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ABSTRACT

In order to counteract the ongoing global warming and to cope with the increasing demand
for clean energy, advancements in our understanding of subsurface energy systems are required to
guide future exploration and management strategies. Noble gases (He, Ne, Ar, Kr, Xe) are stable
and chemically inert, making them excellent tracers to fingerprint various crustal fluids, e.g.,
groundwater, natural gas and oil. This dissertation includes a study in the conventional Panhandle
and Hugoton Field (PHF) in Texas, Oklahoma and Kansas, a study in the unconventional reservoir
of the Eagle Ford Shale in Texas, and a study in Mexican geothermal fields. In hydrocarbon
systems, noble gases are analyzed together with major gas components (e.g., CHs, CO;) to trace
the sources, migration and mixing of subsurface fluids, and to clarify the tectonic and magmatic
evolution of these regions. In the geothermal systems, noble gases are analyzed together with heat,
CO:, and stable isotopes (5'2°C-CO») to evaluate their sources and fractionation mechanisms.

PHF gas samples show enrichment in terrigenic noble gases (‘He*, 2'Ne*, 4°Ar*). A
positive correlation between terrigenic noble gases and methane in west Panhandle suggests a
common origin for both gases from adjacent basins. In east Panhandle, a positive correlation
between terrigenic noble gases and depth points to a dominant upward noble gas flux from
underlying rocks. The presence of a primordial mantle He-Ne component in east Panhandle and a
mantle helium component of undetermined origin in west Panhandle suggest the presence of an
open system. The primordial mantle component is likely associated with the presence of a mantle

plume in the Wichita Igneous Province. The combined analysis of relative *’Ar ages and estimated
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water/gas volume ratios suggests that groundwater plays a major role in the accumulation and
distribution of terrigenic noble gases.

Gas samples in the Eagle Ford Shale show a positive correlation between methane and
crustal noble gases, suggesting a common origin for both. The noble gas dataset suggests also the
presence of different hydrocarbon sources. Two distinct mantle components are observed: a
primordial, solar-like component corresponding to an Ocean Island Basalts (OIBs) signature, and
a component corresponding to a Mid-Ocean Ridge Basalt (MORB) signature. The MORB
signature is likely representative of the Ouachita Rift during the breakup of Rodinia, while the
OIB-like signature is consistent with an origin in the subcontinental lithospheric mantle, possibly
from the shallow refractory reservoir beneath the Balcones Igneous Province. Relative *°Ar ages
display significant variations in the Eagle Ford samples, suggesting a highly developed
compartmentalization within the shale reservoir and the presence of different hydrocarbon sources.

Fluid samples from Mexican geothermal fields display distinct R/Ra ratios (where R is the
measured *He/*He ratio and Ra is the atmospheric ratio) in the Trans-Mexican Volcanic Belt
(TMVB) and Baja California. High R/Ra ratios in the TMVB correspond to active magmatic heat
sources while low R/Ra ratios in Baja California point to crustal contributions from the subducted
Farallon plate. A combined analysis of heat/helium ratios (Q/*He) with “He/**Ar ratios shows that
convection is the main mechanism controlling the transport of heat and magmatic volatiles during
magma degassing. Fractionation between heat and volatiles is caused by boiling and meteoric
water dilution. The absence of significant fractionation in CO»/°He ratios suggests that helium

degassing is controlled by the CO; content in parental magma rather than helium diffusivity.
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CHAPTER 1

Introduction

Without significant effort to reduce greenhouse gas emissions, global warming is projected
to cause a temperature increase of more than 2°C during the 21% century [IPCC, 2021]. In order to
reduce greenhouse gas emissions and limit the global temperature increase to 2°C, preferably to
1.5°C, by the end of the 21% century [COP-21, 2015], the transition from fossil fuels to renewable,
carbon neutral energy is needed. In the U.S., renewable energy is projected to account for 60% of
the cumulative increase of electricity capacity from 2020 to 2050 [EIA, 2021]. Among the
renewable energy resources, geothermal energy is gaining increasing interest due to the
advancement in exploitation technologies such as hydraulic fracturing [van der Zwaan and Longa,
2019]. The hydraulic fracturing technique allows for the exploitation of (ultra) deep geothermal
resources [e.g., Zhao et al. 2015; AbuAisha et al., 2016], which greatly increases the global
potential of geothermal energy [van der Zwaan and Longa, 2019]. The utilization of geothermal
resources is traditionally classified as being direct and indirect [Dickson and Fanelli, 2003], with
direct application referring to using, e.g., heated fluid for space heating, and indirect application
commonly referring to as electricity generation. The global installed capacity of indirect
geothermal energy reached ~12.7GW in 2016 [IRENA, 2017], and is predicted to greatly exceed
100GW in 2050, accounting for 2-3% of the global electricity production [van der Zwaan and

Longa, 2019]. However, although the long-term goal of reducing global carbon emissions can only



be achieved by replacing fossil fuels with renewable energy options, switching between different
fossil fuels, e.g., from coal to natural gas, can also reduce carbon emissions in the short-term [e.g.,
Smil, 2015]. The carbon intensity of natural gas in electricity generation is about half that of coal,
and the cumulative upstream carbon emission of natural gas is around 40% that of coal [Staffell,
2017]. A reduction of about 3% of global emissions can be achieved by replacing coal with natural
gas in electricity power plants of 30 major countries worldwide [Wilson and Staffell, 2018]. In the
U.S., natural gas is projected to account for ~40% of the cumulative electricity capacity addition
between 2020 and 2050 [EIA, 2021]. The increasing demand of natural gas in our society calls for
enhanced reservoir characterization, and improved understanding of hydrocarbon migration
history and interaction between hydrocarbon phases and other subsurface fluids in natural gas
systems [Pinti and Marty, 2000; Hunt et al., 2012; Prinzhofer, 2013]. Characterizing these systems
with the aid of noble gas geochemistry is the goal of this dissertation.

Stable noble gases (Helium — He, Neon — Ne, Argon — Ar, Krypton — Kr, Xenon - Xe) are
located on the rightmost side of the periodic table. Their outer shells are filled with electrons and
are chemically inert. These five noble gases are also not radioactive and thus are mostly sensitive
to physical processes (e.g., migration of crustal fluids and multi-phase interaction), making them
excellent tracers in geological processes [e.g., Ozima and Posodek, 2002; Burnard, 2013]. Noble
gas geochemistry has been used to trace hydrocarbons in conventional natural gas fields [e.g.,
Zartman et al., 1961; Bosch and Mazor, 1988; Ballentine et al., 1991; Pinti and Marty, 1995],
unconventional fields [e.g., Osborn et al., 2011; Hunt et al., 2012; Darrah et al., 2014; Wen et al.
2015] and geothermal fields [e.g., Mazor and Truesdell, 1984; Kennedy and Truesdell, 1996;

Kennedy and van Soest, 2006]. In this chapter, a brief introduction of the systematics of noble gas



geochemistry in subsurface fluids is followed by a review of the applications of noble gases as

natural tracers in conventional and unconventional hydrocarbon systems and geothermal systems.

1.1. Noble Gas Systematics

Noble gases are stable and chemically inert, making them excellent tracers to fingerprint
physical processes affecting geological systems [Andrews and Lee, 1979; Ballentine and O'Nions,
1994; Castro et al., 1998a; 1998b; Ozima and Podosek, 2002]. Noble gases in subsurface fluids
are commonly derived from three major natural reservoirs: atmosphere, crust, and mantle.

Atmospheric noble gases enter subsurface systems through recharge water, which interacts
and reaches equilibrium with the atmosphere at the water table. The air-saturated recharge water
is commonly referred to as air saturated water (ASW). ASW enters the aquifer systems in the
recharge area and is subsequently incorporated into the groundwater system. The noble gas
composition in ASW is dependent mostly on the temperature and atmospheric pressure (altitude)
of the recharge area [Weiss, 1970; 1971; Weiss and Kyser, 1978; Ozima and Podosek, 2002].
Atmospheric noble gases can also enter groundwater systems as excess air when the local water
table experiences significant fluctuations [Weiss and Kyser, 1978; Heaton and Vogel, 1981].
Noble gases have been widely used in the reconstruction of paleo-temperatures based on
atmospheric noble gas concentrations and assumptions on the altitude of the recharge area [e.g.,
Andrews and Lee, 1979; Stute and Schlosser, 1993; Aeschbach-Hertig et al., 2002; Castro and
Goblet, 2003; Ma et al., 2004; Castro et al., 2007; 2012]. Interaction between ASW and other fluid
phases (e.g., oil and natural gas) in subsurface environments leads to the redistribution of
atmospheric noble gases [Zartman et al., 1961; Bosch and Mazor, 1988]. Because the solubilities

of light noble gases (e.g., Ne) in water are lower than those of heavy noble gases (e.g., Kr and Xe),



light noble gases will preferentially go into the gas phase during a gas-water partition, while heavy
noble gases tend to stay more in the liquid phase [Bosh and Mazor, 1988; Ballentine and O’Nions’
1994; Wen et al., 2017]. By contrast, heavy noble gases are more soluble in the oil phase compared
to ASW, leading to enrichment of heavy noble gases in oil which is in equilibrium with ASW
[Bosch and Mazor, 1988]. Thus, the analysis of atmospheric noble gas compositions in subsurface
fluids allows for the identification of various types of subsurface fluids in geological systems.
Crustally produced noble gas isotopes, including *He*, 2'Ne*, “*Ar*, 86Kr* and 136Xe* (“*”
notation indicates crustal noble gases), are also commonly found in subsurface systems. The
production of *“He* in crustal rocks is controlled by the radioactive decay of *>?*%U and 2*’Th,
while the production of “°Ar* is dominated by the electron capture decay of *°K [Ballentine and
Burnard, 2002]. Unlike *He* and *°Ar*, the production of 2!Ne* is mostly from reactions between
o particles from U-Th decay and O and Mg atoms in the crust [Wetherill, 1954]. Spontaneous
fission of 28U is the dominant mechanism that leads to production of 3Kr* and *Xe* in crustal
fluids [Ozima and Podosek, 2002]. *He in the crust is produced mostly through the thermal neutron
capture of °Li [Ballentine and Burnard, 2002]. In aquifer systems, the concentration of crustal
noble gases like “He* is applied to reconstruct groundwater residence times [Torgersen and Ivey,
1985; Torgersen and Clarke, 1985; Stute et al., 1992; Castro et al., 2000; Phillips and Castro, 2003].
The elemental ratios between different crustal noble gas isotopes, e.g., “He*/**Ar* and 2!Ne*/*°Ar*,
are direct reflections of multiple processes, including: (1) the abundance of parent elements (e.g.,
U, Th and K) in the reservoir/host rocks; (2) the preferential release of light noble gases (e.g., He
and Ne) compared to heavy noble gases (e.g., Ar, Kr and Xe) and; (3) the elemental fractionation

caused by solubility or diffusivity differences [Zartman et al., 1961; Torgersen et al., 1989;



Ballentine et al., 1994; Ballentine and O'Nions, 1994; Pinti and Marty, 1995; Solomon et al., 1996,
Castro et al., 1998a; 1998b; Pinti and Marty, 2000].

A mantle component can also be present in sedimentary systems [e.g., Oxburgh et al.,
1986; O'nions et al., 1993; Ballentine and O’Nions, 1992; Ma et al., 2009; Warrier et al., 2013].
Distinct He and Ne isotopic signatures (high *He/*He and °Ne/**Ne ratios) signal the presence of
a mantle component [Ballentine, 1997; Castro et al., 2009]. A combined analysis of He and Ne
isotopic ratios allows for the distinction between a primordial, solar-like signature commonly
found in Ocean Island Basalts (OIBs), traditionally believed to originate deeper in the mantle and
that of a Mid-Ocean Ridge Basalt (MORB) type, representative of a degassed upper-mantle
[O’Nions and Oxburgh, 1983; Porcelli and Wasserburg, 1995; Moreira and Allegre, 1998; Moreira
et al., 2001]. More recently, Castro et al. [2009] identified a solar-like component in deep brines
in the Michigan Basin, which can be accounted for by a shallow refractory reservoir in the Archean

subcontinental lithospheric mantle (SCLM).

1.2. Application of Noble Gases in Conventional and Unconventional Hydrocarbon

Systems.

Conventional hydrocarbon systems are characterized by relatively high porosity and
permeability in the reservoir rocks permitting the movement of hydrocarbons, and a caprock
trapping hydrocarbons in the reservoir [Spencer, 1989; Schmoker, 1996]. Noble gas studies
conducted in hydrocarbons systems have largely focused on conventional reservoirs, where
atmospheric, crustal and mantle noble gases are transported to oil and gas reservoirs through
various mechanisms [Zartman et al., 1961; Bosch and Mazor, 1988; Ballentine et al., 1991;

Hiyagon and Kennedy, 1992; Pinti and Marty, 1995; Ballentine et al., 1996]. In these systems,



noble gas chemistry has been used to constrain mixing and migration of crustal fluids, as well as
to quantify relative volumes and the extent of interactions between hydrocarbons and groundwater
[Ballentine et al., 1991, 1996; Elliot et al., 1993; Xu et al., 1995; Ballentine and Lollar, 2002; Zhou
et al., 2005].

Unlike conventional hydrocarbon systems, which act solely as a storage facility,
unconventional systems (e.g., shale) act as a combination of reservoir, source and caprock
simultaneously [Condon and Dyman, 2006]. Due to the absence of secondary migration (from
source rock to reservoir rock), noble gas signatures in unconventional systems are less affected by
external components from surrounding sedimentary basins, and likely reflect the original
composition in the hydrocarbon phases. Heavy noble gases, i.e., Kr and Xe, can be absorbed by
organic matter (kerogen) and therefore become enriched in shale formations [e.g., Podosek et al.,
1981; Torgersen and Kennedy, 1999; Zhou et al., 2005]. Noble gas geochemistry has been applied
in unconventional fields to identify genetic groups of natural gases with different sources, and the
post-genetic thermal conditions of the source rock [Hunt et al., 2012]. Noble gases have also been
applied to identify the sources of hydrocarbon contamination in groundwater in the vicinity of
unconventional production wells in shale gas exploration areas, e.g., the Marcellus Shale and
Barnett Shale [Osborn et al., 2011; Jackson et al., 2013; Darrah et al., 2014; Moritz et al., 2015;
Siegel et al., 2015; Sherwood et al., 2016; Wen et al., 2016; 2017]. Although unconventional fields
are traditionally considered to be closed systems, a certain level of openness has been observed in
the Antrim Shale in the Michigan Basin, as evidenced by the presence of mantle noble gas
signatures and thermogenic methane from greater depths than the source rock [Wen et al., 2015].
More recently, Byrne et al. [2018] and Han et al. [2020] reported external “He in the Eagle Ford

shale in Texas, which further points to the open behavior of shale reservoirs.



1.3. Application of Noble Gases in Geothermal Systems

Geothermal systems are commonly associated with magmatic heat sources, which
contribute to both heat and mantle noble gases [Kennedy et al., 2000]. The radioactive decay of
2352387 and **?Th is the dominating mechanism to produce both “He and heat in the earth’s interior
and therefore, a positive correlation between helium and heat is expected. This correlation has
been observed in mid-ocean ridges, as evidenced by heat/helium ratios similar to predicted values
[Lupton et al., 1999]. However, in most continental environments this theoretical correlation is
absent, which was referred to as the ‘heat-helium imbalance’ by O’Nions and Oxburgh [1983] and
Oxburgh and O’Nions [1987]. They concluded that the radioactivity associated with the *He flux
in oceanic areas can only account for about 5% of the average oceanic heat flux, and thus a layered
mantle model, in which the lower mantle would retain more helium than heat, was suggested to
account for the imbalance between heat and helium. The ascending of mantle-derived helium and
heat into the crust was suggested to be through silicate melt [Polyak and Tolstikhin, 1985], with
heat being evacuated through conductive transfer and the original mantle helium composition
being erased by crustal helium production [Polyak, 2005]. van Keken et al. [2001] confirmed the
imbalance between heat and helium, and suggested that a radioelement-rich mantle domain,
separated from the depleted mantle by a boundary layer, could be responsible for the observed
imbalance, since heat would be released faster than helium from this domain. A gas-poor planet
model was proposed by Anderson [1998], in which helium and other noble gases were trapped in
shallow, refractory reservoirs in the upper mantle for a considerable amount of time, to explain the
paradox between heat and helium. More recently, Castro et al. [2005] suggested that the heat-
helium imbalance may result from the combined impact of ASW, advection, conduction and

diffusion in the continental crust, rather than in the deep mantle. Mixing of fluid components from



different sources, including meteoric and ancient water, is also one of the processes behind the
lack of observed correlation (e.g., Polyak, 2005; Kennedy et al, 2000).

Besides the theoretical correlation between heat and helium, noble gas geochemistry has
also been applied to identify heat sources [e.g., Kennedy et al., 2000; Magro et al., 2003; Wen et
al., 2018], evaluate the sources and circulation of hydrothermal fluids [e.g., Mazor and Truesdell,
1984; Kennedy and Truesdell, 1996, Kennedy and van Soest, 2006; Birkle et al., 2016; Pinti et al.,
2021], and monitor the exploitation-related physical processes within reservoirs [e.g., Kennedy

and Shuster, 2000; Pinti et al., 2013; 2019; Wen et al., 2018].

1.4. Dissertation Structure

In chapter 2, the first complete noble gas dataset collected from both the east and west sides
of the Panhandle Field is presented. This new dataset combined with that of Ballentine and Lollar
[2002] from the Hugoton Field, provides a more comprehensive overview of the composition,
sources and migration of both hydrocarbons and noble gases in the conventional Panhandle-
Hugoton Field (PHF) that has been previously available. PHF samples are generally enriched in
terrigenic noble gases (*He*, 2!Ne* and “°Ar*). A strong positive correlation between terrigenic
noble gases and methane in west Panhandle suggests a common origin for both gases from adjacent
basins. In east Panhandle, a positive correlation between terrigenic noble gases and depth points
to a dominant upward noble gas flux from underlying rocks. The presence of a primordial mantle
He-Ne component in east Panhandle and mantle helium in west Panhandle suggest an open
behavior of the system. A groundwater accumulation model is also suggested based on the
combined analysis of Ar relative ages and estimated water/gas volume ratios to explain the

enrichment of terrigenic noble gases in the PHF.



Chapter 3 presents a complete noble gas dataset collected in the oil zone of the Eagle Ford
Shale. This dataset is combined with that of Byrne et al. [2018] and noble gas information from
Harrington et al. [2015] to explore the tectonic and magmatic history of the region, as well as to
characterize of the shale reservoir. Noble gas analyses reveal the presence of two distinct mantle
components: a primordial, solar-like component corresponding to an OIBs-like signature, and a
component corresponding to a MORB signature. A pure crustal component is also observed in the
southern part of the shale play. The MORB signature is likely representative of the Ouachita Rift
during the breakup of Rodinia, while the OIBs-like signature is consistent with an origin in the
SCLM, possibly from the shallow refractory reservoir beneath the Balcones Igneous Province. Ar
relative ages display significant variations in the Eagle Ford samples, suggesting a highly
developed compartmentalization within the shale reservoir and the presence of different
hydrocarbon sources.

Chapter 4 presents a combined dataset of published and newly collected data on heat and
volatile species, primarily He, Ar but also CO,, from six geothermal reservoirs in Mexico. This
study focuses on the identification of heat and volatile sources, the evaluation of the heat
distribution, and assessment of mixing among different fluid sources. The R/Ra ratios (where R is
the measured *He/*He ratio and Ra is the atmospheric ratio) in geothermal samples reflect
characteristics of local tectonic settings, with high R/Ra ratios (7.14-7.27) in the Trans-Mexican
Volcanic Belt corresponding to younger, active magmatic heat sources, while the low R/Ra ratios
(1.21-6.62) in Baja California point to crustal contributions from the subducted Farallon plate. The
analysis of heat/He and noble gas ratios reveal that the transfer of heat and helium are dominated

by convection. Boiling and dilution by meteoric water led to further fractionation of heat and



volatiles. This study also discusses the mechanisms behind the absence of signification
fractionation between CO; and *He in geothermal samples.

A summary of the major results and conclusions of this dissertation are provided in chapter
5. This dissertation is relevant to studies of hydrocarbon (conventional and unconventional)
reservoirs and geothermal sysyems. Chapter 2 contributes to a better understanding of noble gas
geochemistry in permeable reservoirs and the mechanisms behind the migration and accumulation
of hydrocarbons and noble gases. Chapter 3 contributes to the characterization of low-permeability
shale reservoirs that has been influenced from past tectonic and magmatic events. Results in
chapter 4 contributes to a better understanding of the sources, mixing and evolution of heat and
volatile species in geothermal systems. This dissertation has important implications to the fields

of petroleum geology, hydrology, and geothermal research.
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CHAPTER 2

Tracing the Origin, Migration and Mixing of Noble Gases and
Methane in the Panhandle-Hugoton Field, Texas, United States

Abstract

The Panhandle-Hugoton Field (PHF) is the largest conventional gas field in North America
and a major helium producer. The PHF consists of two major production blocks: the Panhandle
Field in Texas and the Hugoton Field spanning northwest Texas, Oklahoma, and Kansas. Despite
its long-term exploitation, questions remain with respect its sources of helium and hydrocarbon as
well as its hydrocarbon migration history. Here, we present the first complete dataset of stable
noble gases for gas samples collected from twelve producing wells in both the east and west side
of the Panhandle Field. The goal is to investigate the composition, sources and migration of both
hydrocarbons and noble gases in the PHF. This new dataset combined with that of Ballentine and
Lollar [2002] from the Hugoton Field, further north, provides a more comprehensive overview of
this system.

PHF samples are generally enriched in terrigenic noble gases (‘He*, 2!Ne* and “°Ar*). A
strong positive correlation between terrigenic noble gases (*He* and >'Ne*) and methane in west
Panhandle suggests a common origin for both gases. Both may have originated from adjacent
basins to the west, i.e., the Palo Duro and Dalhart basins and been subsequently delivered by

groundwater of the deep-basin brine aquifer to west Panhandle. In east Panhandle, a positive
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correlation between terrigenic noble gases and depth is observed, and points to a dominant upward
noble gas flux from underlying rocks. A combined He-Ne analysis reveals the presence of a
primordial mantle component with an Ocean Island Basalts (OIBs)-like signature in east
Panhandle. The latter has likely originated from a mantle plume related to the Wichita Igneous
Province. However, an origin in the subcontinental lithospheric mantle (SCLM) cannot be ruled
out. The west Panhandle samples display both air-corrected helium isotopic ratios higher (0.1008-
0.1145) than typical crustal values and CO> contents higher than those in east Panhandle,
suggesting contribution originates in the Bravo Dome field.

A positive correlation between *He*/*°Ar* and 2'Ne*/*°Ar* is observed and points to a
solubility-controlled fractionation from the average and lower crustal components, suggesting an
external input from crustal sources. A first-order estimation of in-situ “He* and *“°Ar* production
suggests that in-situ production across the PHF accounts for a minor portion of the total crustal
noble gases. In the west Panhandle and Hugoton Fields these contributions vary from 5.11% to
21.76% for *He*, and from 9.15% to 26.46% for *°Ar*. These are higher in east Panhandle Field
and vary from 28.53% to 65.46% for “He*, and from 21.22% to 78.79% for “°Ar*. °Ar relative
ages are increasingly older from east Panhandle to Kansas Hugoton to west Panhandle, Texas and
Oklahoma Hugoton. More interaction with groundwater in West Panhandle, Texas and Oklahoma
Hugoton gas results in higher Vw/Vg ratios and also higher concentrations of terrigenic noble
gases, likely brought by groundwater from west adjacent areas, in particular, from the Dalhart and
Palo Duro basins. The relatively low Vw/Vg ratios and terrigenic noble gas contents in east
Panhandle samples are consistent with the shortest migration distance, youngest migration ages

and absence of significant groundwater flow in this area.

