1992; Holocher et al., 2002, 2003;
Aeschbach-Hertig et al., 2008; Gilfillan et al., 2009).
Groundwater samples from the current study display N,
(IN>]=15.8 cm® STP/L) and Ar ([Ar]=0.38 cm® STP/L)
concentrations that vary within 12% and 3% of ASW values
(13.9 and 0.37 cm® STP/L, respectively) on average, assum-
ing Henry’s Law solubility equilibration conditions at
atmospheric pressure (1 atm), 10 °C, and ~600 m of eleva-
tion (average elevation in the study area) (Table 2a and
Fig. 5a). The majority of samples have [N,] and [Ar] that
plot within 15% of the temperature-dependent ASW solu-
bility line (see ticked line in Fig. 5a and b).

Although some background groundwater samples
showed minor “bubble enrichment” or “excess air” entrain-
ment common in pumped groundwater globally (Heaton
and Vogel, 1981; Aeschbach-Hertig et al., 2008), these
ranges reflect normal equilibration between the atmosphere
and meteoric water during groundwater recharge (Weiss,
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1971a,b). These findings were as expected for a typical shal-
low aquifer groundwater sample. Importantly, this relation-
ship is maintained independent of the methane
concentration, which suggests the addition of methane did
not result in any major two-phase effects (gas-liquid inter-
actions), such as partitioning of the atmospheric compo-
nents into a separate gas-phase that altered the ASW [N,]
or [Ar] (e.g., “stripping”) as reported in Darrah et al.
(2014) (Table 2a and Fig. 5). The most obvious deviations
from ASW composition include concomitantly elevated
levels of “He, ?°Ne, CH,, and C,H,, which all correspond
to increasing salt content (e.g., [Cl], [Ba]) (Table 2a;
Figs. 3 and 5b).

4.2.2. Noble gas geochemistry

4.2.2.1. Potential for mantle contributions?. The isotopic
composition (e.g., *He/*He, 2°Ne/**Ne, 2!Ne/**Ne, or
“0Ar/*®Ar) and relative abundance of ASW (i.e., °Ne/**Ar)
and crustal (i.e., [*He], “He/CH,, “He/**Ne, or “He/*°Ar)
gas components can often help to identify the source, mix-
tures, history of migration, and interactions that occur
between fluids (e.g., gas and water) in the Earth’s crust
(e.g., Ma et al., 2005; Castro et al., 2009; Gilfillan et al.,
2009; Dubacq et al., 2012; Zhou et al.,, 2012; Darrah
et al., 2014). Here, we attempt to use these parameters to
determine whether the hydrocarbon gases, diluted brines,
and elevated helium contents result from the migration of
an exogenous fluid or if these components are native to
Upper Devonian aquifers and to determine the physical
mechanisms by which the exogenous fluids (e.g., hydrocar-
bon gases and salts) may have migrated to shallow aquifers.
Nonetheless, mantle-derived fluids may contribute to the
mixture of noble gases (Poreda et al., 1986; Ballentine
and Sherwood Lollar, 2002; Castro et al., 2009) and compli-
cate the interpretation of diagnostic isotopic ratios in some
hydrocarbon-producing basins (e.g., Michigan Basin,
Hugoton Panhandle, Sacramento Basin). For example, in
normal crustal fluids (i.e., those lacking mantle contribu-
tions), the abundance and isotopic composition of ASW
noble gases are established during the recharge of ground-
water and altered by the addition of crustal gases or gas—
water interactions (e.g., gas-phase partitioning, diffusion).
Thus, isotopic variations in ASW noble gases provide infor-
mation that may distinguish between various mechanisms
of gas-water interaction and/or fluid migration (Gilfillan
et al., 2008, 2009; Sherwood Lollar and Ballentine, 2009).
By comparison, elevated ’Ne/*®Ar values may result from
isotopic fractionation during gas-liquid partitioning or
from the contribution of mantle-derived neon (i.e.,
*'Ne/*°Ar = 0.5-1.6, or *’Ne/*’Ne and *'Ne/*Ne = 12.8
and 0.04, respectively) (e.g., Farley and Poreda, 1993;
Gilfillan et al., 2009; Ma et al., 2009a; Darrah et al.,
2013). Therefore before employing these diagnostic noble
isotopic ratios, we must first evaluate the proportion of
mantle contributions in our study area.

In magmatic or geothermal systems, elevated *He/*He
ratios (above radiogenic production values) provide
unequivocal evidence for the presence of mantle-derived
fluids in crustal and hydrological systems (Craig et al.,

1978; Ballentine et al., 2002). However, in shallow ground-
water systems, the use of 3He/*He ratios alone is compli-
cated by uncertainty in the original composition of
mantle-derived fluids, mixing with radiogenic fluids (ele-
vated [*He] and low *He/*He) during transport and storage
in the crust, mixing with air-saturated components both in
the crust and in shallow aquifers, and the potential addition
of tritiogenic *He (i.e., note that all ground water samples in
this study had measurable *H levels).

Various approaches have been used to apportion the
abundance of mantle-derived components in shallow aqui-
fers (Craig et al., 1978; Poreda et al., 1986; Hilton, 1996;
Ballentine et al., 2002; Saar et al., 2005; Crossey et al.,
2009; Karlstrom et al., 2013). Here, we evaluate mantle
contributions in three ways: (1) evaluating the relative dis-
tribution of *He/*He to non-air-like gas components (e.g.,
He/Ne or He/Ar). We use He/Ne because of the similarity
in solubility between He and Ne. The mixing models
assume ASW: R/Ra = 0.985, He/Ne = 0.233; ASW with
10 tritium units (10 T.U.): R/Ra=1.4, He/Ne = 0.233;
crustal: R/Ra=0.02Ra, He/Ne=1000; and mantle-
derived component: R/Ra =2-8Ra for 25-100% mantle
fraction and He/Ne = 1000 (Figs. 6 and 7) (Craig et al.,
1978; Hilton, 1996; Crossey et al., 2009); (2) three compo-
nent mixing (air-saturated water-derived He and excess
helium from crustal and mantle-derived components)
including heavier noble gases (Ne, Ar) following methods
reported in Saar et al., (2005) (Fig. 6) and (3) neon isotopic
compositions (Table 2b).