20



2.1. Introduction

Discovered in 1918, the Panhandle-Hugoton Field (PHF) is the largest conventional natural
gas field in North America, with a production area exceeding 20000 km? [Pippin, 1970; Ruppel
and Garett, 1989; Dubois et al., 2007]. This reservoir sits on the Wolfcampian Stage carbonates
and the Granite Wash, a liquid-rich tight sands play, and extends from north Texas, through
Oklahoma and into southern Kansas. The field is also a global primary commercial helium
producer due to the high helium concentration, which reaches 1.9-2.2 % [Pippin, 1970; Rice, 1988;
Brown, 2010]. However, due to its complex tectonic setting and geological history, questions
remain in relation to the sources of this major helium reservoir [Anderson and Hinson, 1951;
Boone, 1958; Rice, 1988; Brown, 2019]. Early studies suggested that the overlying Permian
uranium-rich evaporite formations provided the high helium amounts to the PHF [e.g., Pierce
1964]. These evaporite formations alone, however, are not sufficient to produce the amount of
helium enrichment observed in the field [Ballentine and Lollar, 2002; Brown, 2019]. Ballentine
and Lollar [2002] proposed a groundwater helium accumulation model in which the excess helium
was assumed to have been collected by groundwater flow from adjacent sedimentary basins to
account for the observed helium content (e.g., Dalhart Basin and Palo Duro Basin). More recently,
Brown [2019] estimated that approximately 40% of the helium in the field is associated with
groundwater flow, with the remaining 60% coming from formations underlying the PHF reservoirs.
However, these studies did not focus on specific helium sources and their locations with respect
to the PHF.

Hydrocarbon migration patterns and sources within the PHF are other aspects requiring
clarification. Source rocks are absent from the PHF and the Anadarko Basin, to the east, has

traditionally been assumed to be the hydrocarbon provider [Rice, 1988; Burrus and Hatch, 1989;
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Ball et al., 1991; Sorenson, 2005]. However, the possibility that hydrocarbon phases originating
in organic-rich rocks in adjacent basins such as the Palo Duro Basin are present, has not been the
subject of an in-depth analysis [Dutton, 1980a, b; Rose, 1986]. This has exacerbated our lack of
understanding of connectivity levels between local tectonic units, regional groundwater flow in
the area and how these affect this petroleum system. To date, comprehensive noble gas studies
have primarily focused on the Hugoton reservoir [Ballentine and Lollar, 2002]. No complete noble
gas dataset has been collected in the Panhandle reservoir that might provide further constraints on
some of the issues discussed above.

Noble gas geochemistry has long been used to trace groundwater, oil and gas in
sedimentary systems [Zartman et al, 1961; Bosch and Mazor, 1988; Ballentine et al., 1991; Pinti
and Marty, 1995; Castro et al., 1998a, b; Castro et al., 2005; Patriarche et al., 2004; Warrier et al.,
2012; Prinzhofer, 2010]. Stable noble gases (He, Ne, Ar, Kr, Xe) are chemically inert and are thus
transported by crustal fluids without being affected by chemical reactions [Ozima and Podosek,
2002]. Noble gases in subsurface fluids are derived from the atmosphere, the crust, and the mantle,
all of which show distinct isotopic and elemental signatures [Castro et al., 1998a, b; Ballentine et
al., 2002; Hilton and Porcelli, 2003]. In most subsurface fluids within sedimentary systems, noble
gases are dominated by an atmospheric (Air Saturated Water or ASW) and/or a crustal component
derived primarily from radioactive decay of 2*>?3%U, 2*’Th and “°K [Torgersen et al., 1989;
Ballentine and Burnard, 2002; Ma et al., 2009; Sun et al., 2010; Hall et al., 2012; Aeschbach-
Hertig and Solomon, 2013]. Noble gases are thus source-specific and time-dependent rendering
them ideal natural tracers for studying the origin and evolution of crustal fluids. Although less
common and abundant in sedimentary systems, noble gases originating from the mantle can also

be present [Ballentine and O’Nions, 1992; Ma et al., 2009; Warrier et al., 2013]. In particular, the
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presence of excess *He compared to “He with respect to the atmosphere is a good indicator of
mantle volatiles in crustal environments [e.g., Marty et al, 1992; Kennedy and van Soest, 2007].
Mantle neon can also be resolvable in crustal fluids as shown in natural gases in the Vienna Basin
[e.g., Ballentine and O’Nions, 1992] and in groundwater in the Michigan Basin [e.g., Castro et al.,
2009]. A combined analysis of He and Ne isotopic ratios allows for the distinction between a
primordial, solar-like signature commonly found in Ocean Island Basalts (OIBs), believed to
originate deeper in the mantle, and that of a Mid-Ocean Ridge Basalt (MORB) type, representative
of'a degassed upper-mantle [O’Nions and Oxburgh, 1983; Porcelli and Wasserburg, 1995; Moreira
and Allegre, 1998; Moreira et al., 2001]. A shallow refractory reservoir in the subcontinental
lithospheric mantle (SCLM) was also suggested to account for the presence of a primordial
component [Castro et al., 2009].

Noble gas studies have been conducted in conventional oil and gas fields for many decades
[Zartman et al., 1961; Bosch and Mazor, 1988; Ballentine et al., 1991; Hiyagon and Kennedy,
1992; Pinti and Marty, 1995; Ballentine et al., 1996, Barry et al., 2017; Byrne et al., 2020]. These
studies have focused on fluid sources and their migration, estimation of residence times as well as
identification of interconnectivity between different hydrocarbon reservoirs. In conventional
systems, hydrocarbons undergo extensive interaction with groundwater, which ultimately affects
their noble gas signatures. The use of noble gases to estimate the distance and pattern of secondary
migration based on oil-gas-water interactions was proposed early on by Zartman et al. [1961] and
Bosch and Mazor [1988], and later refined by Byrne et al. [2018; 2020]. However, studies focusing
on understanding the sources of major natural helium reserves remain scarce [Ballentine and Lollar,

2002; Hilton et al., 2012; Kimani et al., 2021].
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Because of their characteristics and physical properties, noble gases are also excellent tools
to complement tectonic studies in complex and poorly understood tectonic settings [e.g., Hoke et
al., 2000; Castro et al., 2009; Klemperer et al., 2013]. Noble gases can provide clarification on the
tectonic and geological history of a region by identifying and constraining the location of major
tectonic structures, including rifts, faults and fracture networks in addition to identifying past
magmatic activity. Here, we present two complete noble gas data sets collected on the east and
west side of the Panhandle reservoir in Texas. Significant differences in noble gases and major gas
compositions are apparent between these two datasets and point to distinct sources of both noble
gases, methane and CO» on either side of the field. The noble gas dataset on the eastern side of
the Panhandle points to the presence of an OIB-type signature and provides further constraints on
the tectonic history of this area. Our two noble gas datasets in the Panhandle together with that of
Ballentine and Lollar [2002] collected in the Hugoton reservoir to the north of our sampling area,
allow for a more general understanding of the sources, migration and impact of groundwater on

the giant Panhandle — Hugoton Field (PHF).

2.2. Regional Settings

2.2.1. Geological Background

The Panhandle-Hugoton Field consists of two major production blocks: the Panhandle
Field, along an east-west direction in northern Texas, and the Hugoton Field extending along a
north-south direction, occupying parts of northern Texas, Oklahoma and Kansas (Fig. 2.1). The
production area of the Panhandle Field generally coincides with the extent of the Amarillo Uplift,

while the Hugoton Field extends further north (Fig. 2.1).
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The PHF is located in a complex geological setting with a tectonic history since the
Paleoproterozoic, and an age of at least 1.6 Ga. The basement rock underneath the PHF belongs to
the Mazatzal and Southern Yavapai Provinces [1.7-1.6 Ga; Van Schmus et al., 1987]. During the
Mesoproterozoic), subduction of Laurentia towards the northwest led to partial deformation of the
crust and the formation of Rodinia [~1.3 — 1.0 Ga, Grenville orogeny; Thomas 2005; Chiarenzelli
et al., 2010]. In late Proterozoic (~800 - 650 Myrs), Rodinia began to breakup leading to several
failed rifts [Salvador, 1991; Adams, 1993; Dehler, 1998] and transform fault zones in the area
[Thomas, 1991, 2005; Jacques and Clegg, 2002]. During the continental rifting event and the
opening of the lapetus Ocean, a series of igneous provinces formed in the southern Laurentia craton,
including the ~540 Ma old Wichita Igneous Province (WIP) within the Southern Oklahoma
Aulacogen (Fig. 2.1)

Following the breakup of the Rodinia, from late Cambrian to early Carboniferous, the
majority of the current PHF was part of the Oklahoma Basin, an epicontinental sea [Pippin, 1970;
Johnson et al., 1988a]. The current major geological units, including the Wichita and Amarillo
Uplifts, the Anadarko, Dalhart and Palo Duro Basins and the Cimmaron Arch (Fig. 2.1), were all
part of the ancient Oklahoma Basin and accumulated similar sedimentary deposits during this
period [Pippin, 1970, Rice, 1988]. Extensive carbonates with shale and sandstone interbeds,
including the organic-rich Woodford shale (Fig. 2.2), were widely distributed throughout the

region, but later eroded in the PHF area by tectonic activity [Pippin, 1970; Johnson et al., 1988b].
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Figure 2.1 Geological map of the Panhandle-Hugoton Field. Production blocks of the Panhandle and
Hugoton Field are indicated by colored shaded areas. The Amarillo Uplift is indicated in grey while other
uplifts are labeled in red. Major basins are labeled in blue. The Wichita Igneous Province (WIP) is indicated

by orange grid. Sample locations in this study (circles and triangles) and those in Ballentine and Lollar
[2002] (squares) are indicated as well.
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Most of the existing pre-Pennsylvanian strata are now located in the current Anadarko
Basin [Fig. 2.1; Johnson et al., 1998b]. Among those late Cambrian to early Carboniferous strata,
the late Devonian Woodford shale (~375-360 Ma; Fig. 2.2) is considered the most prominent
source rock in the region due to its high organic content and maturity. Subsequently, in the
Pennsylvanian (~323-298 Ma), the Ouachita orogeny reactivated existing discontinuities in the
intra-cratonic area, causing regional uplift and dividing the ancestral Anadarko Basin into multiple
uplifts and basins, including the current Anadarko Basin, the Cimarron Arch and the Wichita and
Amarillo uplifts [Algeo 1992; Cambell 2007, Fig. 2.1]. The southern boundary of the Anadarko
Basin consequently moved northward, where the current Amarillo uplift stands [Pippin 1970]. In
the Panhandle Field, the igneous basement with Mesoproterozoic age [1350 Ma; Van Schmus and
Bickford, 1993] was exposed and eroded between mid-Pennsylvanian and early Permian, and the
erosion of the basement resulted in a coarse clastic formation, referred to as the Granite Wash (Fig.
2.2). In the Hugoton Field, late Cambrian to early Carboniferous strata contain thick sequences of
carbonates and lesser amounts of shale [Johnson et al., 1988a]. These were also eroded during the
Pennsylvanian orogenic movement [Johnson et al., 1988b]. Throughout the PHF, post-orogeny
shales and sandstones unconformably overly the early Carboniferous limestone, and gradually
changes to alternating limestone and clastic rocks at the end of the Carboniferous [Johnson et al.,
1988al].

In the Permian (~295 -251 Ma), the Wichita and Amarillo uplifts gradually ceased and
regional subsidence resumed, with a faster subsidence rate being observed in the Amarillo area
[Pippin 1970; Johnson et al., 1988a; Johnson 1989]. Basin filling resumed at this time and the
Amarillo uplift and Cimarron arch were both covered by Permian carbonates, red beds and

evaporites [Pippin 1970; Johnson 1989]). An extensive layer of carbonates with early Permian age
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directly overlies the Granite Wash, which first showed as interbeds and then transitioned into thick
layers of dolomite (Fig. 2.2). These early Permian (Wolfcampian, ~295-280 Ma) carbonates and
the Granite Wash are the major reservoirs of the Panhandle Field. The Wolfcampian reservoirs are

overlain by the Panhandle Lime, an evaporite layer with early-mid Permian age [Fig. 2.2; Presley,

1987].
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Figure 2.2 Stratigraphy of the PHF and adjacent geological units [adapted from Brown, 2019]. Fine-grained
clastic formations (e.g., shales and siltstones) are labeled in grey; carbonates are labeled in blue; coarse-
grained clastic rocks (e.g., sandstones and “granite wash”) are labeled in yellow; evaporites are labeled in
green and igneous rocks are shown in red.
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The Panhandle Lime serves as the regional seal of the carbonate reservoirs, and separates
them from overlying younger minor natural gas reservoirs [Jorgensen et al., 1993]. Above the
Panhandle Lime there are two discontinuous mid-Permian sandstone units, the Red Cave
Formation and the Tubb Sandstone Member [Hills and Kottlowski, 1983]. Both sandstone units
are considered minor hydrocarbon reservoirs [Fig. 2.2; Pierce et al., 1964]. These clastic
formations are overlain and sealed by evaporites from the Blaine Formation [Fig. 2.2; Pierce et al.,
1964; Johnson 1989]. Permian stratigraphy in the Hugoton Field is similar to that of the Panhandle
Field. On top of the interbedded Carboniferous limestones and shales are the early Permian
Council Grove and Chase Groups (Fig. 2.2). These carbonate units were deposited in a shallow
marine shelf environment during Wolfcampian time and are equivalent to the Wolfcampian
carbonate reservoirs in the Panhandle Field [Fig. 2.2; Sorenson, 2005; Dubois et al., 2007]. During
regression periods, continental clastics and evaporites formed the low-porosity Wellington
Formation [Fig. 2.2; Jordan and Vosburg, 1963; Johnson 1989], which is considered as the top
seal of the underlying carbonate reservoirs in the Hugoton Field.

Post-Permian sediments in the PHF, including Triassic, Jurassic, Cretaceous, Tertiary and
Quaternary strata were mostly eroded during tectonic events, with only remnants distributed
sparsely throughout the region [Gustavson et al., 1980; Johnson et al, 1988b]. The regional uplift
caused the complete erosion of post-Wolfcampian rocks in the eastern Kansas area, where the
Wolfcampian carbonate reservoir rocks outcrop [Schmoker, 1989; Hubert, 1995; Sorenson, 2005].

Rapid burial during Pennsylvanian and Permian in the Anadarko Basin moved the source
rocks into the early stage of hydrocarbon generation window (~65°C), and oil and gas generated
in the deep Anadarko Basin first migrated southward into the Granite Wash in Permian, which

served as both local reservoir and as a migration conduit to the Panhandle Field [Pippin, 1970].
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Most of the source rocks in the Anadarko Basin are overmature now, and current oil production
window in the basin is at around 1.4-4 km depth [Schmoker, 1986, 1989; Cardott, 1989; Hester et
al., 1990]. Oil accumulation in the Wichita Mountains suggests that early hydrocarbon migration
into the Panhandle Field began in the Permian [Donovan et al., 1992]. Oil deposits exist mainly in
the northern margin of the Amarillo Uplift indicating that contemporaneous gas migration may
have also happened together with the oil migration [Sorenson 2005]. Pennsylvanian source rocks
in the Anadarko Basin reached the gas window in the Mesozoic, which marked a major gas
migration event from the Anadarko Basin to the Panhandle Field [Sorenson 2005]. The removal
of post-Permian formations by the Tertiary Laramide tectonics in eastern Kansas [Gustavson et al.,
1980; Johnson et al, 1988b] caused the exposure of the reservoir rock, and subsequent discharge
of formation water. Discharging of formation water led to a dramatic decrease in the reservoir
pressure, causing the gas in the Panhandle Field to expand and it eventually passed the spill point
into the Hugoton Field [Sorenson, 2005]. Further pressure drop in the reservoirs was triggered by

erosion caused by Quaternary glaciations [Beck, 1959; Sorenson 2005].

2.2.2. Hydrogeological Setting

Several aquifers exist in the PHF area, including the Ogallala, the Rita Blanca, and the
Dockum Aquifers as well as the deep-basin brine aquifer [George et al., 2011]. The deepest aquifer
unit in the PHF area is the deep-basin brine aquifer that resides in the lower Permian — upper
Carboniferous carbonates and sandstones. Most groundwater studies in this area do not recognize
it as an aquifer due to the high salinity and low accessibility of the water it contains. Existing
groundwater research about this hydrological unit has been mostly done by oil companies. The

brine aquifer itself coincides with the major hydrocarbon reservoirs of the PHF and the brine is
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thus considered as the local formation water [e.g., Basset and Bentley, 1983; Fisher and Kreitler,
1987]. The extensive distribution of Carboniferous — Permian strata in this area leads to greater
coverage of the brine aquifer, including parts of Texas, New Mexico, Oklahoma, Kansas, Colorado
and Nebraska [Rascoe, 1968]. The general west to east, and southwest to northeast groundwater
flow within the deep-basin brine aquifer, was initiated in Late Tertiary when Wolfcampian
carbonates outcropped in eastern Kansas and Oklahoma due to the Laramide Orogeny [Basset and
Bentley, 1983; Senger and Fogg, 1987; Sorenson, 2005; Dubois et al, 2007]. Although recharge
of meteoric water into the brine aquifer appears to occur through sparsely distributed topographic
highs further to the west, in New Mexico, a significant amount of groundwater within the aquifer
is still from the concentrated seawater that was incorporated in the formation during deposition
[Kreitler, 1989]. The extreme underpressure conditions present in the Wolfcampian reservoir [Orr
and Kreitler, 1985; Senger and Fogg, 1987] indicates that vertical recharge from overlying aquifers
has been severely inhibited by the overlying evaporite aquitard, otherwise downward recharge of
freshwater would have compensated the pressure loss due to the discharge of formation water in
the outcrop area [Kreitler, 1989]. However, there is evidence for interconnectivity between the
major basins within and outside of the PHF, including the Palo Duro, Anadarko, Permian and
Midland Basins, indicating that recharge of groundwater to the deep-basin brine aquifer may also

occur through inter-basin flow [Wirojanagud et al., 1986; Fisher and Kreitler, 1987].

2.3. Methods

2.3.1. Sample Collection

Twelve gas samples were collected for analysis of volume fractions and isotopic ratios of

He, Ne, Ar, Kr, and Xe from twelve producing wells in the Panhandle Field in Texas, with six
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from Potter County on the west side of the field, and six from Gray County on the east side (Fig.
2.1). Samples for noble gas analysis were collected directly from wellheads in standard
refrigeration grade 3/8” copper tubes, which were then sealed by steel pinch-off clamps [Weiss,
1968]. Atmospheric contamination during sampling was minimized by allowing the gas to flush
through the system for approximately 5 minutes prior to sample collection. In addition, samples
for hydrocarbon gas geochemistry analysis were collected by pre-evacuated commercial propane
tanks, connected to the outlet valve of the wellhead through a stainless-steel flexible tube with a
pressure gauge. The tube was flushed to remove air and possible liquid petroleum. A detailed

description of the sampling process can be found in Liu et al., [2018].

2.3.2. Analytical Techniques

Noble gas analyses for the Panhandle gas samples were carried out in the Noble Gas
Laboratory at the University of Michigan. Extraction, purification, and analysis procedures are
described below.

Copper tubes containing the gas samples are connected to a vacuum extraction and
purification system at a pressure of ~5 x 107 Torr. Once this pressure is achieved and the system
isolated from its turbo-molecular vacuum pump, the lower clamp is opened to release the natural
gas into a low He diffusion glass flask. Gas samples were then expanded in a known volume and
gas pressure reduced by computer-controlled sequential pumping until reaching a value acceptable
for analyses (typically 35 Torr). The gas sample was initially exposed to a Cu-CuO getter at 800°C
in order to oxidize the hydrocarbons. The Cu-CuO getter was then allowed to cool to 450°C in

order to reabsorb O». Subsequently, the gas sample was exposed to a 3A molecular trap to reduce
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water vapor pressure and reactive gases were removed using three Ti-getters at 600°C for three
minutes each.

He, Ne, Ar, Kr, and Xe were quantitatively extracted using a dual chamber computer-
controlled cryo-separator at temperatures of 49 K, 84 K, 210 K, 245 K, and 290 K respectively,
and sequentially allowed to enter a Thermo® Helix SFT mass spectrometer for He and Ne isotope
analyses, and a Thermo® ARGUS VI mass spectrometer for the Ar, Kr, and Xe isotope analyses.
At the He release temperature, a small percentage of He is introduced into the SFT mass
spectrometer and the signal intensity of *He is determined for use as the He concentration estimate.
This estimate is then used by the automated system to optimize the amount of He that should be
introduced for measurement of the *He/*He ratio. All noble gas isotopes were measured using a
Faraday detector, except for *He, which was measured using an electron multiplier in ion counting
mode. Prior to each analysis, a blank run was conducted using the same procedure as the sample.
Typical blanks are 0.3% - 0.9% of the measured sample values. Quantitative analyses were
obtained by calibrating the two mass spectrometers with a known aliquot of standard air. Typical
standard reproducibility for “He, **Ne and *®Ar are 0.4%, 0.9% and 0.3% while for 2°Ne/*’Ne and
“0Ar/®Ar ratios the reproducibilities are 0.08% and 0.04%, respectively. Calculated standard errors
for concentrations range from 1.3 to 2.2% of the measured values. Analyses for hydrocarbon
geochemistry were carried out at the Texas Tech University in Lubbock using a Bruker 400 MHz
AVANCE III HD NMR spectrometer with a dual-channel BBFO probe. The abundances of
methane (Cy), ethane (C), propane(Cs), butane(Cs) and pentane(Cs) are measured and the results
are reported as volume fraction percentages. More details about the analysis procedures can be

found in Liu et al., [2018].
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2.4. Results

2.4.1. Major Gases

Sample ID, well depth and abundances of major gas species for all 12 samples are listed in
Table 2.1. Methane (C1) abundance ranges between 42.5% and 78.7%, with smaller contributions
from heavier hydrocarbon molecules, i.e., ethane (C»), propane (C3) butane (Cs4) and pentane (Cs)
ranging between 5.3 - 9.9%, 4.7 — 13.4%, 2.5 - 11.9% and 0.8 - 5.3%, respectively (Table 2.1).
Samples collected from the eastern side of the Panhandle Field have significantly higher methane
abundances compared to those from the western side. Dryness (C1/(C2+C3+Cs+Cs)) of Panhandle
samples varies between 1.09 and 5.1 (Table 2.1). COz is also present in small amounts, with the
western samples displaying higher carbon dioxide contents (2.35-3.90%) compared to those in the

east (0.02-0.11%, Table 2.1).

Table 2.1 Sample depths and major gas compositions of the Texas Panhandle gas samples.

Chemical composition (%)

Methane Ethane Propane Butane Pentane

Sample ID Depth(m) CO, Ci/(Cay)

((®)) () (C) (Ca) (Cs)

West
Bivins-2R 668.7 53.02 8.84 12.02 11.16 4.52 3.14 1.45
Bivins-a-88 - 57.41 8.81 11.44 10.39 4.27 2.81 1.64
Bivins-a-96 951.6 42.54 9.14 13.41 11.92 4.43 3.90 1.09
Bivins-a-201 944.9 51.94 9.92 12.98 11.60 5.29 2.35 1.31
Bivins-a-217 914.7 55.58 9.09 12.26 10.99 4.29 3.29 1.52
Bivins-a-219 970.8 64.89 7.99 8.28 6.81 3.17 3.34 2.47

East
Griffin-2 721.9 73.53 9.58 7.13 391 1.34 0.05 3.35
Hanner-No1-x 728.5 68.43 5.28 4.75 3.76 1.79 0.11 4.39
Johnson-3 772.5 71.02 8.92 6.57 2.97 0.88 0.03 3.67
Johnson-5 750.1 74.30 7.61 5.16 2.49 0.81 0.03 4.62
Tibbets-Nol 750.1 78.74 6.40 4.90 3.09 1.33 0.07 5.01
Wilson-2 667.5 77.42 8.15 6.32 3.65 1.24 0.03 4.00
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2.4.2. Noble Gases

Total “He, *>Ne, *°Ar, 34Kr and '3*Xe volume fractions are provided in Table 2.2. Terrigenic
noble gas components (*He*, >!'Ne*, *° Ar* and 13°Xe*) were also estimated and are shown in Table
2.2. The terrigenic component comprises both a crustal (radiogenic or nucleogenic) and a mantle
component. Helium is treated as a mixture between a terrigenic and an atmospheric component.
Using an atmospheric *He/*?Ne value of 3.12 [Ozima and Podosek, 2002], terrigenic He volume

fractions were estimated as follow [Ballentine et al., 2002]:

4
4 _ 4 He 22
He = Hemeasured (ZZNe)air X Nemeasured (2' 1)

where the subscripts air and measured refer to the atmosphere and measured values.
Similarly, Ne, Ar and Xe are treated as a two-component mixture between an atmospheric
and terrigenic endmember. Terrigenic 2'Ne, “°Ar and !*Xe contributions (*'Ne*, “Ar*, 136Xe*)

were estimated as follow [Ballentine et al., 2002]:

TR 2INe 21N, »
Ne = ((m) — (TNe . X Nemeasured (2.2)
measured air
40, * “OAr *OAr 36
Ar = ((TAr)measured - (TAr)air) X Armeasured (2.3)
136<, * 136y, 136y, 130
Xe = ((er)measured - (er)air) X Xemeasured (2.4)

where (?'Ne/?Ne)air = 0.029, (*°Ar/*%Ar)air = 295.5 and (1*¢Xe/*"Xe)air = 2.176 [Ozima and
Podosek, 2002].

Noble gas isotopic ratios are listed in Table 2.3. *He/*He ratios (R) are normalized to the
atmospheric ratio Ra, where Ra = (1.384+0.013) x 10 [Clarke et al., 1976].

Total “He volume fractions in the Panhandle samples range from 1.00x107 to 4.81x1073,

with the samples from the western side displaying significantly higher helium contents than those

35



in the eastern side (Fig. 2.3a, Table 2.2). Terrigenic *He* is dominant in all samples and accounts
for more than 99.9% of the total “He. Samples from the eastern side display R/Ra ratios between
0.0325 and 0.0428 (Table 2.3), consistent with typical crustal R/Ra ratios of 0.02-0.05 [Oxburgh
et al., 1986]. Samples from the western side show R/Ra ratios between 0.1008-0.1145 (Table 2.3),
consistently higher than the crustal value. The contribution of atmospheric helium and its influence

on the measured R/Ra ratios can be removed using the “He/*’Ne ratios, following Craig et al.

[1978]:
R, (=1
e =10 (25)
4He
(m)Asw
with r = —— (2.6)

Crrem)
where subscripts “c” and “ASW” represent the air-corrected value and the value in air-saturated
water (ASW), respectively.

The *He/**Ne ratio in air-saturated water is 2.531 and is calculated following Smith and
Kennedy [1983] assuming the mean annual temperature of 13°C as the local recharge temperature.
Measured “He and *Ne volume fractions of the Panhandle samples are reported in Table 2.2 and
the calculated air-corrected R/Ra ratios ((R/Ra).) are reported in Table 2.3. Overall air-corrected
(R/Ra) ratios are indistinguishable from the measured ratios (Table 2.3), pointing to negligible
amounts of atmospheric helium. R/Ra ratios higher than the crustal value range in the west
Panhandle samples are thus likely the result of a mantle helium contribution. The presence of a
potential mantle component is discussed below.

All *'Ne/**Ne ratios are above the atmospheric value of 0.029 [Ozima and Podosek, 2002],
with values varying between 0.03043 and 0.04596 (Table 2.3). 2!Ne* volume fractions for the gas

samples are highly variable and range from 0.45x107'° to 2.45x10°'?, representing terrigenic
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contributions varying between 4.71% and 36.83%, respectively, with respect to the total measured
2INe volume fractions (Fig. 2.3b, Table 2.2). The western side samples generally have higher ' Ne*
volume fractions compared to the eastern samples, and the highest >'Ne* content is found in sample
Bivins-a-219, on the western side (Fig. 2.1; Table 2.3). A significant correlation between 2'Ne*
and methane is observed in the western side samples (Fig. 2.3b), but absent in the eastern samples.
Most of the measured 2°Ne/**Ne ratios in the eastern samples are higher than the atmospheric value
of 9.80 [Ozima and Podosek, 2002; Table 2.3], while the western side samples have ’°Ne/*’Ne
ratios varying between 9.4338 and 9.7226, consistently lower than the atmospheric value (Table
2.3).

All samples display *°Ar/*’Ar ratios above the atmospheric value of 295.5 [Ozima and
Podosek, 2002], varying between 394.47 and 1401.67 (Table 2.3), reflecting the addition of
terrigenic “°Ar*. The highest *°Ar/*°Ar ratio is found in sample Bivins-a-219 on the western side,
while the lowest value is found in sample Hanner-Nol, to the east (Table 2.3). Radiogenic “°Ar*
volume fractions range from 0.96x10™* to 6.42x10* (Fig. 2.3c, Table 2.2) and show no clear
correlation with methane. Like “He and 2!Ne, samples from the western side generally have higher
“0Ar* contents compared to the eastern side samples.

The **Kr/**Kr ratios are indistinguishable from the atmospheric value of 0.30524 [Table
2.3; Ozima and Podosek, 2002]. Most samples display '*°Xe/!**Xe ratios above the atmospheric
value of 2.176 [Table 2.3; Ozima and Podosek, 2002]. Volume fractions of terrigenic '**Xe* vary
between 0.07x10'!" and 1.42x10!" (Fig. 2.3d, Table 2.2), corresponding to a minor terrigenic
contribution varying between 0.22% - 2.12%. An inverse correlation is observed between '3*Xe*

and methane in all samples (Fig. 2.3d). The mechanism that causes the negative correlation is
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unclear. A possible explanation is that in-situ produced '**Xe* is diluted by hydrocarbon gases, as

suggested in the gas zone of the Eagle Ford Shale [Byrne et al., 2018].
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Table 2.2 Noble gas volume fractions (cm*/cm?) and terrigenic noble gas volume fractions for production gas samples from the Panhandle Field.
Total Total Total Total Total

Sample ID e 2Ne A HK 2 e 4 e* 21Ne* 40 A p# 136 g*
(NGL) (x1073) (x107) (x107) (x10%) (x10%) (x107%) (x10719) (x10%) (x10'h
West
Bivins-2R 3.64 2.71 9.69 1.78 2.01 3.64+0.05 1.66+0.02 6.12+0.08 1.42+0.12
Bivins-a-88 3.95 2.65 7.15 1.84 1.75 3.95+0.06 1.83+0.03 4.86+0.06 0.62+0.08
Bivins-a-96 2.71 2.74 10.10 1.50 2.20 2.71£0.04 1.17+0.02 5.04+0.07 1.11+0.10
Bivins-a-201 3.31 0.82 3.24 1.12 1.43 3.31+0.05 1.20+0.02 3.58+0.05 0.92+0.09
Bivins-a-217 4.12 2.79 7.97 1.89 1.86 4.12+0.06 1.71+0.02 4.99+0.07 0.79+0.10
Bivins-a-219 4.81 1.44 5.41 1.59 1.54 4.81+£0.07 2.45+0.03 6.42+0.08 0.79+0.07
East
Griffin-2 0.97 0.71 1.87 0.54 0.80 0.97+0.01 0.45+0.02 1.05+0.01 0.32+0.04
Hanner-No1l-x 1.17 6.61 10.45 1.91 1.12 1.17+0.02 0.95+0.02 1.03+0.01 -
Johnson-3 2.23 2.03 5.20 1.18 1.03 2.23+0.03 1.10+0.02 3.42+0.04 0.41+0.06
Johnson-5 1.77 0.59 241 0.82 0.79 1.77+0.03 0.77+0.01 2.06+0.03 0.32+0.04
Tibbets-Nol 1.99 2.46 5.36 1.26 0.93 1.99+0.03 1.03+0.02 1.76+0.02 0.07+0.04
Wilson-2 1.00 1.33 2.54 0.63 0.74 1.00£0.01 0.52+0.01 0.96+0.01 0.23+0.05
Air* 0.005 16.78 314.2 64.98 23.39

2 Ozima and Podosek [2002].
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Table 2.3 Noble gas isotopic ratios and air-correction helium isotopic ratios for gas samples from the Panhandle field

Sag\}%i)l b R/Ra (R/Ra)? 2'Ne/ *Ne 2'Ne/ Ne 3BAr/ Ar DAL/ FAr 8K/ 84Kr 136X e/ 139Xe
West
Bivins-2R 0.1008+0.0014  0.1008+0.0014 9.6832+0.0028  0.03514+0.00003  0.1897+0.0005 927.26+0.59 0.3047+0.0004  2.2231+0.0040
Bivins-a-88 0.1076+0.0015  0.1076%0.0015 9.6605+0.0032  0.03592+0.00004 0.1903+0.0005 975.10+0.70 0.3056+0.0005  2.1996+0.0029
Bivins-a-96 0.1094+0.0013  0.1094+0.0013 9.7226+0.0019  0.03325+0.00002 0.1894+0.0002 794.39+0.51 0.3057+0.0005  2.2096+0.0031
Bivins-a-201 0.1145+0.0016  0.1145%0.0016 9.4801+0.0138  0.04363+0.00021 0.1905+0.0006 1401.67+1.20 0.3061+0.0005  2.2186+0.0040
Bivins-a-217 0.1084+0.0016  0.1084+0.0016 9.6730+0.0029  0.03511+0.00003 0.1903+0.0003 922.16+0.59 0.3057+0.0004  2.2042+0.0035
Bivins-a-219 0.1040+0.0010  0.1040%0.0010 9.4338+0.0071  0.04596+0.00009 0.1912+0.0008 1481.86+1.42 0.3065+0.0005  2.2101+0.0028
East
Griffin-2 0.0423+0.0006  0.0423+0.0006 9.9882+0.0158  0.03534+0.00021 0.1896+0.0006 859.06+0.82 0.3065+0.0005  2.2023+0.0032
Hanner-Nol-x 0.0417+0.0007  0.0416+0.0007  10.15444+0.0026  0.03043+0.00003  0.1858+0.0002 394.47+0.21 0.3039+0.0004  2.1745+0.0043
Johnson-3 0.0344+0.0005  0.0343+0.0005 10.0161+0.0044  0.03440+0.00008 0.1882+0.0002 953.28+0.59 0.3055+0.0004  2.2020+0.0035
Johnson-5 0.0375+0.0006  0.0375%0.0006 9.5982+0.0169  0.04208+0.00018 0.1905+0.0006 1151.88+0.95 0.3064+0.0005  2.2027+0.0035
Tibbets-Nol 0.0325+0.0006  0.0324+0.0006 9.9991+0.0050  0.03319+0.00005 0.1884+0.0003 623.66+0.40 0.3054+0.0005  2.1809+0.0029
Wilson-2 0.0428+0.0006  0.0427+0.0006  10.0869+0.0089 0.03292+0.00010 0.1882+0.0007 672.28+0.57 0.3071+0.0005  2.1969+0.0040
Air® 1 9.80 0.029 0.188 295.5 0.305 2.176

“Bstimated after removal of the atmospheric component using the atmosphere-derived 22Ne concentrations following Craig et al. [1978]. (R/Ra).
ratios are indistinguishable from the measured *He/*He ratios due to the extremely high measured “He/?*Ne ratios of the Eagle Ford natural gas
samples (17640 - 403843), 5654—129436 times the atmospheric value [3.12,0zima and Podosek, 2002].

®(Ozima and Podosek, [2002]
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2.5. Discussion

While displaying distinct signatures, it is clear that significant amounts of terrigenic
components are present in the eastern and western sides of the Panhandle Field, as evidenced by
the noble gas volume fractions and isotopic ratios. In particular, on the eastern side, the combined
analysis of R/Ra, 2°Ne/*’Ne and 2!Ne/*’Ne ratios suggest the presence of a mantle signature, a
component that appears to be absent in the western side. These variations point to multiple sources
of noble gases and hydrocarbons within the Panhandle Field and thus, a complex and
heterogeneous petroleum system. In the discussion that follows, the origin of the crustal and mantle
noble gas components as well as that of hydrocarbons within the various locations of the PHF are

analyzed.

2.5.1. Western and Eastern Hydrocarbon and Noble Gas Sources in the Panhandle Field

In conventional fields, hydrocarbons are produced in a source rock and subsequently
transferred into the reservoir rock [Chapman, 2000]. The almost complete removal of Cambrian
through Carboniferous strata in the PHF, in particular in the Panhandle Field [Johnson et al.,
1988b], results in the absence of potential source rocks in this region, and therefore, points to an
external origin to these hydrocarbons. The source rock of the Panhandle and the greater PHF is
thought to be primarily the Woodford Shale, a late Cambrian to early Carboniferous organic-rich
formation (Fig. 2.2) in the Anadarko Basin [Fig. 2.1; Pippin, 1970; Rice, 1988; Johnson, 1989;
Sorenson, 2005]. Early oil and gas are thought to have first migrated into the east Panhandle during
the Permian and gradually occupied the entire field [Sorenson, 2005]. In the Tertiary, natural gases

in the Panhandle Field expanded due to a reservoir pressure drop, causing a northward migration
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of Panhandle natural gas into the Hugoton Field [Sorenson, 2005]. However, while a direct
correlation between hydrocarbons and terrigenic noble gases, in particular between *He* and 2'Ne*,
(Figs. 2.3b, d) is observed in the west Panhandle Field, such correlation is absent in the east
Panhandle. The absence of correlation in the east Panhandle point to distinct sources of both,
hydrocarbons and noble gases on both sides of the field. In the western side of the Panhandle Field
(Figs. 2.3b, d), the positive correlation between terrigenic noble gases and methane is an indication
that they may have originated from a common source, and subsequently mixed and migrated
together before reaching the west Panhandle Field. This common source for hydrocarbons and
noble gases on the western side of the Panhandle is unlikely to be the Woodford Shale in the
Anadarko Basin, as most of the terrigenic noble gases would have been added to the gas samples
during or after migration, not directly from the source rock. Indeed, the estimated terrigenic noble
gas amounts (Table 2.2) require significantly longer production and accumulation time than the
time period during which hydrocarbons remained in the Woodford Shale prior to migration (<
75Myrs). Instead, a more plausible explanation is that terrigenic noble gases and methane are both
from adjacent basins on the western side of the Panhandle. Possible sources are the Palo Duro or
Dalhart Basins (Fig. 2.1). Ballentine and Lollar [2002] and Brown [2019] argued that crustal noble
gases produced in those basins are initially mixed and subsequently delivered by the general W-E
groundwater flow in the deep-basin brine aquifer to the west of the Panhandle Field. If natural gas
produced in those basins are also collected and carried by the regional groundwater flow to the
west Panhandle, that could explain the observed positive correlation, which points to a common
source for hydrocarbons and terrigenic noble gases. Petroleum exploration in the Palo Duro Basin
indicates that Pennsylvanian to Permian organic-rich shales in those basins have the potential to

generate hydrocarbons [Dutton, 1980a, b; Rose, 1986]. The lower methane content and thus, lower
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dryness in west Panhandle samples compared to those in the eastern side (Table 2.1) further
supports this hypothesis. Indeed, Palo Duro Basin source rocks display lower maturity compared
to that of the Woodford Shale due to the lower geothermal gradient and shallower burial depth at
which they are exposed [Rose, 1986]. The higher CO> content in all samples from the west side
compared to those in the east side (Table 2.1) further reinforces the connection between
hydrocarbons and groundwater on the west side of the Panhandle. It is likely that the high CO»
content has originated from the Bravo Dome CO; field on the west side of the Panhandle Field
(Fig. 2.1) and subsequently carried to the field by regional W-E groundwater flow.

In contrast to the west Panhandle samples, no correlation is observed between methane and
terrigenic noble gases in the east Panhandle samples (Fig. 2.3a, b). While previous studies suggest
that hydrocarbons in the Panhandle Field are mainly sourced from the Anadarko Basin, other
sources might be responsible for the presence of terrigenic noble gases (e.g., “He* and ?'Ne*).
These include in-situ production in the reservoir rock and external contributions, in particular, an
upward flux of terrigenic noble gases, either from deeper levels in the crust or of mantle origin.
Absence of direct correlation between methane and terrigenic noble gases suggests a different
source for both hydrocarbons and terrigenic noble gases. Decoupling of methane and noble gases
was previously reported in other hydrocarbon fields [e.g., Wen et al., 2015a, 2017; Byrne et al.,
2018]. The decoupled methane and terrigenic noble gases suggest that hydrocarbons in the east
Panhandle Field originated primarily from the Woodford Shale in the Anadarko Basin. The
majority of the terrigenic noble gases in east Panhandle were likely added to hydrocarbons either
during the migration stage or following the emplacement of hydrocarbon phases. As significant

groundwater flow is absent in the east Panhandle area [Bassett and Bentley, 1983; Senger and
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Fogg, 1987], in-situ production, an upward flux or a combination of both are likely the sources of
terrigenic noble gases in this area.

The existence of an upward flux is also suggested by a positive correlation between sample
depth and terrigenic “He*, 'Ne* and *°Ar* in the east Panhandle Field (Fig. 2.4a, b, ¢). Such a
correlation points to an origin of terrigenic noble gases from the underlying strata, including deeper
sedimentary formations and basement rock, similar to observations in many other sedimentary
basins [e.g., Ballentine et al., 1991; Castro et al., 1998a, b; Wen et al., 2015a]. By contrast, the
absence of such a correlation in the west Panhandle region points to an origin other than external
contribution from underlying formations (Fig. 2.4a, b, ¢), and further reinforces the hypothesis that
external inputs from adjacent basins, possibly via groundwater flow [e.g., Ballentine and Lollar,
2002], are responsible for both hydrocarbons and noble gases in that area. The impact of
groundwater in the west Panhandle Field may also explain higher (R/Ra)c ratios compared to
typical crustal values (Fig. 2.4d), as these samples are expected to carry mantle helium from the
Bravo Dome [Ballentine et al., 2005].

Distinct correlations between crustal noble gases, methane and sample depth between the
east and west Panhandle samples point to various sources of noble gases and hydrocarbons within
the Panhandle Field. Such variations may also be reflected in the presence or absence of specific
mantle noble gas signatures, as evidenced by a combined analysis of helium and neon isotopic
signature. Below, the presence of a mantle signature in the Panhandle Field is discussed together

with magmatic and tectonic implications.
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2.5.2. Mantle Noble Gas Sources in the Panhandle Field

Figure 2.5 shows 2°Ne/*’Ne versus 2!Ne/**Ne ratios for both the east and west Panhandle
Field samples. It is apparent that our samples reflect a three-component mixing between the
atmosphere, the crust and the mantle, and provide further clarification on the nature of this mantle
component, i.e., a MORB, OIB or solar-like source. All east Panhandle samples fall above the air-
MORB line and plot within the mantle area with *°Ne/*’Ne and ?'Ne/**Ne ratios higher than that
of the atmosphere (Fig. 2.5). Sample Hanner-No1-x falls in the OIB domain, while all other eastern
samples fall within the MORB domain. Since mass dependent fractionation has been ruled out as
a potential source of the elevated 2°Ne/*’Ne and 2'Ne/*’Ne ratios (Appendix Al) in the eastern
samples and crustal production of *Ne is negligible, high 2°Ne/**Ne and >'Ne/*’Ne ratios largely
reflect the addition of mantle Ne. Indeed, both upper and lower mantle are enriched in °Ne, with
the 2’Ne/?*Ne reaching up to 13.8 for the solar component [Starkey et al., 2009]. 2'Ne/*’Ne ratios
in east Panhandle samples are also consistently higher than the atmospheric value of 0.029 (Table
2.3), indicating the addition of crustally produced nucleogenic 2'Ne. By contrast, all samples from
the west Panhandle Field fall along the typical air-crust line with a crustal >!Ne/?’Ne ratio of 0.47
[Fig. 2.5; Kennedy et al., 1990]. This Ne isotopic composition pattern is that expected for crustal
neon production, as 2*Ne is produced more rapidly than ?’Ne, but slower than >'Ne in crustal rocks
[Ballentine and Burnard, 2002]. However, the presence of mantle helium in west Panhandle, as
evidenced by the higher (R/Ra). ratios compared to typical crustal values, indicates that it is
unlikely to have pure crustal neon signals in the west Panhandle Field. It is clear that west
Panhandle samples underwent mass fractionation (Appendix Al) and thus it is not possible to
pursue a combined He-Ne isotopic ratio analysis for the west Panhandle. Such analysis, which

provides clarification on the nature of the mantle component present given below for the east
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Panhandle samples.A primordial mantle component is commonly characterized by positively

correlated 2°Ne/*’Ne and inversely correlated >'Ne/?’Ne with R/Ra ratios, respectively [Moreira
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Figure 2.5 Measured 2*Ne/??Ne ratios plotted as function of 2'Ne/**Ne ratios for Panhandle gas samples.
Three components are presented in this diagram: Air, Mantle (MORB, OIBs, Solar), and Crust. Mixing
lines between Air—Solar, Air—-MORB and Air-OIB endmembers for Iceland, Hawaii, Reunion, and
Kerguelen are indicated. Air—Crust mixing lines with 2'Ne/*?Ne ratios of 0.1, 0.47 and 0.33 (Table 2.4) are
also shown. Triangular grey areas, from lighter to darker indicate the Air—Solar-MORB, Air-MORB-
Crust, and Air Crust domains, respectively. All endmember values are listed in Table 2.4.

5.0

and Allegre, 1998; Graham, 2002]. This combined analysis in our gas samples requires removal
of the atmospheric He and Ne components so that He and Ne isotopic ratios will represent solely
a binary mixture between the crust and mantle (MORB, OIB, or Solar) endmembers
((**Ne/*Ne)crust-mante and (2'Ne/*Ne)crustimantie). The removal of atmospheric He from measured
R/Ra ratios is exercised following Craig et al. (1978) and the air-corrected R/Ra ratios are
indistinguishable from the measured values (Table 2.3). Removal of atmospheric Ne from the

measured 2’Ne/?*Ne and 2'Ne/**Ne ratios is achieved through previously developed procedures
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[Appendix A2, see also Ballentine and O’Nions, 1992; Ballentine, 1997 and Castro et al., 2009].
Results of air-corrected He and Ne isotopic ratios are shown in Table 2.5, and the east Panhandle
samples are plotted in figure 2.6. The theoretical crust-MORB, crust-OIB and crust-solar mixing
lines (Table 2.4) as well as the crust-solar mixing line estimated for the Michigan Basin brines
[Castro et al., 2009] with a crustal >'Ne/*’Ne endmember value of 0.047 are also shown. Mixing
lines between the crust and mantle (MORB, OIB, and Solar, respectively) in these two-element
isotope plots are defined by their respective isotopic ratio endmembers (Table 2.4) as well as by
the curvature of each hyperbola defined by Kerustmante = (‘He/?>Ne)erust/(*He/*’Ne)mante, Where
(*He/**Ne)erust and (*He/*>Ne)mante are the crustal and mantle (MORB, OIB, Solar) “He/*’Ne
elemental ratios, respectively (Table 2.4). If no uncertainty were to be associated with the crustal
and mantle He and Ne endmembers, and if prior to mixing all endmembers had a constant crustal
and mantle “He/**Ne ratio, all samples would fall along a single mixing line within error. Most of
the east Panhandle samples fall close to the crust-solar mixing line derived from the Michigan
Basin brines [Castro et al., 2009], with sample Johnson-5 falling on the theoretical crust-solar line
(Fig. 2.6). Considering that the 2°Ne/*’Ne ratio of Johnson-5 is possibly the result of mass
fractionation (Appendix Al), it may be excluded from the discussion of a potential mantle signal.
The origin of the primordial mantle signal for most of the east Panhandle samples is discussed
below.The presence of a primordial combined He and Ne component (OIBs-type) has historically
been associated with the presence of a lower, primordial, largely undegassed reservoir from which
OIBs would originate via deep mantle plumes [O’Nions and Oxburgh, 1983; Porcelli and
Wasserburg, 1995; Moreira et al., 1998]. In the study area, a large volume of mafic rocks has been
identified in the WIP, which occupies the Southern Oklahoma Aulacogen and also extends into

the east Panhandle Field (Fig. 2.1). Our east Panhandle samples are located close to the western
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end of the igneous province (Fig. 2.1). The emplacement of the WIP happened during the breakup
of Rodinia and the opening of the Iapetus Ocean in the Cambrian [Hanson et al., 2013; Wall. et al.,
2020], under an extensional or transtensional environment. The U-Pb dating of mafic and felsic
rocks in the WIP yield a narrow age range between 532.49 £+ 0.12 Ma to 530.23 + 0.14 Ma,

indicating that the emplacement of the igneous province happened through a rapid thermal event,

16 T ; . ;
(@)
14 F Mantle
West Panhandle
12 | @ Bivins2R
k] ® Rivins-A-88
E ® Bivins-A-96
E 104 Bivins-A-201
& i
= Biving-A-217
}3 ® BRBivins-A-219
‘o 8 H East Panhandle
i A Griffin-2
9 A Hanner-Nol-x
i
[E Johnson-3
A_Z “ Johnson-5
g . A Tibbets-Nol
41 A Wilson-2
Crust-MORB
: — Crust-OIB
2r —— Crust-Solar
i ====Crust-Solar (Castro ct al., 2009)
Crust
O 1 [ 1 1
0.01 0.1 1 10 100
0.5 - ; . .
Crust (b)
045 i

04

0
th
T

=
e
T

22
Ne/ Ne)crusl.ﬂnanllc
&
=,
T

=
S
T

=5 015 F
N’
01k
Mantle
005
0.0 ‘ ‘ . "
0.01 0.1 1 10 100

(R/Ry).
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probably an upwelling mantle plume [Wall et al., 2020]. The presence of a mantle plume in the

WIP aligns well with the formation mechanism of the Southern Oklahoma Aulacogen, where the
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WIP is located [Hogan et al., 1995; Lidiak et al., 2014; Wall et al., 2020]. Two mechanisms were
proposed to explain the formation of the Southern Oklahoma Aulacogen: 1) it developed as a
transform fault system along the transform plate boundary during the continental rifting [Thomas,
2011, 2014], or; 2) it developed from a failed arm of a triple-junction point [Hoffman et al., 1974].
Both hypotheses may have active mantle plumes involved [Wall et al., 2020]. Thus, the primordial
mantle component identified in the east Panhandle is likely representative of the remnants of this
mantle plume activity during the emplacement of the WIP. On the other hand, the mantle helium
identified in the west Panhandle Field is likely to have originated in the Bravo Dome, where solar-
like He and Ne signatures were reported by Ballentine et al. [2005]. Because Ne isotopic ratios in
the west Panhandle samples are likely affected by MDF, confirmation on the nature of this mantle
component is not possible at this time.