Consistent with both the noble gas isotope data (e.g.,
He, Ne, and Ar isotopes) from Ordovician, Silurian, and
Devonian production gases (Hunt et al., 2012) and the
archetypal salt-decollement-controlled tectonic framework
from the plateau region of the NAB (Frey, 1973), the noble
gas compositions of the majority of groundwater samples in
this region, specifically in the hydrocarbon gas-rich and
salt-rich end-member, do not display evidence for any
resolvable (>1%) mantle contributions. The helium isotopic
composition for the gas-rich end-member approaches
0.02Ra with highly elevated He/Ne (>50) and tracks an
increase in [*He] with increased [CH,4], [C17], and [Ba]
(Fig. 6). Similarly, by correcting the R/Ra and [*He] values
by removing the air-saturated water and excess “He and
“He (Ryoea/Ra) components following the methods of
Saar et al., (2005), we find that the majority of samples with
elevated hydrocarbon gas and salt contents plot along
the purely crustal mixing end-member. Finally, the isotopic
ratios of Ne (*°Ne/**Ne (9.90 +0.099) and *'Ne/*’Ne
(0.0288 + 0.0003)) and ASW Ar components >°Ar/*°Ar
(0.190 £ 0.006) have atmospheric composition within
analytical errors. By comparison, these samples have
variable [*°Ar”*] inputs with a maximum enrichment of
~5% above air (**Ar/**Ar = ~310) (Table 2b), reflecting
radiogenic inputs of argon from crustal minerals.

While we interpret these observations as an absence of
mantle contributions in the majority of samples, both the
R/Ra vs. He/Ne and Ryeea/Ra vs.*He.q/4Hepoea plots
demonstrate the presence of six samples (DPA-105, 210,
211, 216, 217, and 219) with R/Ra values well above crustal
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production values (0.02Ra). Two of these samples (DPA-
210 and 211) were collected adjacent to municipal landfills.
Thus, we hypothesize that these samples likely have ele-
vated R/Ra values from the presence of elevated tritium
(*H) in the municipal landfills. Conversely, samples
DPA-105, 216, 217, and 219 have R/Ra values above crus-
tal production ratios with He/Ne ranging from 1.14 to
23.17 without obvious additional anthropogenic sources
for *He (i.e., tritium). For these reasons, we conclude that
these four samples likely contain resolvable mantle
contributions ranging from 1.2% to 11.6%. While these four
samples display resolvable mantle contributions, it should
be noted that these samples all have low methane
concentrations ([CH4] = 0.01-0.49 ¢cSTP/L), low levels of
salt ([Cl]= 14-17 mg/L), marginally elevated [Ne] relative
to the hydrocarbon gas- and salt-rich end-member
(**Ne/**Ar = 0.21-0.34), and neon isotopic values within
lo of ASW. For these reasons, we suggest that mantle con-
tributions do not quantitatively impact our noble gas inter-
pretations for the majority of samples with elevated
hydrocarbon gases and salt, which suggests that the varia-
tions in ASW noble gases likely result from fluid interac-
tions in the crust. Because the hydrocarbon-producing
formations within our study area do not have a history of
oil production, we focus on the impact of post-genetic mod-
ification of hydrocarbon natural gases during water-rock
interactions in the crust and/or microbial activity.

It should be noted that our observations in produced
gases and shallow groundwater from the NAB do not
reveal the same frequency of mantle-derived contributions
as is observed in deep crustal brines from the neighboring
Michigan Basin. The Michigan Basin has a distinctly differ-
ent tectonic and geological history despite the presence of
nominally similar stratigraphic formations. For example,
the Michigan Basin experienced significant rifting, basaltic
intrusions, and the onset of geothermal advection starting
in the Cretaceous (Ma et al., 2005, 2009a,b; Castro et al.,
2009). By comparison, the Devonian sequences of the
NAB represent an archetypal fold-thrust belt system whose
tectonic history is controlled by continental-continental col-
lision that led to deformation exclusively in stratigraphic
sequences above the Salina decollement (Frey, 1973;
Scanlin and Engelder, 2003). In fact, the most proximal rift
basins to our study area are on the opposite side of the
Appalachian Structural Front. Thus, Triassic rifts were
not necessarily expected to contribute mantle components
to this region (i.e., >150 km away from the rift areas).
Future work should examine the spatial distribution of
samples with evidence of mantle-derived gases in the
NAB in order to evaluate the feasibility of magmatic
sources and/or tectonic pathways for mantle-derived fluid
migration.

4.2.2.2. Helium. Combined elevated [*He] and He/Ne and
low *He/*He unambiguously indicate that the CHg-rich
end-member in groundwater from UD aquifers is domi-
nated by an exogenous crustal/radiogenic source (i.e., a
source of helium external to the present aquifer lithologies)
(Figs. 6 and 7). Helium concentrations in our dataset range
from ASW values (~45 x 107%cm® STP/L) up to 0.4 cm®

STP/L (~400,000 x 107® cm® STP/L). With the exception
of four apparent outliers (DPA-105, 216, 217, and 219),
which show quantifiable mantle contributions, the majority
of samples have *He/*He ratios that decrease from 1.32Ra
(ASW values plus contributions from the in-growth of tri-
tiogenic *He (Table 2b)) to a uniformly crustal isotopic
composition of 0.02Ra with increasing [*He], [CH,4], and
[Cl] (Fig. 6 and Table 2a).

With the exception of the four outliers with quantifiable
mantle contributions, the [*He] in groundwater samples
from shallow UD aquifers in this study reflect a combina-
tion of: (1) atmospheric inputs, (2) in-situ production of
“He from o-decay of U-Th, (3) the release of “He that pre-
viously accumulated in detrital grains, and (4) the flux from
exogenous sources (Solomon et al., 1996; Zhou and
Ballentine, 2006). We use the [U] and [Th] of Lock Haven
and Catskill aquifer rocks (Table 3) to estimate the poten-
tial in-siru production of [*He]. Using average measured
values of [U] (2.2 ppm) and [Th] (6.8 ppm) (Table 3) for
these aquifer rocks, we find an estimate of steady-state pro-
duction and accumulation for [*He] of <2.6 x 10~° cm?
STP/L of water/yr.

Additionally, crustal minerals may accumulate “He over
geologic time and release it into groundwater at rates
exceeding steady-state production by ~100-fold for periods
of at least 10,000 yr (Solomon et al., 1996; Hunt, 2000;
Sheldon et al., 2003). Other work in the NAB has found
“He accumulation in shallow aquifers to be consistent with
the modeled “He release from Paleozoic quartz (assuming
30% porosity, measured quartz diffusion coefficients, a
1-D radial diffusion model, and the measured average initial
[*He] of 6 x 107> cm® STP/g of mineral grains from the
Lock Haven and Catskill aquifers) (Hunt, 2000). Based

Table 3
Uranium [U] and thorium [Th] concentrations of aquifer lithologies
and UCC.