Although previous studies have mostly favored the idea of a mantle plume to explain the
formation of the WIP, evidence of magmatism linked to the subcontinental lithospheric mantle
(SCLM) has also been reported. Specifically, trace elements and isotopic ratios, in particular Sr
and Nd isotopic data from the mafic rocks in the WIP, display OIB-type signatures or signatures
suggesting the presence of a depleted continental mantle [Hogan et al., 1995; Lidiak et al., 2014;
Brueseke et al., 2016], opening up the possibility of having a SCLM component in the WIP.
Although the zircon trace-element data of felsic rocks with relatively younger ages in the WIP
suggest a partially melted asthenosphere source, similar zircon trace-element results in older rocks
of the WIP suggest a modified continental lithosphere source [Wall et al., 2020]. Wall et al. [2020]
concluded that the thermal anomaly first caused the melting of the SCLM and the subsequent
formation of the older rocks in the WIP, followed by asthenosphere upwelling and intensified

formation of the younger rocks. The potential existence of a SCLM component in the WIP provides
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another possible source for the observed primordial He-Ne signature in east Panhandle. Castro et
al. [2009] suggested that the solar-like component observed in the Michigan Basin can be
accounted for by a shallow refractory reservoir in the Archean SCLM. Ancient SCLMs, in
particular Archean SCLMs, are distinct from younger SCLMs both in chemical composition and
evolution history [e.g., Dunai and Procelli, 2002; Gautheron and Moreira, 2002; Gautheron et al.,
2005]. The latter are depleted, refractory, and buoyant relative to the asthenosphere, greatly
limiting their potential for recycling, enhancing preservation over time [e.g., Menzies, 1990;
Griffin et al., 1999; Young and Lee, 2009]. They tend to be rich in depleted lherzolites and
harzburgites [Griffin et al., 2004], which suggests a highly depleted U-Th-K environment
[Anderson, 1998; Rudnick and Nyblade, 1999]. Depleted U-Th environments together with a high
concentration of depleted lherzolites and harzburgites suggests the presence of potential He and
Ne reservoirs at relatively shallow depths, likely serving as reservoirs for primordial noble gas
components [Graham et al., 1990; Anderson, 1998; Coltice and Ricard, 2002; Meibom et al., 2005].
Most of the PHF basement rocks belongs to the Mazatzal Province [~1.65Ga; Shaw and Karlstrom,
1999] and is likely to be comparable to the SCLM underneath the Michigan Basin and thus,
replicate its depleted nature. The similarity of the solar-like He-Ne signatures found in both,
Michigan Basin brines and the east Panhandle gas samples may suggest a common source for both
solar-like components, possibly a shallow refractory reservoir within the depleted SCLM created
by one of the mechanisms proposed by Anderson [1998].

At this stage, it is not possible to determine which of the two mechanisms discussed above
is responsible for the observed mantle signature in the east Panhandle Field, i.e., a mantle plume
versus the SCLM. Either way, the presence of a primordial mantle component in the east

Panhandle Field, together with the upward flux of terrigenic noble gases strongly suggests a high
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level of openness of the reservoir rock in this area. As for the west Panhandle Field, the presence
of mantle helium and the possibility of receiving hydrocarbons and noble gases from regional
groundwater flow is also an indication of a relatively open system. Below, the open versus close
nature of the PHF reservoir rocks as well as in-situ production contributions are evaluated through
a more in-depth crustal noble gases analysis. Noble gas data from natural gas samples from
Ballentine and Lollar [2002], collected in Texas Hugoton, Oklahoma and Kansas (Fig. 2.1) are

combined with data from this study to provide a more comprehensive view of the entire PHF.
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Table 2.4 Endmember isotopic and elemental ratios of distinct earth reservoirs

Isotopic ratios Elemental ratios R, R,
R/Ra  *Ne/>Ne 2INe/ 2’Ne “‘He/ *Ne SHe/ *Ne “‘He/ 2Ne (He/™NeJou/ (He“NeJmance
Crust? 0.05 0.3 0.47 7.9 x107
0.1
Mantle
Primordial (primitive solar nebula)® 120 13.8 0.0328 850 1.17 x10* 6735
OIB mantle (Iceland)* 35 13.8 0.035 6 1.24 x10° 636
OIB mantle (Hawaii)® 13.8 0.039
OIB mantle (Reunion)© 13.8 0.043
OIB mantle (Kerguelen)* 13.8 0.053
MORB mantle 8 13.8 0.075 8.8 7.50 x10° 105

aR/Ra ratio after Oxburgh et al. [1986]; 2'Ne/*?Ne after Kennedy et al. [1990]. “He/*?Ne ratio after Yatsevich and Honda [1997].

®R/Ra ratio after Starkey et al. [2009]; 2’Ne/*>Ne and >'Ne/**Ne ratios after Benkert et al. [1993]; “He/*°Ne ratio after Anders and Grevesse [1989];
“He/**Ne ratio calculated from *He/*’Ne and *°Ne/ 2°Ne ratios.

¢ Summarized by Graham (2002); Iceland - Dixon et al. (2000), Hawaii - Honda et al. (1991), Reunion - Hanyu et al. (2001), Kerguelen -
Valbracht et al. (1996), MORB - Moreira et al. (1998). “He/**Ne ratios calculated from *He/ 2?Ne and R/Ra ratios.
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Table 2.5 Ne isotopic compositions after correction of atmospheric component

Sample ID (P°Ne/**Ne)erustmantle (*'Ne/?Ne)erust-mantle
West

Bivins-2R 3.645+0.006 0.3708+0.0002
Bivins-a-88 3.161+0.007 0.3851+0.0002
Bivins-a-96 4.308+0.005 0.3511+0.0001
Bivins-a-201 2.866+0.005 0.3938+0.0001
Bivins-a-217 2.403+0.007 0.4076+0.0002
Bivins-a-219 1.692+0.010 0.4287+0.0003

East
Griffin-2
Hanner-No1-x
Johnson-3
Johnson-5
Tibbets-Nol

Wilson-2

12.591+0.002
14.535+0.0143
12.789+0.005

6.989+0.003
13.031+0.005
13.570+0.003

0.1055+0.0001
0.0478+0.0004
0.0996+0.0001
0.2716+0.0001
0.0925+0.0001
0.0765+0.0001
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2.5.3. In-situ Production versus an External Origin for Noble Gases

The elemental ratios between terrigenic “He*, 2'Ne* and “°Ar* are a function of their
parental nuclides (U, Th, K, O, F, Mg) in the rocks where they were produced [e.g., Ballentine and
Burnard, 2002; Pinti and Marty, 1995, 1998]. These ratios can be also impacted by solubility or
diffusive fractionation during migration between sedimentary strata [Kennedy et al., 2002]. Figure
2.7 shows 2!Ne*/*°Ar* ratios as a function of *He*/*°Ar* ratios for the Panhandle samples (this
study) and those previously published for the Hugoton Field further north [Ballentine and Lollar,
2002]. In-situ production ratios between “He*, 2'Ne* and *°Ar* are estimated from elemental

concentration data of the reservoir rock in the PHF [Pierce, 1964], while average and lower crust
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Figure 2.7 *'Ne*/*Ar* ratios plotted as a function of “He*/*°Ar* ratios of the Panhandle samples in this
study and those from Ballentine and Lollar [2002]. The solid straight line represents solubility-controlled
elemental fractionation from in-situ production of the reservoir rock [*He*/*°Ar*=2x10-7, 2'Ne*/**Ar*=10,
Pierce, 1964]. The dashed straight line represents the solubility-controlled elemental fractionation from
average crust [*He*/*°Ar*=2.15x10-7, 2!'Ne*/*°Ar*=5, Ballentine and Burnard, 2002], with the composition
of average crust represented by black star. The dotted straight line represents the solubility-controlled
elemental fractionation from lower crust [*He*/**Ar*=2.15x10-7, 2'Ne*/**Ar*=3, Ballentine and Burnard,
2002]. The dotted curve passing through average crust point represents the diffusion-controlled
fractionation line.
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production ratios are from Ballentine and Burnard [2002]. Solubility-dependent fractionation lines
from in-situ production (solid), average crust (dashed) and lower crust (dotted) are straight lines
since the solubility of He and Ne are similar in subsurface environments [Ballentine and Burnard,
2002; Fernandez-Prini et al., 2003]. Thus, the “He*/>'Ne* ratio in subsurface fluids should remain
constant.

It is apparent that most of the samples, both from this study and those from Ballentine and
Lollar [2002], do not follow the in-situ production line (Fig. 2.7). Rather, many of the samples plot
close to the fractionation line for the average crust composition, suggesting the presence of an
external flux of radiogenic/nucleogenic noble gases from a crust-like source outside of the
reservoir rock. On the eastern side of Panhandle Field, the existence of external noble gases from
underlying crustal formations is apparent as indicated by the correlation between depth and
terrigenic noble gases (Fig. 2.4). In addition, the presence of a mantle signature in the east
Panhandle Field as discussed above is also an indication of the involvement of noble gases from
both, a mantle source and the lower crust. These findings are further supported by the fact that all
samples from the east Panhandle Field fall between average crust and lower crust lines, with
Wilson-2 falling close to the lower crust (Fig. 2.7). On the other hand, the presence of groundwater-
delivered terrigenic noble gases from adjacent basins on the west Panhandle Field, is further
supported by the proximity of these samples to the fractionated average crust line and non-
fractionated crustal production value (Fig. 2.7). The Hugoton samples from Ballentine and Lollar
[2002] display a wider range of values, with most samples falling near the average crust line, with
a few samples closer to or on the fractionated lower crust line. Ballentine and Lollar [2002] suggest
that externally produced noble gases in the Hugoton Field originate in western adjacent basins

(e.g., the Dalhart Basin, Fig. 2.1), since regional W-E groundwater flow is also present in the deep
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basin brine aquifer in that area [Dubois et al., 2007]. None of the samples follows the diffusivity-
dependent fractionation pattern (dotted curve). It is also noteworthy that sample Hanner-Nol-x
plots close to the lower crust line (Fig. 2.7) while displaying the most OIB-like Ne isotopic
signature (Fig. 2.5). This is consistent with the presence of noble gases from both the lower crust
and OIB-type mantle in the east Panhandle, potentially through the basement faults bounding the
Amarillo Uplift [Fig. 2.1, Hanson et al., 2013; Campbell, 2007]. From the discussion above, it is
apparent that the PHF reservoir rocks exhibit a significant level of openness and thus, noble gases
with an external origin could account for most of the total terrigenic noble gas content in all
samples. To further test this hypothesis, an estimation of the contributions from both in-situ
production and external inputs is needed.

The accumulation of radiogenic and nucleogenic noble gas isotopes in the crust depends
on three main factors: 1) the production rate of the isotope of interest; 2) the time period during
which production and accumulation took place, and; 3) the release efficiency of the produced
isotope from the host rock to the pore space. The production rate of an isotope can be calculated
using the concentration and decay rate of the corresponding parent element. For instance, “He is a

product of the a-decay of U and Th and its production rate is given as [Craig and Lupton, 1976]:

J( *He) = 0.2355 x 10712 x [U] (1 +0.123 (% - 4)> 2.7)

where J(*He) is the production rate of “He in units of cm®STP-g'yr’!, and [U], [Th] are the
concentrations of U and Th in rock in ppm, respectively. The in-situ produced *He is calculated
following [modified from Torgersen, 1980]:

4 _J(*He)ptAR(1-¢)
[ "He] = o(1-S) (2.8)
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where [*He] is the volume fraction of “He in natural gas, p is the density of the rock in gcm™, t is
the production time in years, ¢ is the rock porosity, S is the water saturation rate since part of the
pore space is filled by water, and A is the release efficiency of the produced “He from the host rock
to the pore space (0< A <I). R represents the expansion coefficient from the reservoir under
standard surface conditions, i.e., an atmospheric pressure of 1 atm and local mean annual

temperature (MAAT) of 13°C, and is expressed as:

R = TrevXPstp (2.9)

PrevXTsTP

where P stands for the pressure and T represents the temperature. Subscripts “Rev” and “STP”
stand for reservoir and standard surface conditions.
Using a similar approach, the in-situ production of radiogenic “°Ar* is calculated as follows

[modified from Ballentine and Burnard, 2002]:

J[*°Ar] = 22220 TsTe (2.10)

where [K] is the concentration of potassium in the rock in ppm, Vstp is the molar volume of ideal
gas in cm® and NA is the Avogadro number. The calculated production rate of *°Ar can be applied
to equation (2.2) for the expected volume fraction of °Ar*.

The in-situ production of *He* and *°Ar* are calculated under two scenarios: 1) assuming
that the reservoir rock contains pure granite to simulate the granite wash reservoir, and; 2)
assuming a reservoir rock that matches the average composition of the Wolfcampian reservoir with
carbonate and shale interbeds. These two scenarios represent the extreme conditions when *He*
and *°Ar* are produced solely in each of the two major types of reservoir rocks in the PHF, to help
constrain the potential limits of in-situ noble gas production. The in-situ production of noble gases
in potential source rocks in the Anadarko and Palo Duro basins is either minor or negligible, since

a) the time period between hydrocarbon production and migration (< 75Myrs) in source rocks is
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significantly shorter than the hydrocarbon emplacement time (< 295Myrs) in the PHF and; b) the
concentrations of parental elements (U, Th and K) in the source rocks are not significantly higher
than those of in the PHF reservoirs [e.g., Jolly, 1988]. The release efficiency (A) of both He and
Ar is assumed to be 100%, which is reasonable for He due to its high diffusivity. However, the
release of Ar from parent minerals is significantly more difficult to accurately assess compared to
He and thus, our estimation should represent the upper limit for *°Ar* in-situ production.
Parameters used in the estimation of in-situ production under both scenarios are listed in Table 2.6.
The percentage of calculated *He* and “°Ar* in-situ produced with respect to total measured
volume fractions are provided in Table 2.7. This estimation assumes that all of the produced
isotopes remain in the reservoir during its entire geological, which leads to an upper limit of in-
situ production estimation.

Estimation of in-situ produced “He* shows that, under the first scenario, about 28-65% of
the total “He* resulted from in-situ production in the east Panhandle Field. The percentages
decrease to approximately 13.26%-23.52% in the west Panhandle Field and about 6.09-21.76% in
the Hugoton Field. As for “°Ar*, the estimated values account for around 21.22-75.74%, 11.29%-
20.26% and 9.15%-25.47% in the east Panhandle, west Panhandle and Hugoton Fields,
respectively. Under the second scenario, estimated in-situ produced *He* accounts for about 23.99-
55.02% of the total “He* in east Panhandle Field. Like the first scenario, the percentages decrease
in the west Panhandle and Hugoton Fields to approximately 11.15%-19.77% and 5.11%-18.29%,
respectively. As for “°Ar*, the estimated values account for about 22.07-78.79%, 11.75%-21.07%
and 9.52%-26.46% in the east Panhandle, west Panhandle and Hugoton Fields, respectively. It is
apparent that for all the samples, in-situ production cannot account for the observed amount of

radiogenic noble gases, and external sources are required. This finding is consistent with previous
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studies in other sedimentary basins, where external inputs of radiogenic noble gases are present
[Castro and Goblet, 2003; Ma et al., 2005; Wen et al., 2015a, b; Zhou and Ballentine, 2006].
Because the estimation primarily assumes a closed-system scenario, which means all the in-situ
produced noble gases since deposition (~295 Ma) remained in place, this estimation represents an
upper-limit of the in-situ production percentage. Only two of the samples have in-situ *He*
production over 50%, while three samples display *“°Ar* in-situ production over 50%. All these
samples are from the east Panhandle Field. It is thus likely that in-situ production represents a
minor contributor of terrigenic noble gases in most of the samples, in particular, those from the
western PHF. In-situ production variations between the east and west Panhandle Field are present,
with the east Panhandle samples displaying generally higher of in-situ production contributions
compared to the western side (Table 2.7). Considering that the east Panhandle Field has potentially
received influx from underlying sedimentary sequences and the basement rock, while the western
side received most of the input from groundwater with some contribution from underlying strata,
a lower percentage of in-situ production in the west Panhandle samples is expected. This would
also be consistent with findings by Ballentine and Lollar [2002] and Brown [2019] which
considered groundwater as an important factor of helium enrichment in the PHF.

Besides the variation between west and east Panhandle Field, a spatial distribution pattern
can also be vaguely identified based on the estimation of in-situ production. Samples from the
eastern side of PHF are relatively less abundant in external radiogenic noble gases with respect to
the western side samples (west Panhandle and Hugoton Fields). Even though samples from the
Hugoton Field have their in-situ production percentages close to those of the west Panhandle Field
samples (Table 2.7), the lowest percentages exist in the Hugoton samples. Since the accumulation

of radiogenic noble gases in crustal environments is a highly time-dependent process, the potential
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distribution pattern of radiogenic noble gases likely reflects a spatial pattern of sample ages. In the
next section, a more in-depth analysis of the relative chronological relationship between different

locations of the PHF is carried out to test this hypothesis.

Table 2.6 Parameters used in the estimation of in-situ production of *He* and *°Ar*

Litholo Thickness  Pressure ~ Temperature  Saturation Porosity Density U Th K
= (m) (psi) (°0) Rate (g/em’)  (ppm)  (ppm)  (ppm)
(‘35215111126 0.05 2.6 2.8 10.7 20000
Wolfcampian 121 360 32 1
b 0.08 2.7 4 14.4 33100

reservoir?

2 Average thickness, pressure and temperature of the PHF reservoir is from Mason [1968]; Density and
chemical composition of granite wash is approximated by average upper crust from Leventhal [1980].

b Porosity of carbonate reservoir is from Watney and French [1988]; Density and chemical composition of
Wolfcampian reservoir is from Pierce [1964].

Table 2.7 Estimated percentages of in-situ production of “He* and “*Ar*

Eastern Panhandle

Western Panhandle

Hugoton*

Scenario 1 (Granite “He* 28.53 — 65.46% 13.26 — 23.52% 6.09 —21.76%
wash) NG 21.22 -75.74% 11.29 —20.26% 9.15-25.47%
Scenario 2 “He* 23.99 — 55.02% 11.15-19.77% 5.11-18.29%
(Carbonate) 40Ap* 22.07 - 78.79% 11.75-21.07% 9.52 — 26.46%

*Samples from Ballentine and Lollar (2002)
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2.5.4. Relative Ages and Spatial Distribution Pattern of Natural Gas

The observed variation of radiogenic noble gases across the PHF points to a potential
spatial distribution pattern of gas ages. One way to assess the relative ages of gas samples from
different locations in a particular gas the field is via a modified Ar isochron method. In Ar-Ar
dating, 3®Ar/*°Ar is commonly plotted as a function of **Ar/*°Ar, where *Ar is an artificially
produced proxy for potassium [McDougall and Harrison, 1999]. Because “°Ar appears in the
denominator of both the x and y values of such a plot, any mixture between two fixed end members,
i.e., a single initial **Ar/**Ar and a single **Ar/*°Ar ratio will plot along a line. Since the apparent
age of arock sample is a function of the ¥ Ar/*’Ar” ratio, where “°Ar” is the pure crustal (radiogenic)
component, the x-intercept of an isochron line defines the argon age of the rock sample
[McDougall and Harrison, 1999]. By analogy to the Ar-Ar dating isochron procedure, a similar
graphical analysis can be used to provide a relative gas sample age. Instead of *’Ar/*’Ar values,
1/*Ar is plotted on the x-axis under the assumption that a universal potassium content is applied
to all samples. A gas sample will consist of a mixture of the atmospheric **Ar/*°Ar ratio (y-
intercept) and a fixed crustal volume fraction (x-intercept). In this plot, relative ages increase from
right to left and samples that share the same K-content in their source and the same transport
history should plot along a mixing line between air and a fixed x-intercept value of 1/*°Ar.

Figure 2.8a shows *®Ar/*°Ar ratios as a function of 1/*°Ar values in the Panhandle Field.
Samples Wilson-2 and Hanner-Nol-x from east Panhandle display the youngest relative age
among the Panhandle samples, while sample Bivins-A-219 from west Panhandle displays the

oldest age (Fig. 2.8a). It is apparent that most of the east Panhandle samples (light yellow area,
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Fig. 2.8a) display relative ages about 3-6 times younger than the west Panhandle samples (grey
area, Fig. 2.8a). Figure 2.8b shows *°Ar/*°Ar ratios versus 1/*°Ar values for the Hugoton samples
[Ballentine and Lollar, 2002] plotted together with samples from the Panhandle Field (this study).
From this plot, it is apparent that the variation in relative ages is also present within the Hugoton
Field. The wider age variations are observed primarily between samples from Kansas Hugoton
(orange boxes) and those from Texas/Oklahoma Hugoton (red and blue boxes). Samples from
Kansas Hugoton are relatively younger compared to the samples from Texas and Oklahoma
Hugoton. Some of Texas Hugoton samples display the oldest relative ages among all samples (Fig.
2.8). A spatial pattern of the relative ages appears to emerge with the two [this study, Ballentine
and Lollar, 2002] combined datasets. Three age groups are apparent (Fig. 2.8b): 1) the youngest
relative ages group represented by the east Panhandle samples (light yellow area); 2) intermediate
relative ages represented by the Kansas Hugoton samples (grey area), and; 3) the oldest relative
ages represented by most west Panhandle samples together with those from Texas and Oklahoma
Hugoton (light green area). Relative ages increase from group 1 to group 3. The meaning of these
relative ages and their potential implications in terms of sources and migrations of natural gases in
the PHF is discussed below.

In conventional hydrocarbon fields, due to the existence of primary (within the source rock
and from the source rock to the reservoir) and secondary migration (within the reservoir), the
apparent ages of natural gas samples may not reflect their formation ages, since the different
accumulation rates of radiogenic noble gases within the reservoir and the source rocks render the
reconstruction of the actual ages of the gas samples difficult. In the absence of an external
component, it is fair to assume that the apparent ages of natural gas samples in a conventional field

reflect the timing of their migration from the source rock to the reservoir rock, especially when the
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reservoir rocks contain low concentrations of parent elements and therefore, have negligible
contribution from in-situ production. However, this assumption may not hold when natural gases
experience long distance migration. A more recent study in the East Texas Basin proposes that the
accumulation of radiogenic noble gases, particularly “°Ar*, is highly dependent on migration
distances of natural gas [Byrne et al., 2020]. Their model reveals that most radiogenic *“°Ar* in
these samples are accumulated along the migration pathway, with °Ar* abundances being directly
proportional to the migration distance. The well-established hydrocarbon charge history indicates
that hydrocarbon phases generated in the Anadarko Basin first migrated southward into the
Panhandle Field, and subsequently moved northward to the Hugoton Field due to gas expansion
[Fig. 2.9; Sorenson, 2005; Brown, 2019]. If the same assumption is applied to all the PHF samples
[this study; Ballentine and Lollar, 2002], one would expect the east Panhandle samples to display
the youngest relative ages as they are the closest to the source rock area, and this is indeed the case.
On the other hand, the Kansas Hugoton samples would be expected to display the oldest ages as
they would have experienced the longest migration. However, except for the east Panhandle
samples, the relative ages of the west Panhandle and Hugoton Field samples derived from the
modified Ar isochron method do not align with the expected scenario, with the Kansas Hugoton
samples being younger than samples in western Panhandle, Texas Hugoton and Oklahoma
Hugoton (Fig. 2.8b, Fig. 2.9).