Element U (mg/kg) Th (mg/kg)
Sample

Lock Haven

LH-1 2.4 6.5
LH-2 2.5 6.2
LH-3 25 6.7
LH-4 34 8.2
LH-5 2.0 6.2
Average: 2.6 9.7
Catskill

CAT-1 1.0 5.1
CAT-2 2.3 6.4
CAT-3 2.1 5.7
CAT-4 1.6 6.4
CAT-5 1.4 5.1
CAT-6 1.5 4.7
Average: 1.7 7.9
Alluvium

ALV-1 3.0 8.6
ALV-2 32 8.1
Average: 1.7 7.9
uccC 2.8 10.7
Model value 2.2 6.8
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on these estimates, the calculated maximum release within
these shallow UD aquifer lithologies of the NAB is
~0.5 x 10~ cm® STP/L/yr.

The [*He] that we observed (up to 0.4 cm® STP/L) in
methane-rich and high salinity samples greatly exceeds the
viable combined concentrations from [4He]ASW, the maxi-
mum [*Hel;,_sin. production, and the release from “He that
previously accumulated in grains within Catskill and Lock
Haven aquifers. Thus, even if the shallow groundwater
sampled from UD aquifers (<90 m below land surface)
had an average residence time of 1000 yr, the in-situ release
and accumulation of *He would account for <~1% of the
observed [*He] in methane-rich and high salinity samples
(Table 2a) (methods as reported in (Solomon et al.,
1996)). While the age of 1000 yr is entirely arbitrary, it
likely overestimates the true age, given the relatively high
levels of precipitation and recharge in this area and the con-
sistent presence of tritium (with a half-life of 12.3 yr)
observed in groundwater from this study. For example,
groundwater from this study had [*H]= 3.92 tritium units
(T.U.) on average, with a total range from 0.1 to 11.7 tri-
tium units. Even the Salt Spring had 2.5 T.U., confirming
a mixture between young meteoric water and old thermo-
genic hydrocarbon-rich diluted brines in the shallow sub-
surface. To put this into perspective, even if the true
groundwater residence time is ~13,000 yr, the maximum
contributions from the release of accumulated [*“He] would
still be <~10% of the values observed in the methane-rich
samples. The true age of the groundwater appears less
than 13,000 yr since reported water stable isotope data
(8°H-H,0 and §'0-H,0) from these samples are consis-
tent with the modern post-glacial meteoric water line
(Warner et al., 2012), suggesting post-glacial (post-
Pleistocene) meteoric groundwater recharge. Therefore,
we conclude that the excess [*He] we have observed in
groundwater from UD aquifers cannot be derived solely
by in-situ production or release within the Catskill or Lock
Haven aquifers. Instead, the observed [*He] requires the
migration of an exogenous source into these shallow
aquifers. Based on the correlations between “He, CHy,
and salts and the lack of resolvable mantle-derived
components (>1%) in the majority of samples, we suggest
that hydrocarbon-rich brine is the most likely source of
exogenous “He in this area.

4.2.2.3. Fluid interactions in the crust. Methane, ethane, and
radiogenic “He (produced by the decay of U and Th) dom-
inate thermogenic natural gases, while *°Ne and *°Ar are
sourced predominantly from the atmosphere, and thus only
enter natural gas reservoirs through the interaction with
formation water (e.g., Gilfillan et al., 2009). Because CH,4
and *°Ar (Ben,/Bar =1 at 10 °C, STP) as well as “He and
Ne (Bue/fne=1.2x at 10°C, STP) each have similar
respective solubility constants, the CH,/**Ar and “He/*Ne
ratios allow a direct comparison of the proportion of
thermogenic and ASW components. For example, the
CH./*®Ar provides a sensitive tracer of the gas—water ratio
(the percentage of the methane and atmospheric component
in the mixture) irrespective of any gas-fluid partitioning
that may have occurred.

Because the saturation (i.e., bubble point) of methane
increases with depth, while *°Ar is fixed by ASW contribu-
tions at recharge, the CH4/*°Ar can provide information
about the depth of groundwater equilibration in some
cases. In our study area, the CH4/°Ar ranges from ~0
(i.e., 100% atmospheric gases) to CH4/*°Ar = ~3.80 x 10,
By comparison, the calculated saturation conditions (i.e.,
bubble point) for methane (i.e., P(CHy)=1atm) in a
shallow aquifer recharging at 600 m and 10°C are
CH,/*%Ar = ~4.0 x 10* (Fig. 8). Only the Salt Spring sam-
ple (Montrose, PA) has a CH,/*°Ar above saturation
(4.01 x 10%), which indicates equilibration at greater depths
with a methane-rich source at pressures above P(CHjy)
=1 atm.

Across the study area, the ratios of thermogenic to ASW
components (e.g., CH4/*°Ar, *“He/*°Ne, “He/*°Ar) show a
strong positive correlation (12> 0.768; p < 0.01) with each
other and diluted brine components (i.e., [Cl™], [Br], [Ba])
(Figs. 3 and 8). Interestingly, these trends consistently fall
along a two-component mixing line between the Salt Spring
and meteoric ASW (CH4/*’Ar = ~0, “He/*Ne=0.3,
“He/**Ar = 0.045) (Fig. 8). These results suggest that natu-
rally present salt- and gas-rich groundwater samples >1 km
from natural gas drill sites in our study area likely result
from variable additions of a thermogenic hydrocarbon
gas-rich brine (dominated by methane with minor ethane
and other crustal components, e.g., “He) to tritium-active,
and hence, relatively recent meteoric water (dominated by
ASW components, e.g., N, 36Ar) in shallow groundwater
conditions.