The apparent inconsistency might be explained by the impact of groundwater flow on noble
gas concentrations. Five contributing factors should be considered when interpreting the relative
ages of the PHF samples: 1) crustal contribution from the Anadarko Basin source rock; 2)
accumulation along the migration pathway; 3) in-situ production within the reservoir rock; 4)

upward noble gas flux from sedimentary sequences and basement rocks, and; 5) noble gas
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contributions from adjacent basins transported by groundwater. Contributing factors 1) and 3) are
either minor or negligible considering the insufficient time periods for in-situ production in both
the source and reservoir rocks to account for the measured terrigenic noble gases. Among the
remaining three sources, a depth versus terrigenic noble gases correlation suggesting a dominant
upward flux is only observed in the east Panhandle samples. No sample depth is provided by
Ballentine and Lollar [2002], and thus it is not possible to correlate noble gases with depth for
samples in the Hugoton Field, but the lack of basement faults in the Hugoton area may have
inhibited the input from deep formations in that region (Fig. 2.1). As for contributions along the
migration pathway, natural gas sample ages from east Panhandle samples are consistent with this
scenario, displaying both the youngest ages and shortest migration distance. Samples from west
Panhandle, Texas Hugoton and Oklahoma Hugoton may have received more groundwater flow,
or the groundwater they have interacted with is more enriched in radiogenic components. Below,
a combined analysis of both terrigenic and atmospheric noble gases is carried out to quantitatively

evaluate the potential impact of groundwater flow in the western PHF samples.

2.5.5. Impact of Groundwater Flow as Revealed by Water/Gas Volume Ratio Estimation

In the modified Ar isochron method, the inverse of the x-intercept values reflects the
abundance of radiogenic *’Ar* in the terrigenic endmember, with increasing inverse intercept
values representing higher accumulation of radiogenic *“’Ar and thus, higher relative ages. Table
2.8 lists the **Ar* crustal endmember calculated for each sample in the Panhandle (this study) and
Hugoton [Ballentine and Lollar, 2002] fields based on the x-intercept values obtained for each
sample. It is apparent that the x-inverse intercept values display a spatial variation pattern, with

the west Panhandle samples and samples from Oklahoma and Texas Hugoton showing the highest
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intercept values, the east Panhandle samples showing the lowest values and Kansas Hugoton
samples displaying intermediate values.

Regional groundwater flow was proposed to explain the discrepancy between relative ages
and the well-established migration history, as an increased impact from groundwater may lead to
greater accumulation of terrigenic isotope abundances in the Texas and Oklahoma Hugoton areas.
To estimate the impact of groundwater on atmosphere-derived noble gases, *°Ar is used to
calculate the volume ratio between natural gas and groundwater. *°Ar in sedimentary systems
originates mostly from atmospheric sources, considering that the production of *Ar in sedimentary
environment is negligible [Bosch and Mazor, 1988; Ballentine et al., 1996]. The atmospheric noble
gases in subsurface reservoirs (ASW component) originates primarily from groundwater.
Subsequent interactions between groundwater and natural gas results in the partition of
atmospheric noble gases, as the latter move into the gas phase. Thus, under the assumption that
the AWS noble gas component in natural gas samples, and *°Ar in particular, are solely derived
from groundwater, it is possible to estimate the volume ratio between groundwater and natural gas.
Using such an approach, Byrne et al., [2020] estimated the volume ratio between water (V) and

gas (V) as follows:

Vg _ pwCHW  16Tpy @.11)

Vw  Cmeas  195KT

where subscripts ASW and meas refer to air-saturated water at local standard surface conditions
and total measured sample value, respectively. C refers to the concentrations of *®Ar, T is the
reservoir temperature (62°C, Table 2.6; Fisher, 1995), pw is the water density, and K} is the
Henry’s constant of Ar under reservoir conditions [calculated after Ballentine et al, 2002].
Calculated PHF water/gas ratios are shown in Table 2.8. The east Panhandle samples

display generally the lowest water/gas volume ratios, except for Hanner-Nol-x (Table 2.8). The
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generally lower Vw/Vg ratios indicate a smaller impact from groundwater flow, and may explain
why Ne mantle signals can be identified in this area. The abnormally high Vw/Vg ratio in Hanner-
Nol-x may be an indication that the assumed single-stage water-gas equilibrium scenario is not
applicable to this sample. An alternative explanation is that instead of a simple water-gas
interaction, sample Hanner-Nol-x may have received influence from the oil phase within the
reservoir itself. Considering that solubilities of all noble gases in oil are significantly higher than
those in water [Kharaka and Specht, 1988], equilibration with large amounts of ASW may lead to
significantly higher *Ar concentration in the oil phase with respect to ASW. If the oil phase
interacts with natural gas, the oil-equilibrated gas phase may end up with a higher *°Ar
concentration compared to ASW-equilibrated gases, and thus, a higher Vw/Vg ratio. The highest
Vw/Vg ratios are present in samples from the west Panhandle Field, Texas Hugoton and Oklahoma,
while the Kansas Hugoton samples fall between these two groups.

In figure 2.10, the estimated PHF water/gas ratios are plotted as a function of estimated
4OAr* crustal endmembers. It is apparent that water/gas ratios are positively correlated with their
relative ages in most samples, except for sample Hanner-No1-x, which may not have undergone a
water-gas interaction as discussed above. A similar positive correlation is also observed in Byrne
et al. [2020], where increasing Vw/Vg ratios are accompanied by higher abundances of radiogenic
40Ar*, Byrne et al. [2020] argued that longer migration distances allow for the gas phase to interact
with more formation water along the pathway and also acquire more radiogenic isotopes. However,
even though the east Panhandle samples can be explained by the migration distance theory as they
are the closest to the source rock and also least enriched in *°Ar*, Byrne et al. [2020] hypothesis
cannot account for the observed pattern in the western side of the PHF. If the estimated Vw/Vg

ratios were solely dependent on migration distances, higher Vw/Vg ratios and relative ages would
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be expected in the Kansas Hugoton samples, as they have experienced the longest migration
distance among all samples [Sorenson, 2005]. However, this is not observed. On the other hand,
more interaction with groundwater in West Panhandle, Texas Hugoton and Oklahoma Hugoton
samples results in higher Vw/Vg ratios and also higher concentrations of “°Ar*, since groundwater
flow may have collected crustal noble gases from adjacent basins (e.g., Dalhart and Palo Duro
basins, Fig. 2.1). This hypothesis is also supported by the regional hydrogeological setting, as the
deep brine aquifer within the Kansas Hugoton area displays a significantly lower hydraulic

gradient compared to the West Panhandle, Texas Hugoton and Oklahoma Hugoton areas [Dubois
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Figure 2.10 Estimated water/gas ratios plotted as a function of the reverse of x-intercept in the modified
Ar isochron method for samples in this study and from Ballentine and Lollar [2002].

et al., 2007]. The W-E faults and fracture system distributed along the Amarillo uplift may have
also facilitated the transport of groundwater into the west Panhandle area (Fig. 2.1). At this point,

due to the complex origin of the radiogenic noble gases within the PHF, especially those from west
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Panhandle and Hugoton Fields which may have received input from groundwater flow, Ar
isochron relative ages, may be a more suitable parameter to represent radiogenic Ar present in the
PHF. With this in mind, a more comprehensive view of factors affecting terrigenic noble gas
abundances throughout the PHF emerges. Specifically, in the east Panhandle Field, the shortest
migration distance, youngest migration ages and absence of significant groundwater flow results
in the lowest Vw/Vg ratios and also the lowest abundance of terrigenic noble gases. Kansas
Hugoton samples on the other hand display higher Vw/Vg ratios and terrigenic noble gas
concentrations than the east Panhandle samples due to their longer migration and a W-E
groundwater flow. Finally, in west Panhandle Field, Texas Hugoton and Oklahoma, the impact of
groundwater is the most pronounced resulting in the highest water/gas ratios and terrigenic noble
gas concentrations.

The observed pattern in the PHF clearly indicates that atmospheric noble gases in natural
gas samples are a direct reflection of both, migration distance and groundwater flow. It is thus vital
to consider both mechanisms when using water/gas volume ratios to assess potential migration

patterns of natural gases.
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Table 2.8 Reverse of x-intercept values from modified Ar isochron method and water/gas ratios of the PHF samples in this study and from

Ballentine and Lollar [2002].

Sample ID “Ar endmember values Vw/Vg Sample ID “0Ar endmember values Vw/Vg
West Panhandle Baughman H-2 4.21*10* 0.5670
Bivins-2R 6.12*10* 0.9074 Crayton A-1 3.26*10* 0.4459
Bivins-a-88 4.86%10* 0.6689 Mills C-1 3.36*10* 0.3611
Bivins-a-96 5.04*10" 0.9464 Parsley A-1 2.89%10+ 0.4236
Bivins-a-201 3.58*10* 0.3026 Oberly A-1 2.92%10+ 0.5027
Bivins-a-217 4.99%10+ 0.7460 Tucker B-1 3.80*10* 0.5205
Bivins-a-219 6.43*10* 0.5064 Barnes A-1 2.89%10+ 0.4313
East Panhandle Oklahoma Hugoton®
Griffin-2 1.05%10* 0.1744 Hill A-1 - -
Hanner-Nol-x 1.03*10* 0.9707 Buzzard D-1 4.98*10* 0.7087
Johnson-3 3.42*%10* 0.4861 Stonberaker A-69 7.02*%10 0.7825
Johnson-5 2.06*10* 0.2250 Texas Hugoton®
Tibbets-Nol 1.76*10* 0.5018 Coffee-Estatest1 5.48*10* 0.5837
Wilson-2 0.96*10* 0.2375 Blake Trust Estates#2 8.11*10* 0.9098
Kansas Hugoton” Mary A Long#1 5.61*%10* 0.6901
Ratzlaff D “A” #1 3.61*%10* Donelson et al#1 - -
Hefner Gas Unit #2 3.41*10* 0.6327 Sarah Claybaugh#1 - -
Guldner Unit #1 3.80*10* 0.5629 Cameron Walls#1 5.99*10 0.6709
Guldner Unit #2 3.47*10* 0.6445 Horner#1 8.19*10* 0.9735
Campbell, R.W. #1 -2 0.5367 Witherbee#2 5.08*10* 0.6761
Keller, Ernest #2 3.43*10* - Flores 23 5.23*10* 0.5834
Jarvis Unit #2 3.09*10* 0.4105 Nisbett#1 4.28%10+ 0.5247
Ball, Clyde H. #2 3.24*10* 0.3846 McDade #2+#5 - -
Wright “C” Unit #1 3.10*10* 0.4398 Brumley A#1 - -

aSamples without Ar data are shown as

PSamples from Kansas, Oklahoma and Texas Hugoton fields are from Ballentine and Lollar [2002].

T3
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2.6. Conclusions

Twelve gas samples were collected from twelve wells in the Panhandle Field in northern
Texas, half in east Panhandle, half in west Panhandle, for the complete set of noble gas (He, Ne,
Ar, Kr and Xe) analysis. A terrigenic component is present in all samples as revealed by noble gas
data and a positive correlation between terrigenic noble gases (*He* and >'Ne*) and methane is
observed in the west Panhandle Field. The latter suggests that both terrigenic noble gases and
methane are produced and/or transported together. Hydrocarbons from adjacent basins to the west,
e.g., Palo Duro and Dalhart basins, may have been primarily mixed with terrigenic noble gases
and subsequently transported W-E by groundwater in the deep-basin brine aquifer to the west
Panhandle Field. By contrast, no correlation is found between methane and terrigenic noble gases
in east Panhandle. Instead, a positive correlation between terrigenic noble gases and depth is
observed, suggesting a dominant upward flux from underlying strata and basement rocks in east
Panhandle compared to other possible sources.

A combined analysis of the He and Ne isotopic composition reveals the presence of a
primordial, OIB-type mantle component in the east Panhandle Field. This primordial component
is likely associated with the presence of a mantle plume and emplacement of the Wichita Igneous
Province (WIP) during the breakup of Rodinia. The WIP overlaps the westernmost area of the east
Panhandle Field and extends further to the west. However, the possibility that the subcontinental
lithospheric mantle (SCLM) is the source of this primordial component cannot be ruled out. West
Panhandle samples display (R/Ra). ratios higher (0.1008-0.1145) than typical crustal values and
suggest the presence of a small mantle component. CO; contents are also higher than those in east
Panhandle, suggesting that CO; and this mantle helium contribution originates in the Bravo Dome

field.
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The observed correlations between ‘He*/*°Ar* and *'Ne*/*°Ar* in our dataset in the
Panhandle Field together with that of Ballentine and Lollar [2002] in the Hugoton Field shows that
all samples have solubility-controlled fractionation patterns similar to the average and lower
crustal components, suggesting an external input from crustal sources. A first-order estimation of
in-situ *He* and *“*Ar* production assuming a chemical composition of the granite wash reservoir
or the Wolfcampian carbonate and shale reservoir suggests that in-situ production across the PHF
accounts for a minor portion of the total crustal noble gases, in particular, in the west Panhandle
and Hugoton Fields, with contributions varying from 5.11% to 21.76% for *He*, and from 9.15%
to 26.46% for **Ar*. Contributions from in-situ production in the east Panhandle Field vary from
28.53% to 65.46% for *He*, and from 21.22% to 78.79% for “°Ar*. The high percentages of
external crustal noble gases in PHF samples also suggest a high level of openness of the reservoir,
which is in agreement with the involvement of groundwater flow in west Panhandle and an upward
flux in east Panhandle.

“0Ar elative ages determined through the modified Ar isochron method reveal the presence
of three age groups with samples becoming increasingly older from east Panhandle to Kansas
Hugoton to west Panhandle, Texas Hugoton and Oklahoma Hugoton. The volume ratio between
groundwater (ASW) and gas can be estimated by the **Ar concentration in natural gas samples.
More interaction with groundwater in West Panhandle, Texas Hugoton and Oklahoma Hugoton
samples results in higher Vw/Vg ratios and also higher concentrations of terrigenic noble gases,
since groundwater flow may have collected terrigenic noble gases from adjacent basins (e.g.,
Dalhart and Palo Duro basins) and transported them to these areas. The relatively low Vw/Vg
ratios and terrigenic noble gas contents in east Panhandle are consistent with the shortest migration

distance, youngest migration ages and absence of significant groundwater flow in this area.
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This work highlights the potential of noble gases to trace the source and migration of
hydrocarbons, while shedding light on understanding the impact of groundwater in hydrocarbon

fields.
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CHAPTER 33

MORB and Solar-OIB like Noble Gas Signatures in the Eagle Ford
Shale, Southwest Texas — Implications for the Earth’s Geological

Evolution and Framework

Abstract

Heterogeneity of oil and gas production in the Eagle Ford Shale, southwest Texas, one of
the most prolific shale-oil formations in the world is significant, and an understanding of how
fault-fracture networks and deep crustal structures may have affected the Eagle Ford Shale from
deposition through maturation is missing. Here, we present the complete set of stable noble gases
for gas samples collected in the Eagle Ford Shale. This new dataset, together with that of Byrne et
al. [2018] and noble gas information from Harrington et al. [2015] sheds light on the tectonic and
magmatic history of the region. These datasets reveal the presence of both crustal and mantle
components. Two mantle endmembers are present, a weak one, corresponding to a Mid Ocean
Ridge Basalt (MORB) signature, suggesting the presence of an old SW-NE oriented rift, and a
more prevalent one, corresponding to a primordial, solar-like signature of which Ocean Island
Basalts (OIBs) are also representative. Overall, the noble gas pattern displays an almost pure
crustal component in the south, followed by a MORB-type signature in the center, and a solar-
like/OIB signature to the west, likely continuing north. The MORB-identified rift follows closely

the southern Laurentian lithospheric margin and is parallel to all major known faults in the area. It
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is consistent with the palinplastic continentally reconstructed Ouachita Rift (~530 Myrs), if two
small clockwise rotations are applied in the area. These rotations can be accommodated through
the presence of small transform faults. The latter are consistent with calculated relative “°Ar ages
in these gas samples, pointing to a clear spatial variation pattern, with increasingly young ages
toward the west, and the presence of discrete blocks within the Eagle Ford Shale. A highly
compartmentalized Eagle Ford Shale with the occurrence of distinct noble gas signatures and thus,
the likely presence of different hydrocarbon sources, suggests the presence of well-connected
fractures and faults across multiple reservoirs that tie to deep fault systems.

The primordial, solar-like component is consistent with an origin in the subcontinental
lithospheric mantle, the shallow refractory reservoir beneath the Laurentian craton, an hypothesis
consistent with the presence of a heterogeneous mantle. Both, intensive Late Cretaceous volcanic
activity in the area as well as reactivation of all major fault systems in the Miocene are consistent
with the presence of a recent, prevalent solar-like signature in the Eagle Ford Shale. This solar-
like component displays characteristics similar to that identified in the Michigan Basin, also part
of the Laurentian craton, supporting the hypothesis by Castro et al. [2009] that primordial noble
gas signatures do not necessarily fingerprint the presence of a deep mantle plume.

This work highlights the potential of noble gases to place important constraints in the
Earth’s geological evolution and framework, while shedding light in poorly understood

unconventional hydrocarbon systems in complex tectonic settings.
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3.1. Introduction

Hydrocarbons remain the dominant energy source in the USA, accounting for 85% of the

country’s total needs (https://www.eia.gov/totalenergy/data/monthly/). Since the early 2000’s,

technological improvements in hydraulic fracturing and horizontal drilling dramatically shifted the
focus of oil and gas production from conventional reservoirs to unconventional shale gas and tight
oil plays in North America [EIA 2016]. Exploitation of unconventional reservoirs intensified in
the last decade and turned the Upper Cretaceous Eagle Ford Shale into one of the most economic
and prolific shale-oil formations in the world [Hammes et al., 2016]. However, differences in oil
and gas production across the Eagle Ford Shale play remain, highlighting our lack of knowledge
and understanding of the key production parameters within unconventional reservoirs [Hammes
et al., 2016; Gherabati et al., 2016, 2018]. In particular, in the Eagle Ford Shale (EFS), significant
differences in oil and gas production are commonly observed between closely spaced wells
[Gherabati et al., 2016], highlighting our current limited knowledge and partial understanding of
key attributes that affect oil and gas production in unconventional reservoir systems. An
understanding of how fault-fracture networks and deep crustal structures may have affected the
Eagle Ford Shale from deposition through maturation is missing.

Noble gas geochemistry has long been used to trace groundwater, and oil and gas in
sedimentary systems [Zartman et al, 1961; Bosch and Mazor, 1988; Ballentine et al., 1991; Castro
et al., 1998a, b; Castro et al., 2005; Patriarche et al., 2004; Warrier et al., 2012]. Stable noble gases
(He, Ne, Ar, Kr, Xe) are chemically inert and are thus transported without being affected by
chemical reactions [Ozima and Podosek, 2002]. Noble gases in subsurface fluids are derived from
the atmosphere, the crust and the mantle, all of which show distinct isotopic and elemental

signatures [Castro et al., 1998a, b; Ozima and Podosek, 2002; Ballentine and Burnard, 2002; Hilton
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and Porcelli, 2003]. In most subsurface fluids within sedimentary systems, noble gases are
dominated by an atmospheric (Air Saturated Water or ASW) and/or a crustal component derived
primarily from radioactive decay of U, Th and “°K [Torgersen et al., 1989; Ballentine and Burnard,
2002; Ma et al., 2009; Sun et al., 2010; Hall et al., 2012; Aeschbach-Hertig and Solomon, 2013].
Noble gases are thus source specific and time dependent rendering them ideal natural tracers for
studying the origin and evolution of crustal fluids. Although less common and abundant in
sedimentary systems, noble gases originating from the mantle can also be present [Ballentine and
O’Nions, 1991; Ma et al., 2009; Warrier et al., 2013]. He and Ne isotopic signatures signal the
presence of a mantle component when present [Ballentine, 1997; Castro et al., 2009]. Furthermore,
the combined analysis of He and Ne isotopic ratios allows for the distinction between a primordial,
solar-like signature commonly found in Ocean Island Basalts (OIBs), traditionally believed to
originate deeper in the mantle and that of a Mid-Ocean Ridge Basalt (MORB) type, representative
of'a degassed upper-mantle [O’Nions and Oxburgh, 1983; Porcelli and Wasserburg, 1995; Moreira
and Allegre, 1998; Moreira et al., 2001]. More recently though, Castro et al. [2009] identified a
solar-like component in deep brines in the Michigan Basin, a cratonic area where the presence of
hotspots was not identified, and suggested that this primordial signature can be accounted for by a
shallow refractory reservoir in the Archean subcontinental lithospheric mantle (SCLM).They
further concluded that this primordial He and Ne signature does not necessarily reflect the presence
of mantle plumes with their associated undegassed lower mantle reservoir.

Noble gas studies conducted in hydrocarbons have largely focused on conventional
reservoirs, where it is generally accepted that atmospheric, crustal and mantle noble gases are
transported to oil and gas reservoirs by groundwater [Zartman et al., 1961; Bosch and Mazor, 1988;

Ballentine et al., 1991; Hiyagon and Kennedy, 1992; Pinti and Marty, 1995; Ballentine et al., 1996].
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In these systems, noble gases have been used to constrain the timing of migration and accumulation,
as well as to quantify relative volumes of gas and liquid present, in addition to assessing the extent
of interactions between hydrocarbons and groundwater [Ballentine et al., 1991, 1996; Barry et al.,
2016]. By contrast, noble gas studies in unconventional reservoirs remain scarce. These include
studies in the Marcellus and Utica shale in Appalachian Basin [Hunt, et al., 2012], the Antrim
Shale in the Michigan Basin [Wen et al., 2015], the Barnett [Wen et al., 2017], the Eagle Ford
[Harrington et al., 2015; Byrne et al., 2018] and Haynesville [Byrne et al., 2020] shales in Texas,
the East Pennine coalfield in UK [Gyore et al., 2018] as well as a study in the Longmaxi Shale in
the Sichuan Basin, China [Cao et al., 2018]. Noble gas studies seeking to identify the source of
groundwater contamination by methane in the proximity of unconventional shale gas reservoirs
have also been carried out [e.g.,Darrah et al., 2014, 2015; Harkness et al., 2017; Wen et al., 2016,
2017; Woda et al., 2018]. However, the study of noble gases in unconventional hydrocarbon
systems is in its infancy and it remains unclear whether generally accepted noble gas assumptions
with respect to their origin and transport in conventional systems hold true [see, e.g., Byrne et al.,
2018]. Indeed, major differences distinguish conventional and unconventional reservoir systems.
Conventional hydrocarbon systems are typically characterized by both high porosity and
permeability that permit fluid flow, have a caprock that effectively traps hydrocarbons that
migrated to the reservoir, and display clear hydrocarbon-water contacts [Spencer, 1989; Schmoker,
1996; Law, 2002]. In conventional systems, hydrocarbons commonly undergo extensive
interaction with groundwater, which ultimately affects their noble gas signatures. In most cases,
conventional systems act solely as a storage facility. By contrast, unconventional systems consist
of organic-matter rich rock units that are typically characterized by low porosity and permeability.

Unconventional reservoirs act as hydrocarbon source, reservoir and couverture altogether with the
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potential to produce, host and expel multiple oil and/or gas generations over time [Condon and
Dyman, 2006] in addition to storage of in-situ derived hydrocarbons. Due to their low permeability,
however, hydrocarbon mobility within and between unconventional systems is almost entirely
dependent on fluid transport in localized high-permeability zones, which may include fault and
fracture systems, and bedding parallel flow high permeability sedimentary layers. The regional
tectonic setting, therefore, can play a critical role in the transport of hydrocarbon fluids within and
outside of unconventional reservoir systems demonstrating that a deep understanding of the local,
regional and sometimes continental tectonic history and features is critical to achieving maximal
production and recovery of the hydrocarbon reservoirs in place.