Because isotopic ratios of atmospheric components in
shallow groundwater are largely consistent globally, with
only minor variations that result from salinity, temperature,
and elevation (atmospheric pressure) (Ballentine et al.,
2002), the isotopic ratios of ASW gases (in the absence of
mantle contributions) provide additional insight into the
history of gas—water interactions and post-genetic modifica-
tion processes (Gilfillan et al., 2009; Dubacq et al., 2012;
Zhou et al., 2012; Darrah et al., 2014). Similarly, the rela-
tive concentration of exogenous “He in crustal fluids (e.g.,
“He/CH,) results from a combination of the *He released
within the original thermogenic natural gas source (e.g.,
the Marcellus Formation) and the fractionation that occurs
during fluid migration processes (Ballentine et al., 2002;
Ballentine and Sherwood Lollar, 2002; Hunt et al., 2012;
Darrah et al., 2014). For example, both diffusion and gas-
phase partitioning (gas and water separation) enrich the
lighter trace gases in fluids that migrate away from the
source (e.g., increased “He/CH, and °Ne/*°Ar). As a
result, the *“He/CH,4 and **Ne/*°Ar of crustal fluids (specif-
ically groundwater) are particularly useful for fingerprint-
ing the source of natural gas and evaluating the process
of gas migration (e.g., diffusion or solubility fractionation).

The **Ne/*®Ar records other important clues about the
transport mechanisms by which the hydrocarbon-rich brine
reached the surface. Groundwater samples in the gas-rich
end-member of our study area have 2°Ne/**Ar above
ASW equilibrium (~0.156) (Fig. 9). Although elevated
2Ne/3SAr can result from the addition of “excess air,” an
increase in the excess air content should increase both
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[*°Ne] and [*°Ar], while only increasing the 2°Ne/¢Ar to
approximately 0.55 (*°Ne/*®Ar in air). Instead, our data
include numerous samples with 2°Ne/*®Ar >0.55, where
the increase of neither [*°Ne] nor 2°Ne/*SAr correlates with
either [*°Ar] or No/Ar (Fig. 9). Instead, this increase in
20Ne/*®Ar relates almost exclusively to an increase of
[*°Ne] concomitantly with [CH,4], [*He], and dissolved salts
([CI] and [Br]) suggesting that the elevated [*°Ne] may be
exogenous Ne associated with the hydrocarbon-rich brine
(plausible mechanisms discussed below). Because there is
no correlation between 2°Ne/**Ar and N,/Ar, or a statisti-
cally meaningful difference (p > 0.3) in the concentration of
ASW components (e.g., [N;], [Ar], or N»/Ar) according to
methane concentration, we suggest that mixing between
young meteoric water and the migrated brine (typified by
the Salt Spring) occurs near the surface (Figs. 5 and 9). If
instead the hydrocarbon-rich brine had mixed with shallow
meteoric waters deeper in the crust and then migrated, both
the thermogenic natural gas and ASW components (i.c.,
N,/Ar vs. 2°Ne/*®Ar) should coherently fractionate during
the formation of a gas-phase.

The thermogenic components (*He and CH,) show sim-
ilar patterns of extensive molecular and isotopic fractiona-
tion. All groundwater samples in the study area (except
four that were targeted for their shallow microbial source
and four samples with evidence of mantle-derived contribu-
tions) display [*He] dominated by an exogenous crustal
source and a “He/CH, that greatly exceeds (p < 0.01) the
value measured for the hydrocarbon production gases from
either the Marcellus or UD in the NAB (Table 2a and
Fig. 10; Hunt et al., 2012). These highly elevated “He/
CH, values likely reflect significant post-genetic modifica-
tion of natural gases in the groundwaters from our dataset.

5. DISCUSSION

The correlations between exogenous 4He, excess atmo-
spheric °Ne, thermogenic hydrocarbon gases (i.e., CHy,
C,Hg), diagnostic isotope ratios (e.g., °Ne/*°Ar, *He/
CH,, and 8'3C-CHy,), and salts (i.e., Cl and Ba) suggest that
a common process coherently regulates their presence
within shallow aquifers in the NAB (Figs. 3, 6 and 8). Here,
we examine several hypothetical scenarios that may account
for these geochemical observations.

5.1. Potential fluid migration mechanisms

Previous investigations into the inorganic geochemical
fingerprints (e.g., Br/Cl and #’Sr/®®Sr) and stable isotope
geochemistry of methane-rich groundwater samples in the
NAB suggest that hydrocarbon-rich brines may have
migrated from the Marcellus Formation to modern day
shallow aquifers on yet undetermined time scales (Warner
et al., 2012). Further, gas geochemistry data from the pre-
sent study suggest that hydrocarbon- and salt-rich fluids
in this study area exhibit clear evidence of an exogenous
source.

In light of the Marcellus-like inorganic chemistry and
the lack of other major hydrocarbon-generating units supe-
rior to the Marcellus within the eastern part of the NAB

(Lash and Engelder, 2011), we assume an initial natural
gas composition consistent with Marcellus production
gases, recognizing that the fluids that migrated to UD for-
mations may have left the Marcellus before they reached
the “maximum” thermal maturities observed in Marcellus
production gases today (i.e., hydrocarbon may have been
emplaced into UD reservoirs while the basin was still sub-
siding and therefore would exhibit a lower thermal maturity
at the time of initial hydrocarbon migration). Using this
starting composition, we employ numerical models to
determine the viable crustal fluid migration mechanisms
that can account for these geochemical observations in
the NAB.

We hypothesize that four migration mechanisms can
potentially accommodate hydrocarbon transport from the
Marcellus Formation to the overlying UD aquifers: (1)
advection of a single-phase methane-rich Marcellus brine
(gas dissolved in water); (2) “buoyant” advection of a single
(“free”) gas-phase natural gas (without dissolved ions); (3)
the advection of a two-phase fluid (i.e., free gas + brine);
and (4) aqueous diffusion of gases and solutes within a sta-
tic single-phase methane-rich brine (i.e., primary diffusion).
Model parameters are discussed in detail in Section 3.3. For
the model fit, we focus on three key tracers: 2ONe/3%Ar, “He/
CHy, and [CI].

5.1.1. Mechanisms of hydrocarbon emplacement

The correlation between “He, CH,, C,Hs, and dissolved
ions (i.e., Cl and Ba), in combination with a Marcellus-type
signature for dissolved inorganic constituents (e.g., Br/Cl
and ¥7Sr/%Sr) (Warner et al., 2012), suggests a common
mechanism of migration for both natural gas and dissolved
salts (Figs. 3, 5, 8-10). As a result, we suggest that primary
and secondary hydrocarbon migration in the NAB do not
occur by the “buoyant” advection of a single (“free”) gas-
phase (Mechanism 2).

The advection of a single-phase fluid (i.e., gas dissolved
in brine) (Mechanism 1) would not permit quantitative
fractionation of the dissolved atmospheric gases (i.e.,
20Ne/*°Ar) by phase partitioning, but could increase the rel-
ative [*He] by a combination of helium accumulation from
the country rock and/or hydrocarbon oxidation (gray trend
in Fig. 10). Because the increase in 2°Ne does not corre-
spond with increases in *°Ar (Fig. 9), and several samples
have 2°Ne/*Ar>0.55, we suggest that the elevated
201\Ie/36Ar in the gas-rich end-member likely results from
mixing of ASW noble gases and a fluid with a highly frac-
tionated 2°Ne/3°Ar. As a result, we can also preclude Mech-
anism 1.

Mechanisms 3 (two-phase advection of gas + brine) and
4 (aqueous diffusion) could fractionate the noble gas com-
position (e.g., 2°Ne/*°Ar, “He/CH,) and enrich the less sol-
uble/lower molecular weight species (i.e., *He > *’Ne >
3Ar) in the fluids that were emplaced in the UD traps.
However, because the degree of fractionation («) differs
for each of these mechanisms, we can differentiate the two
processes.

Neither Mechanism 3 nor 4 uniquely fits all of the data
(e.g., *He/CH, vs. 2°Ne/*°Ar) from groundwater samples in
our study (Figs. 10 and 11). However, because the
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2Ne/**Ar of both UD production gases (up to ~1.4) and
the methane-rich groundwater end-member in overlying
UD formations (up to 1.09) exceed the maximum values
obtained by the diffusion model (Mechanism 4) and
“excess” air (Fig. 9), we suggest that Mechanism 3 must
be an integral component in the emplacement of Marcellus
natural gases into the overlying conventional UD hydrocar-
bon reservoirs, which now constitute modern-day UD
aquifers.

The formation of a dual-phase fluid requires that the
partial pressure of natural gas overcomes the combined
hydrostatic and lithostatic pressure (i.e., overburden pres-
sure) in order to nucleate and sustain a gas phase. Theoret-
ically, tectonically-driven, burial-induced catagenesis would
be the most likely mechanism that could generate sufficient
CHj, pressures to nucleate and sustain a dual-phase fluid at
2-6 km depth (approximate maximum burial depth of the
Marecellus in this region (Evans, 1995)) within the crust.
We hypothesize that the 2°Ne/>*Ar fractionation observed
during Mechanism 3 would occur in two phases: (1) during
primary migration (e.g., catagenesis, in which less soluble
components (e.g., “He, 20Ne) fractionate into the gas-
phase) as hydrocarbons leave the source rock and (2) dur-
ing secondary migration (e.g., during buoyant migration
the more soluble components (*°Ar, CH,) would re-
dissolve back into the water and further enrich the ongoing
gas in less soluble components (*He, 2°Ne)) (Gilfillan et al.,
2009; Zhou et al., 2012; Darrah et al., 2014). Thus, the ele-
vated 2°Ne/*°Ar observed in these samples is likely the rem-
nant of a scenario in which a relatively low volume of
Marcellus-sourced, super-saturated hydrocarbon gas-rich
brine migrated through a relatively large volume of crustal
liquid (i.e., low Vgus/Vivater)- One important piece of data
that is not consistent with this interpretation is the extent
of excess in *He/CH, relative to the solubility fractionation
model (discussed below in Section 5.1.2).

Other scenarios, such as the multi-stage dissolution re-
equilibration of a static hydrocarbon-rich fluid, equilibra-
tion with oil/hydrocarbon liquids, or contributions from
mantle-derived fluids could also account for the elevated
2ONe/*®Ar (e.g., Zhou et al., 2012). However, it is difficult
to envision a scenario that would allow multiple-stage re-
equilibration of a static hydrocarbon-gas and brine that
would also produce the coherent behavior of the dissolved
inorganic ions (i.e., Cl, Br, Ba) and gas components.

In an attempt to constrain the conditions of
hydrocarbon-rich brine migration, we model the
temperature-dependent fractionation of “°Ne/*’Ar and
“He/CH, from 10 to 200 °C. This range includes shallow
groundwater conditions (temperature = 10 °C), a modern
Marcellus geothermal gradient (assuming 25 °C/km), and
past periods of higher thermal conditions (conodont alter-
ation index (CAI): >4; vitrinite reflectance (R,): >3 implies
temperatures approaching at least 200 °C, possibly during
maximum burial of Middle Devonian sequences)
(Fig. 10). The proposed temperature-dependent solubility
fractionation model implies the advection of a two-phase,
hydrocarbon gas-rich brine under temperature conditions
exceeding ~120 °C (Fig. 10). These temperature estimates
are consistent with a conceptual model for geological

emplacement of hydrocarbons during secondary migration,
possibly related to the Alleghanian Orogeny (Oliver, 1986;
Bethke and Marshak, 1990; Cathles, 1990), and are consis-
tent with temperatures derived from CAI and vitrinite
reflectance.

5.1.2. Redistribution of hydrocarbons into modern aquifers by
tertiary migration?

Although both UD production gases and methane-rich
groundwater samples have highly elevated 2°Ne/*°Ar
(above ~0.55), consistent with solubility fractionation dur-
ing transport and emplacement, there are several clear geo-
chemical distinctions between the two sample types. Most
importantly, numerical modeling for the advection of a
dual-phase fluid does not produce sufficient fractionation
to account for the highest “He/CH, observed in the UD
groundwater, even in the hydrocarbon gas-rich end-
member. Additionally, as compared to UD produced gases,
the UD groundwater shows progressively increasing “He/
CH, with decreasing 2°Ne/3°Ar, which is opposite to the
trend to that would be expected for an additional stage of
solubility fractionation during transport (Fig. 10).

One might anticipate that microbial activity in the shal-
low aquifer could alter the “He/CH, values. However, the
UD groundwaters from this study show a trend of increas-
ingly more negative 3'°C-CH, with increasing “He/CH,
values (Fig. 11). This trend is opposite to what one would
expect for the addition of microbial methane by methano-
genesis (either in-situ or via mixing with an external micro-
bial source), which should decrease the *He/CH, (Fig. 11).
Alternatively, methane oxidation could increase the “He/
CH,, but this trend would also enrich the 8'*C-CH, in
the residual gas (e.g., Kessler et al., 2006; Pape et al.,
2010), which is also the opposite of what is observed in
the current data set (discussed further below) (Fig. 11).