Because of their characteristics and physical properties, noble gases are an excellent tool
to complement tectonic studies in complex and poorly understood tectonic settings [e.g., Hoke et
al., 2000; Castro et al., 2009; Klemperer et al., 2013]. Noble gases can provide clarification on the
tectonic and geological history of a region by identifying and constraining the location of major
tectonic structures, including e.g., rifts, faults and fracture networks in addition to identifying past
volcanic activity, its nature, as well as preferred hydrocarbon migration paths. Noble gases can
also provide clarification on the existence of multiple hydrocarbon sources, and provide a means
to quantify formation and migrations times. With such goals in mind, we present here the complete
set of stable noble gas data for gas samples collected in the oil zone in the Eagle Ford Shale in
southwest Texas. This new noble gas dataset, together with recently published noble gas data
primarily from the wet gas zone just south of our study area [Byrne et al., 2018] and noble gas
information from the oil zone just north of our sampling location [Harrington et al., 2015] shed
new light on the different sources of hydrocarbons present, as well as hydrocarbon generation and

migration. It also provides a more comprehensive and, to some extent, unexpected picture of major
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tectonic structures present and past volcanic activity in the region. An important observation from
this work is the highly dynamic and compartmentalized nature of some unconventional reservoirs
and the importance that existing regional tectonic structural fabrics have on such reservoirs. These
effects, in turn, might be responsible for the drastic and unexpected behavioral differences
observed in neighboring wells [Gherabati et al., 2016]. More importantly, this work provides
clarification on the nature of an OIB type signature previously found in the area [ Wittke and Mack,
1993; Young and Lee; 2009; Raye et al., 2011] and reinforces the notion that the mantle is highly
heterogeneous with the SCLM being a likely reservoir for this primordial signature. This study
highlights also the importance of having good spatial coverage of the region being studied, in order
to reconstruct the tectonics, geological and geochemical evolution of a region at the local, regional

and continental scales.

3.2. Geological Background

The Texas Gulf Coast is a region with a complex tectonic history spanning a period of at
least 1.4 Ga. This region was the stage for the breakup and formation of several supercontinents
as well as the opening and closure of major oceans through a sequence of orogeny and rifting
events. The Llano uplift, in the southern margin of the Laurentian craton (Fig. 3.1), with an age of
~1.4 Ga, is the sole exposed portion of the southern Laurentian craton [Fig. 3.1, Thomas, 1991;
Poole et al., 2005; Young and Lee, 2009; Griffin, 2015]. During the Mesoproterozoic (~1.3 — 1.0
Ga), subduction of Laurentia towards the northwest led to partial deformation of the crust
(Grenville orogeny) and the formation of Rodinia [Thomas 2005; Chiarenzelli et al., 2010]. In late
Proterozoic (~800 - 650 Myrs), Rodinia began to breakup leading to several failed rifts [Salvador,

1991; Adams, 1993; Dehler, 1998]. The Ouachita Rift (~530 Myrs) lead to the final breakup of
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Rodinia and the formation of the lapetus (Proto-Atlantic) Ocean [Fig. 3.1; Thomas 1991, 2005].
Closure of the lapetus and formation of the Pangea occurred in the Permian (298-254 Myrs)

following the collision of the African, South American and North American plates leading to the
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Figure 3.1 Map of the Eagle Ford Shale play within Texas, showing sampled well locations (this study),
oil, wet and dry gas windows, subsurface volcanic mounds and major structural features [adapted from
Gherabati et al., 2016]. Byrne et al. [2018] well locations (red and blue open squares) and approximate
Harrington et al. [2015] sampled area (dotted square area) are also indicated. Location and extent of the
Llano uplift and fault zones follow Condon and Dayman [2006].

Ouachita orogenic belt [Thomas, 1991, 2005; Poole et al., 2005; Ewing, 2016]. The Ouachita uplift
of Oklahoma and Arkansas and the Marathon Uplift of west Texas formed as a result. A zone of
compressed Paleozoic rocks — the Ouachita orogenic front belt - connects these uplifts and curves

along the Llano uplift (Fig. 3.1). Pangea began to break up in the Late Triassic (~200 Myrs) when
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South America and Africa separated from North America leading to a series of rift basins formed
along the North American continental margin and the opening of the Atlantic Ocean [Fig. 3.1;
Thomas, 2005; Poole et al., 2005; Ewing, 2016]. The Gulf of Mexico opened subsequently, in Late
Jurassic (~150 Myrs), further south [not shown; Salvador, 1987; Jacques and Clegg, 2002].The
Eagle Ford Group runs roughly sub-parallel to the Gulf of Mexico shoreline and extends all across
south, central and east Texas (Fig. 3.1). Several prominent structural features affected the Eagle
Ford Shale deposition. These include the Maverick Basin in the west, the San Marcos Arch and
Karnes-Atascosa trough system in south-central Texas, and the relict — Sligo Shelf Margin along
the length of the Eagle Ford play [Fig. 3.1; Hentz et al., 2014; Denne and Breyer, 2016; Hammes
et al., 2016; Nicot et al., 2018; Loucks, 2018].

The Eagle Ford Group is Late Cretaceous in age (Cenomanian-Turonian) and is divided
into a Lower and Upper Eagle Ford Formation in subsurface Texas cores. The Lower Eagle Ford
Formation has the highest hydrocarbon-generating potential [Dawson, 2000] and most oil and gas
production takes place at this level [Breyer et al., 2013]. The Lower Eagle Ford Formation consists
mostly of organic matter-rich carbonate-dominated mudstones and wackestones interlayered with
carbonate limestones, along with volcaniclastic layers. The Lower Eagle Ford Formation was
deposited during a marine transgressive sequence in poorly-oxygenated, often euxinic bottom
water conditions [Loucks, 2018]. The Upper Eagle Ford Formation is also dominated by
carbonate-rich mudstones and wackestones, but the more oxygenated bottom waters during this
time resulted in lower organic matter content compared to the lower Eagle Ford Formation [Phelps
et al., 2015; Loucks, 2018; Hentz et al., 2014; Denne and Breyer, 2016]. The Eagle Ford Group
dips toward the southeast and reaches depths over 4.5 km. It exhibits broad parallel zones of

roughly equal size that display rapid, natural maturity gradation (Fig. 3.1), from low-gravity oil in
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updip Atascosa County [Billingsley et al., 2015; Zhang et al., 2017] to volatile oil, gas condensate,
and dry gas further to the south [e.g., Tian et al., 2014; Nicot et al., 2018; Zhang et al., 2017]. Oil
transitions to gas condensate and dry gas over short distances, i.e., less than 10 miles in McMullen
County [Gherabati et al.,, 2018; Zhang et al., 2017]. The Eagle Ford Group is part of the
Smackover-Eagle Ford-Austin Composite Total Petroleum System [Condon and Dyman, 2006].
The primary source rocks of this system are the carbonate mudstones and marine shales of the
Upper Jurassic Smackover Formation, and the Upper Cretaceous Eagle Ford Shale (Fig. 3.2). The
main conventional reservoir rocks in the area are the Anacacho Limestone immediately overlying
the Austin Chalk Formation, and the San Miguel, Olmos, and Escondido formations of the Upper
Cretaceous [Fig. 3.2; Condon and Dyman, 2006]. The Eagle Ford Shale is also a major source rock
for conventional hydrocarbon accumulations in the immediately underlying Buda Limestone and
overlying Austin Chalk, respectively [Fig. 3.2; Condon and Dyman, 2006]. The Jurassic
Smackover Formation is contemporaneous to the opening of the Gulf of Mexico and the formation
of a spreading center in the central gulf area [Buffler and Sawyer, 1985; Salvador, 1991]. A series
of faults that parallel the Gulf Coast, the Laurentian craton southern margin and the Paleozoic
Ouachita orogenic belt are present. These include (Fig. 3.1): 1) the Balcones fault zone to the north,
mapped from Williamson County, north of Austin to Uvalde County, west of San Antonio; 2) the
Luling fault zone south of the Balcones; the Balcones-Luling fault zones bound a broad down-
dropped graben [Condon and Dyman, 2006]; both fault zones extend into the Paleozoic basement;
3) the Charlotte-Jourdanton fault zone, of more limited size, extending from southeast Frio County
across Atascosa County to southwestern Wilson County; these are also normal faults, part of a

graben; 4) the Karnes-Atascosa through, a fault zone further to the northeast. All these fault

97



systems are thought to have undergone major movements during the Miocene, a period of regional

uplift and extension in the area [Weeks, 1945; Ewing, 1987, 1991].
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In the late Cretaceous (Santonian to Campanian), a series of submarine volcanoes referred
to as the ‘Balcones Igneous Province” [BIP; Spencer, 1969] erupted along a 250-mile belt in South-
Central Texas forming three groups of seamounts and volcanic islands on the shallow Cretaceous
shelf [Fig. 3.1; Welder and Reeves, 1964; Spencer, 1969; Miggins et al., 2004]. These are: 1) the
Travis volcanic field along a northeast-trending zone east of Austin; these volcanic mounds are
associated with the Luling fault zone and point to the presence of a fault system deeply rooted in
the Paleozoic basement; 2) a central group of volcanic unnamed mounds in Wilson, Atascosa, Frio
and Medina Counties south of San Antonio, and; 3) the Uvalde volcanic field further southwest,
centered in Zavala County and extending into Uvalde, Medina, Frio, Dimmit, Maverick and
Kinney Counties (Fig. 3.1). The Uvalde volcanoes do not display a clear orientation along one
fault zone. While some individual mounds are elongated along the Balcones fault zone, others are
elongated sub-parallel to the axis of the northwest trending Rio Grande embayment and to the Frio
River Line (not shown). The Frio River Line is a northwest-southeast structure and was interpreted
to be a boundary between two areas with different structural and stratigraphic histories [Ewing,

1987].

3.3. Methods

3.3.1. Sample Collection

Thirteen gas samples were collected for analysis of volume fractions and isotopic ratios of
He, Ne, Ar, Kr, and Xe from seven producing wells in the oil zone of the Eagle Ford Shale in La
Salle and Dimmit counties, in southwest Texas, south of San Antonio (Fig. 3.1). Except for well
A6, two samples were collected from all other wells 30 minutes apart. Samples collected from the

A6 and A7 wells, were collected in December of 2018. All other samples were collected in 2017.
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Samples for noble gas analysis were collected directly from wellheads in standard refrigeration
grade 3/8” copper tubes, which were then sealed by steel pinch-off clamps [Weiss, 1968].
Atmospheric contamination during sampling was minimized by allowing the gas to flush through
the system for approximately 5 minutes prior to sample collection. In addition, samples for
hydrocarbon gas geochemistry analysis were collected in industry standard 300 cm? valve-sealed
stainless steel cylinders as well as in Isotubes, also flushed for 5 minutes to avoid air contamination
for analysis at the Texas Tech University in Lubbock and at the University of Texas at the Austin

Bureau of Economic Geology [Zhao et al., 2020].

3.3.2. Analytical Techniques

Noble gas analyses for the Eagle Ford Shale gas samples were carried out in the Noble Gas
Laboratory at the University of Michigan. Extraction, purification, and analysis procedures are
described briefly below [see also, e.g., Wen et al., 2017].

Gas samples in Cu tubes are attached to a vacuum extraction and purification system. The
copper tube is connected to a vacuum system at a pressure of ~5 x 107" Torr. Once this pressure is
achieved and the system isolated from its turbo-molecular vacuum pump, the lower clamp is
opened to release the natural gas into a low He diffusion glass flask. Gas samples were then
expanded in a known volume and gas pressure reduced by computer-controlled sequential
pumping until reaching a value acceptable for analyses (typically 35 Torr). The gas sample was
initially exposed to a Cu-CuO getter at 800°C in order to oxidize the hydrocarbons. The Cu-CuO
getter was then allowed to cool to 450°C in order to reabsorb O>. Subsequently the gas sample was
exposed to a 3A molecular trap to reduce water vapor pressure and reactive gases were removed

using three Ti-getters at 600°C for three minutes each.
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He, Ne, Ar, Kr, and Xe were quantitatively extracted using a dual chamber computer-
controlled cryo-separator at temperatures of 49 K, 84 K, 210 K, 245 K, and 290 K respectively,
and sequentially allowed to enter a Thermo Scientific® Helix SFT mass spectrometer for He and
Ne isotope analyses, and a Thermo Scientific® ARGUS VI mass spectrometer for the Ar, Kr, and
Xe isotope analyses. At the He release temperature, a small percentage of He is introduced into
the SFT mass spectrometer and the signal intensity of *He is determined for use as the He
concentration estimate. This estimate is then used by the automated system to optimize the amount
of He that should be introduced for measurement of the *He/*He ratio. All noble gas isotopes were
measured using a Faraday detector, except for *He, which was measured using an electron
multiplier in ion counting mode. Prior to each analysis, a blank run was conducted using the same
procedure as the sample. Typical blanks are 0.3% - 0.9% of the measured sample values.
Quantitative analyses were obtained by calibrating the two mass spectrometers with a known
aliquot of standard air. Typical standard reproducibility for *He, 2’Ne and *SAr are 0.4%, 0.9% and
0.3% while for **Ne/*Ne and *“°Ar/*’Ar ratios the reproducibilities are 0.08% and 0.04%,
respectively. Calculated standard errors for concentrations range from 1.3 to 2.2% of the measured

values.

3.4. Results

3.4.1. Major Gases

Major gas species compositions were determined for all wells (Table 3.1). In all wells,
methane (CHy) is largely dominant over all other components by volume, ranging from 58.54% in
well A7, the westernmost well, to 79.87 % in well A4 (Table 3.1). Hydrocarbons with larger

molecular mass make up the rest of the gas volume, with ethane (C>) varying by volume between
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11.51% and 18.53%, propane (C3) between 4.81% and 13.07%, and hydrocarbons with molecular
mass equal or heavier than butane (Cs4+) between 2.87% and 10.82% of the total gas volume (Table
3.1). The dryness of the hydrocarbon samples, defined as C1/(C2+C3) (Bernard et al., 1976), varies
between 1.89 and 4.90, with the two wells located on the westernmost side, A6 and A7, being the
wettest, with the lowest values (Table 3.1) and thus, displaying the lowest maturity levels. Nitrogen
(0.46% - 0.81%), Oxygen (0.11% - 0.27%) and CO2 (1.1% - 0.73%) are also present although in
small amounts. Stable carbon and hydrogen isotopes of the same batch of samples were also
analyzed (Zhao et al., 2020). Maturity levels based on C1/(C2+C3) and 8*3C,,ethane point to a
thermogenic origin of the Eagle Ford gas samples. Low & “H values of these samples are consistent
with the early mature thermogenic nature of these gases and consistent with a dominance of oil-

producing wells in our sampled area (Zhao et al., 2020).

Table 3.1 Major gas compositions of the Eagle Ford gas samples.

Chemical composition (%)

Well

name M((aglla)me Ezl(ljelr)le Prg)&a)ne Car N 0, CO, C(CHCs)
Al 77.91 12.24 5.51 3.26 0.57 0.13 1.08 4.39
A2 77.82 12.24 5.42 3.54 0.41 0.16 0.99 4.40
A3 75.34 12.98 6.37 421 0.46 0.22 1.1 3.89
A4 79.87 11.51 4.81 2.87 0.81 0.11 0.95 4.90
A5 76.99 12.66 5.85 3.78 0.60 0.27 0.73 4.16
A6 70.42 15.35 8.83 6.59 - - - 291
A7 58.54 17.90 13.07 10.82 - - - 1.89
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3.4.2. Noble Gases

Well names and depths, methane abundances, sample ID, and total “He, *?Ne, 3®Ar, 8Kr
and '3?Xe volume fractions are provided in Table 3.2. Except for well A6, two samples were
collected from all other wells within 30 minutes of each other. The first sample is indicated with
the notation “a”, the second sample is identified with the notation “b”. *He/*He ratios (R) are
normalized to the atmospheric ratio Ra. R/Ra ratios of collected gas samples vary from 0.107 +
0.0014 to 0.255 £ 0.0030 (Table 3.3), all above the typical crustal R/Ra production values of 0.02-
0.05 [Oxburgh et al., 1986]. R/Ra values higher than the crustal production domain suggest the
presence of atmospheric or mantle components. If helium is treated as a mixture between a crustal
and an atmospheric component, using an atmospheric *He/*’Ne value of 3.12, the crustal He

volume fractions can be derived as follows [Ballentine et al., 2002]:
41y % 4 *He 22
He" = Hemeasured - (TNe)air X Nemeasured (3-1)

where subscripts air and measured refer to the atmosphere and measured values. Crustal “He
volume fractions of all gas samples in this study are listed in Table 3.2.

Similarly, Ne, Ar and Xe are treated as a two-component mixture, with an atmospheric and
a crustal endmember. Crustal *'Ne, “°Ar and '*®Xe contributions (>'Ne*, “Ar*, 36Xe*) are

estimated as follow [Ballentine et al., 2002]:

21Ne 21Ne

21 22
Ne* = ((zzNe)measured - (zzNe)air) X Nemeasured (3-2)
40 40
40 Ar Ar 36
Ar* = ((36Ar)measured - (36Ar)air) X Armeasured (3‘3)
136 136
136 Xe Xe 130
Xe" = ((130Xe)measured - (130Xe)air) X Xemeasured (3-4)
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where (?'Ne/?Ne)air = 0.029, (*°Ar/*%Ar)air = 295.5 and (1*¢Xe/*"Xe)air = 2.176 [Ozima and
Podosek, 2002]. Calculated 2'Ne*, °Ar* and '*°Xe* are also listed in Table 3.2.

Total “He volume fractions in the Eagle Ford Shale range from 2.90 x 10 to 18.50 x 107,
with the lowest “He value found in the westernmost well A7 (A7-a) and the highest value in well
A3, sample A3-b (Fig. 3.3a; Table 3.2). For all samples, the crustal “He* component is almost
entirely dominant, with over 99.9% of the total *He volume in all samples. A direct relationship
between crustal “He* and methane for most samples is observed and suggests a common origin
for these two gases (Fig. 3.3b). Two obvious outliers are samples from well A3 and sample A2-b.
They display “He* volume fractions significantly higher than expected with respect to the observed
trend. Also relevant, is the fact that batches a and b in both wells display significantly different
“He* volume fraction values, with both batch b samples displaying significantly higher values and
pointing to two different hydrocarbon sources being tapped by the same well within short time
periods. These, in turn, suggest the presence of well-connected reservoirs either through faults or
through a system of fractures. These deviations from the general pattern are discussed below.

R/Ra ratios vary between 0.107+0.001 and 0.255+0.003 (Fig. 3.3c; Table 3.3) and are
consistently higher than the typical crustal production values of 0.02-0.05 [shaded area, Fig. 3.3c;
Oxburgh et al., 1986; Table 3.3]. No correlation is observed between R/Ra and CH4 (Fig. 3.3c).
These higher values point to the presence of a small mantle He component, either with a MORB-
like [R/Ra=8; Moreira et al., 1998; Graham, 2002], OIB-like [R/Ra~50; Starkey et al., 2009] or
solar-like [R/Ra~120; Starkey et al., 2009] origin. The origin of this mantle component is discussed
below. Assuming a binary mixture between a crustal (R/Ra=0.02) and a MORB-like mantle

component (R/Ra=8) endmember, estimated He mantle contributions vary between 1.09% (A7-a)
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and 2.94% (A3-a). The presence of a mantle He component in these samples is consistent with our

findings based on the Ne isotopic ratios as discussed below.
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Figure 3.3 (a) Total “He volume fractions, (b) Crustal “He* volume fractions, (c) R/Ra ratios, (d) 2'Ne/**Ne
ratios, (€) “°Ar/*°Ar and (f) Crustal **’Ar* volume fractions as a function of methane volume percentages
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All 2'Ne/*?Ne ratios are above the atmospheric value of 0.029 [Ozima and Podosek, 2002]
and reflect the addition of crustally produced nucleogenic >'Ne*, with values varying between
0.0296 + 0.001 and 0.0364 = 0.002 (Fig. 3.3d; Table 3.3). Crustal 2!Ne* volume fractions for all
gas samples are highly variable and range from 0.93x107'? to 5.87x107!'% representing
contributions varying between 2.20% and 19.82%, respectively, with respect to the total 2'Ne*
volume fractions (Table 3.2). The highest crustally produced 2'Ne* contribution is found in well
A2, sample A2-b (Table 3.2). A generally positive correlation is observed between 2'Ne/?’Ne ratios
and methane content suggesting a common origin for both gases (Fig. 3.3d). Unlike “He,
atmospheric >'Ne contributions for all samples are much higher and vary between 67.6% and 87.1%
of total >!Ne. Most measured 2’Ne/?’Ne ratios are higher than the atmospheric value of 9.80 [Ozima
and Podosek, 2002] and point to the presence of a mantle component. The nature of this mantle
component as well as its implications in terms of geological and tectonic evolution, hydrocarbon
origin and migration is discussed in detail below.

All samples display *°Ar/*Ar ratios above the atmospheric value of 295.5 [Ozima and
Podosek, 2002], varying between 299.4 + 0.4 and 489.4 £ 0.9 (Fig. 3.3e; Table 3.3), reflecting the
addition of crustal radiogenic **Ar*. The highest **Ar/*SAr ratio is found in well A3 (A3-b) while
the lowest value is found in the A7 well (A7-a) (Fig. 3.3e, Table 3.3). Crustal *°Ar* volume
fractions range from 0.35x10°% to 12.80x10° (Fig. 3.3f, Table 3.2). Like *He*, a positive
correlation between crustal “°Ar* and methane is observed, except for the two obvious outliers,
samples from well A3 and sample A2-b, which display higher than expected *’Ar* volume fraction
values. Also relevant is the fact that batches a and b for both samples display significantly different
40Ar* volume fraction values, with both batch b samples displaying significantly higher values and

pointing to two different hydrocarbon sources being tapped by the same well within short time
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periods. As previously observed with He, this suggests the presence of well-connected reservoirs
either through faults or through a system of fractures. These deviations from the general pattern
are discussed below.

86K r/*Kr ratio values are slightly above the atmospheric value of 0.305 [Table 3.3; Ozima
and Podosek, 2002] and likely result from a very small amount of crustally produced ¥Kr*. Most
samples display also '**Xe/!*°Xe ratios above the atmospheric value of 2.176 [Table 3.3; Ozima
and Podosek, 2002]. Volume fractions of '**Xe* vary between 0.54x107!% and 16.08x10°13 (Table
3.2) corresponding to a minor crustal contribution varying between 0.07% - 1.15%, respectively.
No correlations between '**Xe* volume fractions or '3*Xe/!3Xe ratios and methane are observed

(not shown).
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Table 3.2 Well names, depths, CH contents, noble gas volume fractions (cm?/cm?) and crustal noble gas volume fractions for production gas
samples from the Eagle Ford Shale.