One alternative ad hoc interpretation that can account
for the correlation between highly elevated “He/CH,4 and
decreasing 8'*C-CH, is a secondary mechanism of post-
genetic modification. Although solubility fractionation is
not consistent with the data trends (i.e., the “He/CH,
increases as the 2°Ne/®Ar decreases), the diffusion of
hydrocarbon gases from gas-charged UD stratigraphic or
structural traps into modern meteoric groundwater could
account for the direction of both *He/CH, (increasing)
and 8'*C-CH, (more negative) trends.

The general trends of fractionation are consistent with
tertiary migration, which could occur by recent diffusion
of natural gas and brine from UD conventional traps into
modern, circulating groundwater. In this scenario, diffusion
would fractionate gases approximately according to the
ratio of the square root of their molecular masses and can
account for the highest “He/CH,, assuming an elevated
“He/CH, starting composition consistent with UD
production gases. We hypothesize that the fact that these
UD production gases already experienced post-genetic
fractionation (increased “He/CH,4) during emplacement
may help the UD groundwater achieve exceptionally high
“He/CH, in this setting. Nonetheless, some component of
methane oxidation (e.g., Kessler et al., 2006; Pape et al.,
2010) could aid this process (Figs. 10 and 11).
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Therefore, we hypothesize that the most parsimonious
explanation for the observed data in shallow groundwaters
from UD aquifers is a three-step evolution: (1) the forma-
tion of a two-phase hydrocarbon-rich brine, likely during
early Marcellus catagenesis (primary hydrocarbon migra-
tion), that enriched the “He/CH,4 and °Ne/*®Ar; (2) sec-
ondary hydrocarbon migration of a two-phase fluid from
the source rocks to conventional traps, which further
enriched the *He/CH, and *°Ne/>°Ar in the migrated phase;
followed by (3) tertiary migration in which natural gas pre-
viously emplaced in conventional structural or stratigraphic
traps within UD lithologies diffuses into flowing UD

groundwaters, equilibrates with modern meteoric water,
and experiences variable amounts of additional alteration
by methanogenic or methanotrophic activity (Fig. 12).
This proposed tertiary migration process may have been
enhanced when post-glacial uplift and denudation stimu-
lated neotectonic fracturing in existing stratigraphic and
structural traps or re-opened previously mineralized frac-
tures. Based on the upper limit of [CH,4] and CH./*®Ar
(at methane saturation in shallow groundwater), it appears
that the flux of natural gas is limited by the saturation of
methane at shallow hydrostatic pressures consistent with
a scenario in which hydrodynamic flow sufficiently restricts

Geological Migration of
Hydrocarbons

Natural Gas in
Conventional Trap

Primary Migration Fault
following Catagenesis

Catskill Formation
Lock Haven Formation

Brallier Formation
Marcellus Formation

Modern-Day

Natural Gas in
Conventional Trap

Neotectonic
Fractures

Fault

Jertiary Migration

> Catskill Formation
Lock Haven Formation
Brallier Formation

Marcellus Formation

Fig. 12. Conceptual model of primary, secondary, and tertiary hydrocarbon migration mechanisms in the northern Appalachian Basin.
Primary and secondary hydrocarbon migration mechanisms likely occurred by the advection of a two-phase fluid following the Alleghanian
Orogeny, while tertiary migration of hydrocarbons likely occurs via diffusion and continues today. Notice how the rate and magnitude of
tertiary migration would increase following neo-tectonic fracturing in the modern geological setting.
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buoyant gas migration in the subsurface. The relative
trends of the hypothesized tertiary migration are shown
along the dashed blue line in Figs. 10 and 11. The starting
composition for these proposed secondary diffusion trends
are arbitrarily set amid the range of UD production gases
for illustrative purposes.

In our estimation, the two areas of greatest concern for
our 3-step model include: (a) the large scale of stable iso-
tope fractionation (~25 per mil shift in 8'*C-CHy) required
to shift from a Marcellus starting composition to the light-
est 8'3C-CH, observed in groundwater samples, specifically
across relatively short geological distances (<2 km) and (b)
scatter in the data, particularly for the proposed third stage
of tertiary migration.

One ad hoc consideration is that the level of stable iso-
tope fractionation could become more feasible if the shal-
low sources of hydrocarbon-rich brine represent the
migration of an earlier generation of less thermally mature
(ie., lighter 8'*C-CH,) natural gas. Hypothetically, a best
fit line of the mixing model could provide some insight into
the thermal maturity of the migrated component. The mix-
ing model suggest that a 8'*C-CHy = ~—41%o is required
to provide a reasonable estimate for the starting composi-
tion of methane. Theoretically, this earlier stage of
Marcellus-sourced gas migrated into stratigraphic and
structural traps in UD formations during earlier stages of
basin burial. This argument would still be consistent with
both the noble gas (elevated “He/CH,4 and *°Ne/*°Ar) and
dissolved ion data (Cl, Br, Ba, and ’Sr/*®Sr (Warner
et al., 2012)), and could introduce a source of natural gas
to the shallow UD formations with a significantly lighter
8'*C-CH, than present Marcellus produced gases. If this
earlier generation of natural gas migration occurred, it
would minimize the need for extensive stable isotope frac-
tionation by solubility fractionation and diffusion alone.
In support of this argument, we note that modern Marcel-
lus production gases from the region have carbon isotope
reversals (8'°C-CH, > 8'*C-C,Hg), whereas many UD pro-
duction gases from the area, which are originally sourced
from the Marcellus, and the most enriched §'*C-CH, values
observed >1 km from drill sites in this study do not have
carbon isotope reversals (3'*C-CH, < 813C-C2H6) (Jenden
et al., 1993; Osborn et al., 2011; Jackson et al., 2013;
Molofsky et al., 2013; Darrah et al., 2014). Obviously, the
hypothesis of molecular and isotopic fractionation during
late stage diffusion must be tested in other basins, but it is
interesting to note that it can account for the general trends
in both noble gas and §'*C-CH, data.