Well Depth  Sample ID  CH4 E(Illt: ! Ezcl)\t]zl 1;60 Atil 1;?121 };%t?el “He* *'Ne* OAr* 10X e*
Name  (m) (NGL) ) X109 ®x10%9  x109  x10%) 107 (x10%) 107 (x109) (x10°1%)
Ala 7791 102 1.49 521 2.30 2.85 102402 520+1.17 6.85£0.10  4.1742.30
Al 2381 Alb 7791 102 0.66 4.54 2.39 2.95 10.2+0.2  3.78+0.66 6.99+0.10  5.39+1.31
A2-a 7782 101 2.94 6.87 231 2.96 10.140.2  5.87+0.83  7.3040.10  5.40+1.41
A 27 A2b 7782 124 0.66 6.74 1.71 278 124402 4.89+1.11 11.140.16 6.07+2.13
A3a 7534 126 0.66 4.40 1.98 2.40 12.6+0.2 * 8.3740.12  0.54+2.28
A 2400 A3-b 7534 185 0.85 6.61 1.48 2.53 18.540.3  5.45£0.57 12.8+0.18 7.43%1.36
Ada 7987 943 0.52 3.15 1.54 2.26 9.43+0.1 1.80£0.90 5.10+0.07 5.44+1.59
A 2316 Adb 7987 920 0.41 3.19 1.67 2.18 9.2040.1 2.74+0.73 5.77+0.08 5.32+1.82
ASa 7699 675 1.55 436 1.60 241 6.7540.1  3.16£1.22 4.78+0.08 -
a 202 AS5-b 7699  6.62 0.99 4.01 1.65 2.50 6.6240.1  4.02+1.97 4.72+0.07 3.07+1.73
A6 2133 A6-a 7042 529 0.62 5.05 2.39 3.70 5.29+40.1  0.93+0.77 2.08+0.03 10.66+1.90
A7-a 5854 290 8.58 8.84 2.53 4.19 2.9040.1 5.58+1.08 0.35£0.03 16.08+2.94
AT 2031 A7-b 5854  3.02 3.09 6.63 2.36 428 3.0240.1 3424074 1.15£0.02 14.88+2.02
Air 0.5 16780  3142.0 649.8 233.9

* 2INe* of sample A3-a is not included due to its low 2'Ne/**Ne measurement accuracy.
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Table 3.3 Noble gas isotopic ratios for production gas samples from the Eagle Ford Shale

Well Name Sa(rﬁléi)ID R/Ra 2Ne/ 22Ne 2INe/ 2Ne 3BAr/ Ar 4O0Ar/ °Ar 8K/ 34Kr 136Xe/ 130Xe

Al-a 0.197+0.003 10.09+0.02 0.03254+0.0008 0.1895+0.0013 427.1+1.0 0.3093+0.0005 2.186%0.005

Al Al-b 0.206+0.003  9.80+0.01  0.0347+0.0010 0.1891+0.0012 449.4+0.8 0.3087+0.0005 2.188+0.003

A2-a 0.217+0.004 10.22+0.01 0.0310+0.0003 0.1877+0.0009 401.8+0.4 0.3090+0.0004 2.188+0.003

A2 A2-b 0.214+0.002 9.78+0.02  0.0364+0.0017 0.1880+0.0021 460.0+1.1 0.3085+0.0005 2.190+0.005

A3-a 0.255+0.003  9.89+0.05 b 0.1908+0.0027 485.5£0.9 0.3091%0.0005 2.177+0.006

A3 A3-b 0.25240.002 9.96+ 0.01  0.03544+0.0007 0.1893+0.0012 489.4+0.9 0.3096+0.0005 2.196+0.004

A4-a 0.253£0.003  9.79+0.03  0.0324+0.0017 0.1899+0.0020 457.6+0.6 0.3094+0.0004 2.192+0.005

At A4-b 0.240+£0.005 9.82+0.02 0.0356+0.0018 0.1962+0.0020 476.6+0.9 0.3084+0.0005 2.192+0.006

A5-a 0.251£0.003 10.21£0.01 0.0310+£0.0008 0.1870+£0.0016 405.1+x1.2 0.3093+0.0006 2.174+0.005

A A5-b 0.227£0.003 10.09+0.02 0.0331£0.0020 0.1878+0.0022 413.1+0.9 0.3095+0.0006 2.184+0.005

A6 Ab-a 0.107£0.001  10.15+£0.02 0.0304+0.0012 0.1895+£0.0009 336.6+0.5 0.3080+0.0005 2.195+0.003

AT-a 0.116+0.001 10.41£0.01 0.0296+0.0001 0.1846+0.0010 299.4+0.4 0.3074+0.0004 2.201+0.005

AT A7-b 0.117+0.001 10.30+0.01  0.0301£0.0001 0.1851+0.0008 312.9+0.3 0.3078+0.0006 2.199+0.003
Air? 1 9.80 0.029 0.188 295.5 0.305 2.176

® Ozima and Podosek, [2002]

b2INe/2Ne of sample A3-a is not included due to its low measurement accuracy.
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3.5. Discussion

As seen in the previous section, a crustal component is present in all noble gases and is
entirely dominant for “He* (Table 3.2). These crustal components (*He*, 2'Ne*, “°Ar*) display a
positive correlation with CH4 and suggest that both methane and crustal noble gases are produced
and/or transported together. R/Ra and 2°Ne/?*Ne ratios also point to the presence of a mantle He
and Ne components of undetermined origin. Below, we provide clarification on the nature of this
mantle component using the combined *°Ne/*Ne and ?'Ne/*’Ne ratios as well as an in-depth
analysis of the different Ne components present and a combined He and Ne isotope analysis.

While our dataset alone, collected from wells in the oil zone of the Eagle Ford Shale,
provides critical information, our analysis gains significantly when compared to additional
available data in the area that provide extended spatial coverage. Additional data are particularly
useful to identify and/or clarify the tectonic features present, hydrocarbon sources and possible
geological evolution of the region. Thus, in the analysis presented, when possible, the following
data are incorporated (Fig. 3.1): 1) Byrne et al. [2018] dataset comprised of Eagle Ford Shale gas
samples collected from four wells in the wet gas zone southeast of our sampling area. In addition,
their dataset includes two wells from the oil zone, well A in the immediate vicinity of our samples,
to the east, and well B, significantly away of all other oil wells sampled, in the extreme southeast
corner of Atascosa County (Fig. 3.1), and; 2) information provided by Harrington et al. [2015] on
R/Ra and 2°Ne/**Ne ratio variations from 27 gas samples collected in the oil zone northeast of our

study area, in Frio, Atascosa, LaSalle and McMullen counties (Fig. 3.1).
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3.5.1. Resolving He and Ne Mantle Sources

Most of our samples display 2°Ne/**Ne ratios higher than that of the atmospheric ratio and
reach values of up to 10.41+0.01 (Table 3.3). Because nucleogenic °Ne production as well as the
occurrence of mass dependent fractionation were excluded as a potential source of these high
20Ne/*?Ne values (Appendices B1 and B2, respectively), it is clear that these high 2’Ne/**Ne ratios
largely reflect the addition of mantle 2’Ne with contributions of up to over 20% of the total
measured 2°Ne. These are contributions from either the upper (including the lithosphere) or lower
mantle, both enriched in 2°Ne, of which the most primordial 2°Ne/**Ne ratio is represented by the
solar endmember value of 13.8 [Benkert et al., 1993; Table 3.4]. By contrast, 2'Ne/*’Ne ratios
greater than the atmospheric value of 0.0290 (Table 3.3) up to 0.0364+0.0017 (Table 3.3) reflect
the addition of crustally produced nucleogenic 2'Ne. 2°Ne/**Ne ratios versus 2'Ne/**Ne ratios of
our samples are shown in Fig. 3.4. It is apparent that these reflect a three-component mixing
between the atmosphere, the crust, and the mantle and provide clarification on the nature of this
mantle component, i.e., a MORB, OIB or solar-like source. Specifically, 5 samples (A7-a, A7-b,
A6, A5-a, A2-a) plot within the area defined by the Air-MORB-Solar endmembers significantly
above the well-established MORB line [Moreira et al., 1998], falling into the domain of multiple
OIB lines (e.g., Kerguelen, Reunion, Hawaii, Iceland; Fig. 3.4; Table 3.4), and pointing strongly
to the presence of a primordial Ne component. This primordial Ne component can be traced to a
solar-like origin as shown by our westernmost sample A7-a which falls on the Solar line (Fig. 3.4;
Table 3.4). An in-depth He-Ne combined analysis (below) confirms these findings. On the other
hand, 5 samples (A4-a, A4-b, A3-b, A2-b, Al1-b) fall within the area defined by the Air-MORB-
Crustal endmembers, below the MORB line and thus, into the MORB domain (Fig. 3.4). Two

samples (Al-a, A5-b) fall within the boundary between the OIB-Solar-like type and MORB

111



domains. Significantly, batches a and b samples from well A2 display a different type of mantle
source, OIB-Solar-like type for batch a, MORB-type for batch b, an observation consistent with
crustal “He* and “°Ar* data pointing to two distinct gas sources for these samples (Figs. 3.3b, f;
Table 3.2). This, in turn, suggests the presence of a deeper fault system in the area connecting these
reservoirs, and facilitating the transport of this deeper OIB-Solar-like type mantle 2°Ne component.
Unfortunately, due to extremely low levels of 2!Ne, no 2'Ne/*’Ne ratio is available for sample A3-
a. However, it is apparent that both westernmost wells, A6 and A7, are dominated by an OIB-
Solar-like type component, suggesting the possible presence of a spatial, regional differentiation

in terms of the mantle component involved. This is discussed below.
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Figure 3.4 Measured °Ne/*’Ne ratios plotted as function of ?'Ne/*’Ne ratios for Eagle Ford gas samples.
Three components are presented in this diagram: Air, Mantle (MORB, OIBs, Solar), and Crust. Mixing
lines between Air-Solar, Air-MORB and Air-OIB endmembers for Iceland, Hawaii, Reunion, and
Kerguelen are indicated. Air—Crust mixing lines with ?'Ne/?’Ne ratios of 0.1, 0.47 and 0.33 (Table 3.4) are
also shown. Triangular grey areas, from lighter to darker indicate the Air—Solar-MORB, Air-MORB-
Crust, and Air Crust domains, respectively. Endmember values are provided in Table 3.4. Blue dashed
lines along the Air—Solar line provide uncertainty associated with measurements. Pink area represents the
area in which Harrington et al. [2015] fall based on their reported 2’°Ne/**Ne values (10.2 - 11.1).
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Byrne et al. [2018] data confirm the presence of spatial variations, not only in terms of a
mantle component but also with respect to its absence in certain areas. Interestingly, all samples
from the wet gas zone together with sample b from the oil zone in the easternmost corner of
Atascosa County [Fig. 3.1; Byrne et al., 2018], appears to display a Ne isotopic signature that is
likely devoid of a significant mantle contribution, with Ne isotopic ratios resulting from mixing
between Air and two distinct Crustal mixing lines with >'Ne/*?Ne ratios of 0.47 and 0.1,
respectively (Fig. 3.4; Table 3.4). On the other hand, well A, in the oil zone [Byrne et al., 2018],
in the vicinity of our sampled wells to the east, falls within the MORB zone, together with five of
our Eagle Ford samples (Fig. 3.4). Just northeast of our sampled area, all Harrington et al. [2015]
samples fall in a dominated OIB-MORB area, with 2°Ne/**Ne ratios varying between 10.2 and 11.1
(Fig. 3.4; pink area). It is interesting to note that the lowest 2°Ne/?*Ne ratios reported by Harrington
et al. [2015] display values comparable to our sample’s highest values, suggesting a potential
dominance of an OIB or solar-like source for these oil wells (see below). Thus, a clear spatial
pattern on Ne isotopic sources becomes apparent, with what appears to be an almost entirely
crustally dominated source in the south and absence of a mantle component, to a mantle MORB-
type source in the central area, followed by an OIB-Solar-type mantle source further north and to
the west. A tentative representation of this spatial distribution of gradually evolving crustal and
mantle sources based on Ne isotopic signatures is illustrated in Fig. 3.6 where the crustal, MORB
and OIB-Solar like regions are indicated.

In the Eagle Ford Shale natural gas samples, the existence of a solar-like component for
samples lying below the MORB line (Fig. 3.4), if present, can also be traced through the combined
analysis of He and Ne isotopic ratios. Here, a primordial component is commonly characterized

by directly correlated 2’Ne/?’Ne and inversely correlated 2'Ne/*’Ne with R/Ra ratios, respectively
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[Moreira and Allegre, 1998; Graham, 2002]. This combined analysis in our gas samples requires
removal of the atmospheric Ne component so that, like R/Ra ratios, Ne isotopic ratios will

represent solely a binary mixture between crust and mantle (MORB, OIB, or Solar) endmembers

(ZONe/ 22Necrust+mantle and 2'Ne/ 22Necmst+mantle)-

16 T T
@)
ara b
14 b PR . Mantle _
12 b 1 .
2 H
g 10 - i
E i * Al
j H:L A A2
o 8 F i A3
gz ! ® A4
> ! ® A5
Z 6t i ® A6
a_ j A7
! x Castro et al.,2009
4 | B
| —— Crust-MORB
! —— Crust-OIB
2+ | —— Crust-Solar
N Crust-Solar (Castro et al., 2009)
0 Crust \ ]
0.01 0.1 1 10 100
(RIR,),
0.5 T T
(b) Crust —— Crust-MORB
045 F — Crust-OIB
o —— Crust-Solar
***** Crust-Solar (Castro et al., 2009)
04
* Al
A A2
. 035 A3
E ® A4
E 03} ® A5
Z ® A6
AE’ A7
o 025 F
NZ x  Castro et al.,2009
N F
S I |
Z 0.2
;:;v
0.15 q
0.1 B
Mantle
0.05 B
0.0
0.01 . 10 100

(R/Ry)c
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line is also shown (cf., Appendix B3).
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Although as mentioned earlier, atmospheric He contributions are negligible for all samples
(Table 3.2, 3.3) and thus, measured R/Ra ratios above the crustal production value represent simply
a binary mixture between a crustal and mantle components, removal of the atmospheric He air
component was also performed following Craig et al. [1978] (Table 3.5). It is apparent that both
measured and air-corrected R/Ra ((R/Ra)c) values are unchanged (Tables 3.3, 3.5). Removal of the
atmospheric Ne (Table 3.5) was achieved following previously developed procedures [Appendix
B3; Ballentine and O’Nions, 1992; Ballentine, 1997; Castro et al. 2009]. Figures 3.5a, b represent
the calculated air-corrected *°Ne/**Necrustrmantie and *'Ne/**Necrusermante Versus the air-corrected
(R/Ra)., respectively, for the Eagle Ford samples. The same air-corrected values for the Michigan
Basin brines [Castro et al., 2009] are also shown, together with theoretical crust-MORB, crust-
OIB and crust-solar mixing lines (Table 3.4) as well as the crust-solar mixing line estimated for
the Michigan Basin brines [Castro et al., 2009] with a crustal >'Ne/*’Ne end member value of 0.047.
Mixing lines between the crust and mantle (MORB, OIB, and Solar, respectively) in these two-
element isotope plots are defined by their respective isotopic ratio endmembers (Table 3.4) as well
as by the curvature of each hyperbola defined by Kerustmantle = (‘He/?>Ne)erust/(*He/>?Ne)mantle, where
(*He/**Ne)erust and (*He/*>Ne)mante are the crustal and mantle (MORB, OIB, Solar) “He/*’Ne
elemental ratios, respectively (Table 3.4). If no uncertainty were to be associated with the crustal
and mantle He and Ne endmembers, and if prior to mixing all endmembers had a spatially constant
crustal and mantle “He/?’Ne ratio, all samples would fall along a single mixing line within error.
Under these same assumptions, all Eagle Ford natural gas samples would be expected to fall along
one of the theoretically defined Crust-MORB, crust-OIB or Crust-Solar line (black, blue and red
solid lines, respectively; Figs. 3.5a, b, Table 3.4; see also Appendix B3). This is, however, not

observed. Instead, the bulk of samples with the most primordial, stronger mantle signature (A7-a,
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A7-b, A6, A5-a, A2-a) falls along one single crust-solar mixing line very similar to that derived
for the Michigan Basin brines [Castro et al., 2009] while all other samples fall between this crust-
solar mixing line and that of a crust-MORB mixing line. Overall, the combined analysis of He and
Ne isotopic ratios points to the presence of two mantle endmembers. One, with a weak Ne mantle
signal corresponding to a MORB origin of which sample A4-a (2% mantle °Ne) is the best
representative. The other, significantly stronger, more prevalent, corresponding to a primordial,
solar-like mantle component, represented by a cluster of seven samples (A7-a, A7-b, A6, A5-a,
A5-b, Al-a, A2-a) of which sample A7-a is the best representative, with over 20% of mantle 2’Ne
(Figs. 3.5a, b). Samples falling between both endmembers and displaying R/Ra. values varying
within a narrow range, i.e., samples Al-b, A2-b, A3-b and A4-b, are interpreted as resulting from
mixing between the MORB and solar-like endmembers. Samples Al-a and A5-b which were
located at the boundary of MORB-OIB-Solar-like signature in the Ne component plot (Fig. 3.4)
belong unequivocally to the Solar-like domain as revealed by the He-Ne combined analysis (Figs.
3.5a, b). The weak MORB-type mantle signal suggests the presence of an old mantle source,
increasingly masked by a crustal signature over time. The stronger, more prevalent solar-like
component suggests either a relatively recent addition of that solar-component to this natural gas
reservoir directly from its original source, or its storage in a nearby reservoir that has been shielded
from crustal contamination. In addition, the similar mixing line shared by both, the Eagle Ford
natural gas samples and those of Michigan Basin brines suggests a common source for this
primordial solar component. The origin for both the MORB-type and solar-like sources is

discussed next.
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Table 3.4 Endmember isotopic and elemental ratios of distinct earth reservoirs

Isotopic ratios Elemental ratios
RR o m o~ 20 o o (*He/?*Ne)erust/ (*He/**Ne)mantle
Ne/ ““Ne Ne/ ““Ne He/ *“Ne He/ ~Ne He/ ~“Ne
Crust* 0.05 0.3 0.47 7.9 x107
0.1
Mantle
Primordial (primitive solar nebula)> 120 13.8 0.0328 850 1.17 x10* 6735
OIB mantle (Iceland)® 35 13.8 0.035 6 1.24 x10° 636
OIB mantle (Hawaii)* 13.8 0.039
OIB mantle (Reunion)® 13.8 0.043
OIB mantle (Kerguelen)® 13.8 0.053
MORB mantle* 8 13.8 0.075 8.8 7.50 x10° 105

aR/Ra ratio after Oxburgh et al. [1986]; 2'Ne/*?Ne after Kennedy et al. [1990]. “He/*?Ne ratio after Yatsevich and Honda [1997].

"R/Ra ratio after Starkey et al. [2009]; 2°Ne/**Ne and >'Ne/*?Ne ratios after Benkert et al. [1993]; “He/*Ne ratio after Anders and Grevesse [1989];
“He/**Ne ratio calculated from “He/?’Ne and *°Ne/ **Ne ratios.

¢ Summarized by Graham [2002]; Iceland - Dixon et al. [2000], Hawaii - Honda et al. [1991], Reunion - Hanyu et al. [2001], Kerguelen -
Valbracht et al. [1996], MORB - Moreira et al. [1998]. “He/**Ne ratios calculated from *He/ >’Ne and R/Ra ratios.
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Table 3.5 He and Ne isotopic compositions after correction of atmospheric component

(PHe/*He)crustrmantle (**Ne/??Ne)erust+mantle (®'Ne/?2Ne)erust+mantle
Well name Sample ID
(R/Ra).
Al-a 0.1973+0.0025 13.44+0.24 0.0465+0.0078
Al Al-b 0.2060+0.0032 10.74+0.31 0.1337+0.0099
A2-a 0.2171+0.0036 13.37+0.07 0.0488+0.0022
A A2-b 0.2136+0.0022 10.45+0.30 0.1429+0.0096
A3 A3-b 0.2522+0.0024 12.04+0.17 0.0916+0.0055
Ad-a 0.2527+40.0030 9.67+0.78 0.1680+0.0257
A A4-b 0.2404+0.0046 11.15+0.40 0.1205+0.0129
AS-a 0.2507+0.0026 13.89+0.23 0.0321+0.0073
A A5-b 0.2267+0.0025 13.35+0.61 0.0496+0.0198
A6 Ab6-a 0.1072+0.0014 13.70+0.42 0.0383+0.0134
AT7-a 0.1160+0.0010 13.86+0.03 0.0330+0.0009
A A7-b 0.1166+0.0011 13.72+0.06 0.0376+0.0020

*Estimated after removal of the atmospheric component using the atmosphere-derived ?Ne concentrations following Craig et al. [1978].
(PHe/*He)crust+mante Tatios are indistinguishable from the measured *He/*He ratios (Table 3.3) due to the extremely high measured “He/**Ne ratios
of the Eagle Ford natural gas samples (3384 - 222933), 1084—71453 times the atmospheric value [3.12,0zima and Podosek, 2002].
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3.5.2. Geological and Tectonic Evolution

3.2.5.1. MORB Endmember — Origin and Implications

MORB signatures, as the name suggests, are typically associated with rifts and extensional
areas. Thus, the combined He-Ne isotopic MORB-type signature suggests the presence of an old
rift system, with a SW-NE orientation as shown in Fig. 3.6. This suggested rift, based on noble
gas signatures, is parallel to the multiple fault systems previously identified in the region (Figs.
3.1,3.6), i.e., the Balcones and Luling, the Karnes-Atascosa Trough, and the Charlotte-Jourdanton,
fault zones (Figs. 3.1, 3.6). The transition from a dominant crustal signature almost entirely devoid
of a mantle component in the gas zone (samples C, D, E, F; Byrne et al, 2018) and to the northeast,
in the oil zone [sample B; Byrne et al., 2018], to one displaying a MORB-type mantle component
in the adjacent oil zone appears well defined (Fig. 3.6). This He and Ne crustal-mantle signature
transition between the gas and oil zone is the primary support for the chosen rift orientation in this
area (Fig. 3.6).

The geological and tectonic history of this region remains poorly understood. This is partly
due to the extreme thickness of the sediment cover, up to 14-16 km [Galloway, 2009; Agrawal et
al., 2015], rendering access to the formations underneath difficult. Indeed, with the exception of
the Llano Uplift, a lack of craton outcrops in the region further complicates the task. However, the
occurrence of a MORB-type signature in our wells and our association with the presence of an old
rift system in the area is consistent with geological and tectonic reconstructions of breakup and
formation of supercontinents as well as the opening and closure of major oceans undertaken at the
continental scale [e.g., Thomas, 1991, 2005]. In particular, the approximate location of the
Laurentia southern edge was inferred based on geological, seismic and geophysical considerations

[Flawn, 1961; Nicholas and Waddel, 1989; North American Magnetic Anomaly Group, 2002;
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Thomas, 2005; Poole, et al., 2005] and found to be just north of our sampled wells (Figs. 3.1, 3.6).
Palinplastic reconstructions were also carried out to identify the location of the Cambrian-age
Ouachita (~530 Myrs) and Triassic (~200 Myrs) rifts at the continental scale, related to the breakup
of Rodinia and the opening of the Iapetus Ocean, and to the breakup of Pangea and the opening of
the Atlantic Ocean, respectively [Figs. 3.1, 3.6; e.g., Cawood et al., 2001; Thomas, 1991, 2005].
It is apparent that our originally suggested SW-NE rift location based on He and Ne isotopic ratios
follows closely the southern Laurentia margin and lies just north of the identified Ouachita Rift
[Fig. 3.6; Thomas, 1977, 1991, 2005; Cawood et al., 2001; Poole et al., 2005]. We hypothesize
that the continental scale at which these rift reconstructions were carried out do not allow for the
capture of detail at the regional and local scales, both in terms of direction and exact location.
Indeed, Thomas [1991] cautions that the Appalachian-Ouachita rift system is not defined with
sufficient precision to support an interpretation of exact orientations of the various segments. We
hypothesize that the actual Ouachita Rift in our specific area has the orientation of our He-Ne
MORB-suggested rift, which follows closely that of the Laurentia southern rifted edge (see Fig.
3.6 for comparison between the previously documented Ouachita rift, e.g., Thomas, 1991, 2005
and our proposed direction). This would imply a ~28° clockwise rotation of the currently mapped
Ouachita Rift [e.g., Thomas, 2005] in the eastern portion of our study area, which corresponds to
the western portion of Karnes County (Fig. 3.6). That rotation would also apply to the Texas
transform, a major feature connecting the Ouachita and Marathon rifts, both part of the same rift
system along the Appalachian-Ouachita continental margin of southeastern North America. The
Marathon Rift is located northwest of the Ouachita Rift section [Thomas, 1991, 2005]. A smaller,
~19° clockwise rotation of the Ouachita Rift may take place near the eastern border of La Salle

County, to bring that portion of the Ouachita rift section closer to a WSW-ENE direction and
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parallel to our MORB-rift defined direction (Fig. 3.6). These smaller rotations can be
accommodated through the presence of smaller transform faults along the rift section. The
presence of smaller transform faults dividing narrow (~25 km) crustal zones is also consistent with
the characterization by, e.g., Lister et al. [1986] (see also Thomas, 2005) of rifts associated with
transitional crust. The presence of smaller transform faults in this area is further supported by our
analysis of relative **Ar ages in our gas samples and the presence of a compartmentalized Eagle
Ford Shale (below). We further suggest that the reconstructed Ouachita rift segment extends
slightly further to the west than originally mapped [see, e.g., Thomas, 1991, 2005], down to the
western portion of La Salle County (Figs. 3.1, 3.6). The modified Texas transform location would
move at the proximity of well A4, of which sample A4-a displays the most typical MORB
signature among all our samples. To the west of the Texas transform, the impact of a MORB
signature, if present, is negligible and undetected. Instead, a solar-like signature is the sole mantle
component identified (samples A7 and A6). By contrast, to the east, a MORB-type source
influence is present, together with that of a solar-like component. Overall, our suggested He-Ne
isotopic Ouachita rift direction follows closely the direction of all the major recognized structures
in our study area, in particular, that of the Balcones and Luling fault zones, that of the southern
edge of the Laurentia craton as well as that of the Ouachita orogeny [Figs. 3.1, 3.6; Poole et al,
2005]. Thomas [2005], reasoned that each episode of supercontinent assembly and breakup adapt
to the tectonic framework of a preexisting continental margin and argued for pervasive continental
inheritance. Our noble gas signature findings are consistent with and support the inheritance claims

of Thomas [2005] both at the regional and local scales.