Given the variability across a ~7500 km? study area, the
scatter in data may reflect geospatial variations in the initial
source components, variable distances of secondary migra-
tion prior to emplacement (i.e., the depths to the Marcellus
and distance to the Appalachian structural front are not
constant throughout the basin), or natural migration path-
ways in this tectonically complex region (Figs. 1 and 2). It
should be noted, however, that there was no significant cor-
relation between [CH,], *He/CHy,, or °Ne/**Ar with lati-
tude, longitude, sampling depth, or the aquifer formation
(all p > 0.30). Instead, spatial data suggests that the clearest
controls on hydrocarbon-gas, salt, and exogenous [*He]

relate to the proximity to valley
bottoms that reside in the eroded core of anticlines,
which suggests hydrodynamic control of hydrocarbon
gas-rich, thermogenic brines in groundwater discharge
areas (Fig. 13).

5.2. Integration of noble gas and hydrocarbon molecular and
isotopic data in shallow aquifers

5.2.1. Hydrocarbon stable isotopic composition

The noble gas data and numerical models presented
above provide a conceptual framework for naturally occur-
ring hydrocarbons in modern shallow UD aquifers and
conventional UD production formations in the NAB. How-
ever, this conceptual model for hydrocarbon-rich brine
migration must be tested for consistency with other tradi-
tional hydrocarbon molecular and isotopic techniques.
For example, based on the conceptual model established
above, we might anticipate multiple stages of post-genetic
modification during primary, secondary, and tertiary
migration. The migrated thermogenic natural gas could
also be altered by the addition of shallow microbial
methane or methane oxidation.

Typically, one would test these hypotheses by compar-
ing the relative molecular hydrocarbon ratios and stable
isotopic compositions to differentiate distinct sources of
thermogenic and microbial CHy (Bernard, 1978). Although
C,/Co+ versus 8'*C-CHy is often used for this purpose, we
plot the hydrocarbon ratio C,+/C; versus 513C-CH,
because the empirical mass-balance mixing calculation
approximates a straight line independent of the [CH4] in
either source (Fig. 11a).

Fig. 11a demonstrates that very few samples appear to
fall along a simple two-component mixing trend between
the Marcellus-type end-member and microbial inputs,
although these mixing proportions could be altered by the
assumed isotopic value in the microbial end-member. For
example, if 8'*C-CH,4 of —70%. were chosen, the majority
of samples appear to have significantly more enriched
313C-CH, than the mixing trend, while mixing is more fea-
sible for a higher proportion of samples if a relatively heavy
microbial end-member (8'*C-CH, = —52%0) is assumed
(Fig. 1la). Nonetheless, one must assume a microbial
end-member of 3'*C-CH, = —41%o., which is a significantly
more enriched 8'*C-CH, than has been reported for micro-
bial gases to date, to account for the best fit of a two-
component mixture that accounts for the majority of sam-
ples in the methane-rich end-member. While previous work
interpreted the molecular and isotopic composition of dis-
solved CH, in UD groundwater samples as sourced from
complex and variable three-component mixtures of multi-
ple thermogenic gases (Middle and Upper Devonian) and
biogenic methane (Laughrey and Baldassare, 1998; Revesz
et al., 2010; Osborn et al., 2011), a viable third component
has not been identified. Instead, most of the data plot along
a trajectory of strong depletion of C, relative to C; with
progressively lighter 8'*C-CH, composition, which is a pat-
tern that was previously ascribed to fractionation during
“diffusional migration” (e.g., Prinzhofer and Pernaton,
1997) (Fig. 11a).
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Fig. 13. Spatial distribution of key parameters, including [CH4] (A); [C1"] (B); [*He] (C); R/Ra (D); **Ne/**Ar (E); and *He/**Ne (F) across
the study area. While we do not observe any statistically significant variations in these parameters according to well depth, aquifer
stratigraphy, distance from the Appalachian Structural Front (a proxy for maximum burial depth and thermal maturity), latitude, or
longitude, we do confirm previous observations (Warner et al., 2012; Molofsky et al., 2013; Llewellyn et al., 2015) of elevated hydrocarbon

gases, salts, and exogenous [*He] in some valley bottoms.

Because noble gases provide an externally defined end-
member to calculate hydrocarbon mixing, combining both
noble gas and stable isotope tracers may provide additional
insight into the argument of mixing between thermogenic
and biogenic methane (Stolper et al., 2014, 2015) versus
post-genetic modification. For example, thermogenic gases
are rich in radiogenic “He, while recently formed microbial

gases in shallow aquifers should be nearly devoid of “He.
By comparison, our groundwater samples are extremely
rich in helium and the decreases in C,+/C; and 8'*C-CH,
correspond to an increase in *He/CH, values (Fig. 11b).
Although we cannot completely exclude the presence of
an extremely old, high [*He], microbial gas end-member,
we suggest that the concomitant presence of “light”
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613C—CH4, highly exogenous [*He], elevated “He/CH, and
elevated *°Ne/**Ar may suggest a role for some component
of fractionation during the combined processes of primary,
secondary, and tertiary hydrocarbon migration, rather than
exclusively mixing of thermogenic and biogenic natural
gases (Craig, 1968; Prinzhofer and Huc, 1995; Prinzhofer
and Pernaton, 1997). In combination, these results suggest
that we must consider the potential role that post-genetic
alteration may play in altering the molecular and stable iso-
tope composition of some natural gases in UD formations
of the NAB.

Although post-genetic modification of the molecular
and isotopic composition of hydrocarbon gases was
previously reported (e.g., Craig, 1968; Prinzhofer and
Huc, 1995), the viability of this fractionation process was
often overlooked because diffusion is not considered a
viable transport mechanism at crustal-scales (i.e., kilome-
ters). As a result, many workers do not consider the influ-
ence of post-genetic modification when determining the
source of methane in shallow aquifers. However, by com-
bining the molecular and isotopic composition of hydrocar-
bons with noble gas geochemistry, one may potentially
differentiate between post-genetic modification and mixing
between microbial and thermogenic sources.

It is important to note that these conclusions may
appear to contradict some previous reports, which mini-
mize the potential for fractionation by diffusion in labora-
tory experiments or within production formations (e.g.,
Fuex, 1980; Xia and Tang, 2012). However, in contrast to
previous models, which suggest that “diffusional migra-
tion” accounts for the rapid depletion of C,+/C,
(Pernaton et al., 1996; Prinzhofer and Pernaton, 1997;
Lorant et al., 1998), our noble gas data (specifically the
20Ne/*°Ar) suggest that the solubility-controlled fractiona-
tion during the advection of a two-phase fluid controls
the alteration of production gases during crustal fluid
migration (i.e., secondary hydrocarbon migration). In fact,
we do not observe significant evidence for diffusional frac-
tionation during hydrocarbon emplacement (i.e., filling of
unconventional UD production reservoirs during migration
from the Marcellus) (Figs. 10 and 11).

However, our data do suggest that diffusion may induce
measurable post-genetic modification of hydrocarbon gases
in the shallow crust. Thus, while our results question the
importance of diffusion during the emplacement of
hydrocarbons (primary or secondary migration) into con-
ventional traps, they do indicate that post-genetic fraction-
ation during tertiary hydrocarbon migration, presumably
following uplift, denudation, and neotectonic fracturing,
may significantly alter the hydrocarbon isotopic composi-
tion of natural gas found within shallow aquifers, such as
the methane-rich end-member in shallow UD aquifers.

Paired 8'°C-CH, and noble gas analyses provide an
additional externally-defined component by which to evalu-
ate gas source and migration. If verified in other basins, our
findings limit the need to evoke complex, hypothetical,
three-component mixtures between multiple thermogenic
gases and “‘sub-surface” microbial gas to account for the
concave curve displayed in Fig. 11a in the NAB or other
petroliferous basins (Revesz et al., 2010; Baldassare, 2011;

Baldassare et al., 2012). For example, it is unknown if
this trend relates to intense neotectonic fracturing and
post-glacial unloading that permits interactions between
meteoric water and previously emplaced hydrocarbon-rich
brines or if this is a common feature in various tectonic
settings globally. Future work should evaluate these
fractionation trends associated with primary and secondary
hydrocarbon migration as well as subsequent processes
(i.e., tertiary migration) that transport hydrocarbons from
conventional traps into shallow overlying formations in
sedimentary basins with diverse tectonic histories in order
to validate this framework for unconventional energy
basins in different geographic areas.

5.2.2. Differentiating microbial and migrated gases

Noble gas data, combined with hydrocarbon elemental
and isotopic data presented above, suggest that the previ-
ously hypothesized ‘“‘subsurface microbial” component,
commonly interpreted as an end-member in crustal mixing
arrays, may include a subset of samples that have experi-
enced some degree of post-genetic fractionation during
crustal fluid migration. While these results potentially sug-
gest a paucity of microbial methane in a subset of UD
groundwater samples from the NAB, we targeted four sam-
ples with anticipated microbial origins (i.e., near a landfill
and agricultural manure deposits) to evaluate these trends.
Although these anticipated microbial samples are indistin-
guishable from many other groundwater samples in the
revised Bernard plot (Fig. 11a), they are easily distinguish-
able by both stable and noble gas isotopes. Microbial gases
in our study had significantly lower [*He] (shown as
“He/*’Ne and “He/*®Ar in Fig. 8) and lighter §°H-CH,
(consistent with ‘“‘near-surface” microbial in the Schoell
plot; Fig. 4c) than our inferred migrated end-member (pre-
viously termed “‘subsurface microbial”) despite an overlap-
ping range of §'*C-CH,.

Thus, we suggest that at least one externally-defined
variable is required to uniquely determine the relative pro-
portions of mixing (e.g., Poreda and Craig, 1992) in fluids
with stable isotope patterns consistent with the “subsurface
microbial” field. The relative contributions of crustal noble
gases (e.g., “He) provide an appropriate external variable,
which when paired with methane stable isotopes or ASW
noble gas isotopes (e.g., “He/CH,, “He/**Ar or *He/**Ne),
can easily distinguish mixtures of microbial and thermo-
genic gases (Fig. 8). In the four samples with microbial
inputs, the ASW noble gases are consistent with Henry’s
Law equilibration between groundwater and the atmo-
sphere, whereas the remaining samples show a thermogenic
gas trend with highly elevated [*He] that increases with
[CH4] (Fig. 8).

6. CONCLUSIONS

Our data confirm a subset of groundwater samples in
shallow aquifers in the northern Appalachian Basin
(NAB) contain naturally (i.e., unrelated to shale gas
development) present methane, predominantly in valley
bottoms. The radiogenic [*He] (up to 0.4 cm® STP/L)
and associated increases in [*He], [CH,], [Ba], and [Cl]



352 T.H. Darrah et al./ Geochimica et Cosmochimica Acta 170 (2015) 321-355

indicate an exogenous origin for hydrocarbon gas and
salt-rich components in modern UD aquifers of the
NAB. The geochemistry of the methane-rich groundwater
(elevated *He/CH,, 2°Ne/*°Ar, §8'3C-CH,, Cl) combined
with numerical modeling suggests that natural gases in
UD aquifers are the product of three sequential stages
of fluid migration and post-genetic alteration during: (1)
primary migration out of Marcellus source rocks by the
advection of a two-phase fluid leading to an initial stage
of fractionation; (2) secondary migration and emplace-
ment of Middle-Devonian natural gases into conventional
structural or stratigraphic traps in the Brallier, Lock
Haven, and Catskill Formations; and finally (3) tertiary
migration in which natural gases diffuse from previously
competent UD structural or stratigraphic traps or healed
fractures into shallow UD aquifers and equilibrate with
meteoric groundwater. These first two stages likely relate
to episodic crustal fluid migration associated with burial
resulting from the Alleghanian Orogeny, while the third
mechanism likely continues today. This model contrasts
with previous hypotheses (Prinzhofer and Huc, 1995;
Prinzhofer and Pernaton, 1997) for hydrocarbon fraction-
ation by molecular diffusion (i.e., diffusional migration)
alone. Instead, our results suggest that post-genetic
modification during the advection of a two-phase fluid
contributes to the observed differential depletion of
C,+/Cy, and elevated 2°Ne/*°Ar. Future research should
work to improve our understanding of the timing and
pathways of each stage of fluid migration.

The integration of noble gas data with hydrocarbon
chemistry of shallow groundwaters in the NAB suggests
that a previously termed ‘“subsurface microbial” compo-
nent may also encompass a subset of thermogenic methane
that has experienced significant post-genetic modification
during crustal fluid migration. We propose that adding
independent verification of the potential alteration by
post-genetic modification (i.e., exogenous “He, “He/CH,,
“He/**Ne, and *°Ne/*®Ar) can differentiate these two sub-
sets. Finally, these results suggest that the use of hydrocar-
bon molecular composition and stable isotopes as
indicators for tracing the source of gases in groundwater
(e.g., investigations of suspected stray gas incidents) can
benefit from being paired with noble gas elemental and iso-
topic data including [*He], “He/CH,, 2°Ne/*®Ar, etc.
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