121



A RN

Kn ippa*
Uvalde Medina

Zayvala

‘MLMaverick
N Maverick Solar-OIB\\

h
] ™ T
Ouachita Orogeny Front Be:t Y ;v,/
T e San Antonio -
= e
( E ﬂ\(':\ | 7 \.1. \‘.}‘g \{\;S)\Q?_’qu‘ 3
TP e

P ¢ aze
basin =
¥
\\_ Dimmit SeeemT] 190 -
. 5 o
—T—T— - S stal
0 25 50 km \\ / &1 Lasdlle
N  Webb

Bexar
e / Wilson

\<

Atascosa

'\ Live Dak

McMullen

‘ -

—h——aOuachita Orogeny Front belt {Poole et al., 2005)

Texas Transform (Thomas, 1991)

- E2gle Ford foot print

Laurentia Southern Margin (Poole et al., 2005) Subsurface volcanic meunds Qil
Quachita Rift (Thomas, 1991) O Qilzone wells (Byrne et al., 2018} Condensate
(Breakup of Rodinia/Opening of lapetus Ocean at ~530Myrs) DO Wet gas zone wells (Byrne et al 2018) Dry gas
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3.2.5.2. Solar-Like Endmember — Origin and Implications

The more prevalent presence of a mantle solar-like component in the Eagle Ford natural
gas suggests either a relatively recent addition of that solar-like component to this natural gas
reservoir directly from its original source, or its storage in a nearby reservoir that has been shielded
from crustal contamination. The presence of a primordial He and Ne solar component and, more
specifically, that of an OIB-type signature has historically been associated with the presence of a
lower, primordial, largely undegassed reservoir from which OIBs would originate via deep mantle
plumes [O’Nions and Oxburgh, 1983; Porcelli and Wasserburg, 1995; Moreira et al., 1998].
However, no hotspot or the presence of a hotspot track has been identified in the area. Mickus et
al. [2009] suggested that a high-amplitude magnetic anomaly south of the Triassic Rift (Fig. 3.1),
pointed to the presence of a large buried mafic igneous complex, probably a volcanic rifted margin
and thus, the presence of a mantle plume. However, this is significantly distant from our study
area. In addition, their hypothesis was promptly dismissed by Dickinson [2009] and subsequently
challenged by others [e.g., Griffin et al., 2010; Speckien, 2012; Agrawal et al., 2015].

Numerous volcanic mounds have been identified in this area, to the northeast, associated
with the Balcones and Luling fault zones and to the northwest, where some mounds are aligned
along the Frio River Line (not shown), roughly parallel to the Texas transform (Figs. 3.1, 3.6).
Some volcanic mounds were also identified in the northern part of Atascosa and Frio counties but
have not been associated with tectonic structures (Fig. 3.6). These volcanic mounds, which
comprise the “Balcones Igneous Province” [Spencer, 1969] are associated with the discontinuity
separating the Mesoproterozoic (Laurentian) cratonic lithosphere and the Jurassic transitional
lithosphere, a zone roughly following the southern margin of the Laurentian craton [Griftin, 2008;
Griffin et al., 2009, 2010]. Volcanic activity was estimated to have occurred in the Late Cretaceous,

between 86 and 63 Myrs [Baldwin and Adams, 1971; Miggins et al., 2004; Griffin et al., 2010].
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Volcanic rocks in all three areas consist of nephelinites, basanites, alkali basalts and phonolites
[e.g., Spencer, 1969; Griffin et al., 2010]. Primordial, OIB-like mantle sources in nephelinites and
basanites of the Uvalde area were first identified by Wittke and Mack [1993]. The strongest
evidence for the primitive nature of these mafic magmas is the presence of mantle xenoliths
(Iherzolites, dunites, harzburgites), pointing to a deep origin of these rocks. Wittke and Mack [1993]
concluded that the magmas were likely derived from depths over 80-100 km and may correspond
to mantle upwelling from the asthenosphere locally mixed with lithospheric material. Alternatively,
it may reflect upwelling of deeper, regionally mixed, mantle sources. Either way, Wittke and Mack
[1993] pointed out that most Uvalde rocks displayed no evidence of crustal contamination. More
recently, Young and Lee [2009] analyzed mantle xenoliths (spinel lherzolites) collected from the
Vulcan open-pit quarry in Knippa, Uvalde County (Fig. 3.6). Their chemistry point to refractory
peridotites such as harzburgites and clinopyroxene-poor lherzolite as a source and are thought to
represent the residues of previous melt depletion. Whole-rock compositions are also consistent
with a refractory origin. A key feature of the whole rock chemistry is the depletion in moderately
incompatible trace elements relative to primitive mantle. Association with hot plumes or the
asthenosphere was ruled out based on their cool equilibration temperatures (800-1100 °C). Young
and Lee [2009] concluded that these xenoliths preserve an arc or subduction signature and likely
represent fragments of continental lithospheric mantle formed prior to the Grenville orogeny that
has been preserved, despite subsequent orogenic and rifting events. This would indicate that the
original continental lithosphere did not undergo wholesale removal or delamination. Raye et al.
[2011] subsequently analyzed additional spinel-peridotite xenolith samples collected from the

same Vulcan quarry in Knippa and reached similar conclusions.
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Although we do not rule out the presence of a mantle plume as the source of our He-Ne
solar-like component in the Eagle Ford shale, it is plausible that this primordial component may
instead originate in the subcontinental lithospheric mantle (SCLM) as suggested by Young and
Lee [2009] and Raye et al. [2011]. This would also be consistent with findings by Castro et al.
[2009] who identified the presence of a He-Ne solar-like component in the Michigan Basin, a
continental cratonic region also part of the Laurentian craton that has no hotspots or hotspot tracks.
Castro et al. [2009] suggested that this solar-like component can be accounted for by a shallow
refractory reservoir in the Archean SCLM. Although the nature of the SCLM in southwest Texas
is not well known due to the difficulty of access, it is clear that many modified Archean SCLM
sections around the world, including that beneath the Michigan Basin and that of the Canadian
Shield (Laurentian Plateau) present a number of similar characteristics. They tend to be rich in
depleted lherzolites and harzburgites [Griffin et al., 2004] and suggest a highly depleted U-Th-K
environment [Anderson, 1998; Rudnick and Nyblade, 1999]. Depleted U-Th environments
together with a high concentration of depleted lherzolites and harzburgites suggests the presence
of potential He and Ne reservoirs at relatively shallow depths [Graham et al., 1990; Anderson,
1998; Coltice and Ricard, 2002; Meibom et al., 2005]. Typically, Archean SCLM is distinct from
younger SCLM both in chemical composition and evolution history [e.g., Dunai and Procelli, 2002;
Gautheron and Moreira, 2002, Gautheron et al., 2005], being depleted, refractory, and buoyant
relative to the asthenosphere, which greatly limits its potential for recycling, thus enhancing its
preservation over time [e.g., Menzies, 1990; Griffin et al., 1999; Young and Lee, 2009]. We
suggest that our solar-like noble gas signature found in the Eagle Ford natural gas is likely to
originate in a shallow refractory reservoir beneath the Laurentian craton created by one of the

mechanisms proposed by Anderson [1998], a hypothesis that is consistent with findings by Young
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and Lee [2009] and Raye et al. [2011]. The similarity of the solar-like He-Ne signatures found
both in Michigan Basin brines and that of the Eagle Ford natural gas in Texas, suggest a common
source for both solar-like components. We expect the Precambrian Basement of the Michigan
Basin to share at least one or two of the major structural provinces with the Mesoproterozoic
Laurentian cratonic lithosphere underneath our study area in Texas, in particular, the Central
Province (1.2-1.5 Ga), also known as the East Granite and Rhyolite Province and the Grenville
Province (0.8-1.1 Ga) [e.g., Catacosinos, 1991; Thomas, 2005]. An older, Archean province may
have also been present, but it may have been delaminated by subduction.

The presence of mantle fluids in the Eagle Ford shale is apparent not only through noble
gas signatures but also through the presence of H»S. In particular, H>S was measured in gas
samples collected just north of our study area [Harrington et al., 2015; Harrington, 2015]. These
authors found that higher noble gas mantle contributions appear to correlate with elevated H»S,
suggesting thermal sulfate reduction induced by magmatic activity. This elevated H,S is likely
related to the Cretaceous volcanism that took place in this area and that appears to be also
responsible for the presence of the diverse primordial geochemical signatures found in this region
[e.g., Wittke and Mack, 1993; Young and Lee, 2009; Raye et al., 2011; this study]. Of relevance,
is the fact that the discontinuity between the Laurentian lithospheric craton and the Jurassic
transitional lithosphere and thus, all associated faults in the BIP were reactivated during the
Miocene (~25 — 5 Myrs) and major movement recorded, leading, e.g., to the formation of the
Balcones escarpment [Weeks, 1945; Ewing, 1991; Galloway et al., 1991; Griffin et al., 2010].
Both, intensive Late Cretaceous volcanic activity in the area and reactivation of all major fault
systems in the Miocene are consistent with the presence of a recent, solar-like signature in the

Eagle Ford Shale. Indeed, recent fault reactivation has likely facilitated the arrival of this noble
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gas primordial component into the Eagle Ford Shale with some of the faults in the BIP extending
into the lithosphere [Ewing, 2005]. It is clear that faults associated with volcanic mounds in the
Travis field imply deep seated faulting (e.g., 60 £ 15 km) [Barker and Young, 1979].

Recently, Urann et al. [2020] analyzed mantle wedge peridotites dredged from the Mid-
Atlantic Ridge and estimated that up to 67% of the mantle above the 660km discontinuity could
have been processed through subduction environments and thus, be considered ultra-refractory,
over a period of 2.5 Ga. This is also consistent with sampling of ocean island basalt-hosted
xenoliths [Simon et al., 2008] where two thirds of samples were considered highly refractory.
Urann et al. [2020] concluded that buoyant, highly refractory melt residues are likely ubiquitous
in the upper mantle, consistent with earlier views by Anderson [1998] and Albarede [2005].
Findings by Urann et al. [2020] are consistent with and further support our hypothesis that the
solar-like He-Ne component present in the Eagle Ford Shale may originate in the SCLM

underneath the Laurentian craton.

3.5.3. Hydrocarbon Reservoir Relative Ages and Origin - A compartmentalized Eagle Ford

Shale

Several lines of evidence point to the existence of two very distinct zones on opposite sides
of the He-Ne rift defined area, which coincides with the southern margin of the Laurentia cratonic
lithosphere (Fig. 3.6). In the south is an almost pristine crustal area that is relatively stable
compared to that further north. In the north, a far more complex tectonic area, in which the presence
of two distinct mantle components, MORB and solar-like is apparent (Fig. 3.6). In this area, a
series of faults perpendicular to the remapped Ouachita Rift, with a NW-SE orientation, roughly

parallel to the Texas transform appear to be present, leading to an Eagle Ford Shale organized in
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a series of blocks, therefore, highly compartmentalized. The presence of these faults is consistent
with findings by Lister et al. [1986] (see also Thomas, 2005) in rifts associated with transitional
crust as is the case of the Ouachita Rift. Similar faults might also be present in the southern area,
but their existence is not as clear as in the north. The main basis for these inferences lies on the
relative hydrocarbon reservoir ages. These are discussed below.

Figure 3.7a shows the *®Ar/*°Ar ratios as a function of the inverse of total *°Ar volume
fractions for our gas samples in the oil zone. It is apparent that these gas samples display
significantly different ages, and four groups emerge (dashed mixing lines) in this picture, with the
westernmost gas samples from the A6 and A7 wells being the youngest by far, and the easternmost
wells (A1, A2 and A3) being the oldest (see Appendix B4 for details). Thus, a spatial variation
pattern becomes apparent, with ages progressively decreasing from the east toward the west (Fig.
3.7a). As previously pointed out, batches b from wells A2 and A3 are significantly more enriched
in crustal components than samples from batch a. The two batch a samples from both wells are
thus believed to have a distinct origin, with the more heavily crustally enriched b batches
displaying the oldest “’Ar relative ages. Fig. 3.7b shows *Ar/*°Ar ratios as a function of the inverse
of total **Ar volume fractions for Byrne et al. [2018] samples from both, the gas and oil zone
together with our oil zone samples. From this plot, a more complete picture emerges of the entire
system. With respect to samples in the mantle zone, both within the MORB-defined rift zone and
in the solar-like region (Fig. 3.6), samples from well A [Byrne et al., 2018] just east of our oil zone
samples display by far the oldest ages, thus confirming the decreasing age pattern inferred from

east to west previously based solely on our samples.
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Figure 3.7 (a) **Ar/*°Ar ratios as a function of the reverse of *°Ar volume fractions for all gas samples (this study, Appendix B4). (b) *°Ar/*°Ar ratios
as a function of the reverse of *°Ar volume fractions for samples in this study and those of Byrne et al. [2018]. Dashed lines represent different age
groups. Intercept values of each isochron line on the X-axis are labeled in red
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South of the MORB-type source zone, where well B and all the gas samples are located,
all with an almost pristine crustal noble gas signature, samples also display a decreasing age pattern
from east to west (Figs. 3.6, 3.7b). Most gas zone samples are younger than most samples in the
oil zone and comparable in age to the younger oil zone gas samples from the A6 and A7 wells.
The age range for samples in the zone south of the MORB-defined rift area is significantly
narrower than those in the mantle (MORB and solar-like) area. If one takes the youngest samples
as a reference, samples A7-a and F (Fig. 3.7b), which fall along the same mixing line with a X-
intercept value of 2.256x10° (Fig. 3.7b) and therefore, display a similar *°Ar relative age, and
assign this X-intercept value an arbitrary extremely young age of 1 Myrs, that leads to an age range
within and north of the rift zone between 1 (A7-a) and 67 Myrs (well A), and between 1 (sample
F) and 17 Myrs (well B) south of it. These assume that a particular age is directly proportional to
the X-intercept value of each mixing line on which these samples fall (Fig. 3.7b). It also assumes
a uniform K content within all formations in the area. Based on the different age groups present, a
series of compartments separated by faults can be inferred in the Eagle Ford Shale, particularly,
within and north of the rift area. The position of these small transform faults, perpendicular to the
rift zone and roughly parallel to the main Texas transform fault connecting the Ouachita and
Marathon rifts, and that of the Eagle Ford compartments and age groups, is shown in Fig. 3.6.
Within and north of the rift zone, they divide the Eagle Ford into blocks varying between ~19 km
and 26 km wide, a range of values consistent with findings by Lister et al. [1986] that provide an
average of 25 km between transfer faults in similar areas. Below, we discuss the meaning of these
relative ages and their implications in terms of potential reservoir sources and migration.

If we were dealing with a conventional reservoir in which the hydrocarbons are produced

in the shale source rock and subsequently migrated to a reservoir rock (e.g., sandstone or
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carbonates) which typically has limited in-situ “’Ar* production, it might be fair to assume, if in-
situ production was the main “’Ar* source, that the apparent sample age might translate into the
timing at which migration from the source into the reservoir rock occurred. In the case of the
unconventional Eagle Ford Shale, however, the formation plays both, a role as the source and
reservoir rock. Therefore, if one were to assume that all the oil and gas currently in the Eagle Ford
was produced in the formation itself, the ages that we have just determined might correspond to
the true age at which the gas or oil formed. However, the possibility that at least part of the oil or
gas might originate elsewhere, in particular, in underlying formations, should be considered in
view of the noble gas isotopic signatures. These, point to the presence of both deep mantle MORB
and solar-like sources, in addition to the presence of some significantly older fluids heavily
enriched in crustal *He* and “°Ar*, e.g., gas samples A3-b and A2-b.

The main factors impacting the apparent age of these samples are: 1) the *°K content of the
source rock if the hydrocarbons remain stored in it — in this case, the *°K content of the Eagle Ford
Shale if in-situ production is responsible for a significant amount of *°Ar* in these hydrocarbons,
and; 2) an upward *°Ar flux from underlying formations, possibly, the crustal basement [Torgersen
et al., 1989; Castro et al., 1998a, b; Castro et al., 2005]. In situ-production assumes that the “°Ar*
release temperature from minerals [~250°C; Hall et al., 2000; Parry et al., 2001] was reached. This
is a plausible assumption considering that the thermal maturity of the Smackover, Eagle Ford and
Austin Groups is thought to have been enhanced by magmatic activity in this area. The geothermal
gradient may have also increased in the proximity of magma chambers [Hutchinson, 1994; Condon
and Dyman, 2006]. First order in-situ *°Ar* production calculations (Appendix B5) in the Eagle
Ford Shale accounts for between ~2.5% of the total *°Ar* in sample A3-b and 92% of the total

Y0Ar* in A7-a sample. Clearly, these results point to an almost entirely external origin for most of
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the natural gas in sample A3-b and at least a partial external origin for the natural gas in the A7-a
sample. A7-b points to a significantly lower in-situ contribution of ~28% with respect to total
“0Ar* and thus, to a significant external contribution.

The assignment of an arbitrary extremely young age to A7-a and F gas samples of 1 Myrs,
corresponding essentially to present time, leads to an age for samples A3-b and A2-b of up to 27
Myrs and, for sample A, just east of these, of 67 Myrs. These ages are likely a lower age bound
for these samples. Considering that oil generation in the Eagle Ford Shale is thought to have started
between 42 and 26 Myrs ago [Lewan, 2002], that would place the age of sample from well A
beyond the expected oil production timing range in the Eagle Ford. Gas production started
significantly later, between 22 and 14 Myrs ago [Lewan, 2002]. It is thus plausible that some of
the gas in the Eagle Ford Shale might have originated from underlying formations, including the
Smackover Formation, the Bexar Shale, a member of the Pearsall Formation, and the Bossier Shale,
a member of the Cotton Valley Group (Fig. 3.2). Zhao et al. [2020] found that the position-specific
hydrogen data from our samples A1-AS5 is generally consistent with a higher maturity level than
that expected in the Eagle Ford Shale. Their findings thus support our suggested deeper origin for
part of the hydrocarbons currently stored in the Eagle Ford Shale.

The first order age estimation of samples A3-b and A2-b is also likely a lower age bound
for these samples and would also potentially place these outsides of the expected oil production
timing range in the Eagle Ford. Considering the first order relative age information of these
samples together with evidence of a deep mantle noble gas source and extremely enriched crustal
“He and “°Ar components in these samples, a partial origin for the hydrocarbons in underlying
formations seems plausible, at least for all the easternmost samples (Fig. 3.6). In wells A2 and A3

two hydrocarbon sources appear to be present and it is also possible that mixing between these two

132



sources might occur in some wells. The Bossier Shale, part of the Cotton Valley Group (Fig. 3.2)
is also a potential candidate for contributing hydrocarbons to the Eagle Ford Shale as is the Bexar
Formation. It is unclear, though, when migration may have occurred.

Major movement of all the faults in the region is thought to have occurred recently, during
the Miocene (~23-5 Myrs), a period of regional uplift and extension [e.g., Weeks, 1945; Ewing,
1987, 1991]. Assuming an arbitrary age to A7-a and F gas samples of 1 Myrs, leads to ages around
or below 10 Myrs for all gas samples south of the MORB source area. It is possible that the gas
present in this section of the Eagle Ford might correspond to a second or third gas generation, with
limited time to accumulate crustal “°Ar*, which would explain the significantly younger ages
compared to most gas samples in the oil section.

It is possible that previous generations of hydrocarbons might have been expelled from the
Eagle Ford Shale toward shallower levels, e.g., the Navarro and Taylor Group formations. This
would be consistent with findings by Byrne et al. [2018] and Zhao et al. [2020] who estimated that
about 40% - 60% and that over 50%, respectively, of the methane produced in the Eagle Ford
Shale had been expelled. Other studies have suggested methane expulsion levels from shales
significantly higher, 50-90% for the Barnett Shale in Texas [Jarvie et al., 2007] with a general
range of 60-90% expulsion [Cooles et al., 1986]. Alternatively, it is possible that these younger
gas ages in the wet gas zone might reflect a dilution effect with increased maturity as argued by

Byrne et al. [2018].

3.6. Conclusions

Thirteen gas samples were collected for analysis of volume fractions and isotopic ratios of

He, Ne, Ar, Kr, and Xe from seven producing wells in the oil zone of the Eagle Ford Shale in La
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Salle and Dimmit counties, in south Texas. Except for one well, two samples were collected from
each well within 30 minutes of each other. All noble gases reveal the presence of a crustal
component. This crustal component displays a positive correlation with CHs and suggests that both
methane and crustal noble gases are produced and/or transported together. Two samples are
outliers, and display “He* and *“’Ar* volume fractions significantly higher than expected with
respect to the observed trend, in addition to displaying significantly different “He* and *°Ar*
volume fraction values in both batches. The latter points to the existence of two different
hydrocarbon sources being tapped by the same well within short time periods. This, in turn,
suggests the presence of well-connected reservoirs either through faults or through a system of
fractures.

An in-depth analysis of the He and Ne isotopic composition reveals the presence of two
mantle endmembers. A weak one, corresponding to a MORB-type signature, and a significantly
stronger one, corresponding to a primordial, solar-like mantle component. A few samples display
different OIB compositions and are interpreted as resulting from mixing between the MORB and
solar-like endmembers. The weak MORB-type mantle signal suggests the presence of an old
mantle source, increasingly masked by a crustal signature over time. The stronger, more prevalent
solar-like component suggests either a relatively recent addition of that solar-component to this
natural gas reservoir directly from its original source, or its storage in a nearby reservoir that has
been shielded from crustal contamination.

The combined analysis of our dataset from the oil zone together with that of Byrne et al.
[2018] both, in the wet gas zone southeast of our sampling area and in the oil zone, to the east of
our dataset, together with information provided by Harrington et al. [2015] on R/Ra and ’°Ne/*>Ne

ratio variations from gas samples collected in the oil zone northeast of our study area, highlight a
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clear spatial pattern in terms of noble gas sources and thus, likely, in terms of gas-phase
hydrocarbon sources. From south to north, with a SW-NE orientation, a noble gas signature
transition is observed, from an almost pure crustal component in the southern portion of the study
area, to a zone with a MORB-type mantle signature in the central portion, to a solar-like component
to the west and north.

The weak He-Ne identified MORB-type signature suggests the presence of an old rift
system in the area, with a SW-NE orientation. It follows closely the southern Laurentian
lithospheric margin, just north of our sampled wells, and is parallel to all the major known
structures in the area, including the Ouachita orogeny front belt, the Luling and the Balcones fault
zones, the Karnes-Atascosa Trough, as well as the Charlotte-Jourdanton fault system. Our MORB-
defined rift area is consistent with palinplastic reconstructions of the Ouachita Rift at the
continental scale, a structure that is associated with the breakup of Rodinia and the opening of the
lapetus Ocean at ~530 Myrs (Cambrian). We suggest that the Ouachita Rift in our specific area
corresponds to and has the orientation of our MORB-defined rift. This would imply a ~28°
clockwise rotation of the currently mapped Ouachita Rift in the eastern portion of our study area
(western area of Karnes County). That rotation would also apply to the Texas transform, a major
feature connecting the Ouachita and Marathon rifts, both part of the same rift system along the
Appalachian-Ouachita continental margin of southeastern North America. We further suggest that
the reconstructed Ouachita rift segment extends slightly further to the west than originally mapped,
down to the western portion of La Salle County, and that a second, smaller clockwise rotation of
the currently reconstructed Ouachita Rift [e.g., Thomas, 2005] may take place near the eastern
border of La Salle County. These small rotations can be accommodated through the presence of

smaller transform/transfer faults along the rift section. The presence of small transform faults in
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this area is supported by our analysis of relative “°Ar ages in the Eagle Ford gas samples. These
point to a clear spatial variation pattern, with increasingly young ages toward the west, and the
presence of ~20-25 km wide blocks in the Eagle Ford Shale, particularly marked in the MORB-
defined rift area and north of it, where the solar-like mantle component is also present.

Although the presence of a mantle plume is not excluded as the source of the observed
solar-like mantle component, the hypothesis that this primordial component originates in the
subcontinental lithospheric mantle (SCLM) is preferred. We suggest that this solar-like component
originates in a shallow refractory reservoir underneath the Laurentian craton, an hypothesis
consistent with the presence of a very heterogeneous mantle as advocated earlier by Anderson
[1998], Coltice and Ricard [2002], Meibom et al. [2005], Albarede [2005, 2008] and Urann et al.
[2020]. This solar-like component, which is similar to that found in the Michigan Basin, another
Laurentian cratonic region, is consistent with the hypothesis by Castro et al. [2009] that the
presence of a primordial noble gas signature does not necessarily fingerprints the presence of a
deep mantle plume. Both, intensive Late Cretaceous volcanic activity in the area as well as
reactivation of all major fault systems in the Miocene are consistent with the presence of a recent,
strong solar-like signature in the Eagle Ford Shale.

Finally, the presence of a highly compartmentalized Eagle Ford Shale together with the
occurrence of distinct noble gas signatures may explain the observed significant differences in oil
and gas production between closely spaced wells.

Overall, this work highlights the potential of noble gases to place important constraints in
the Earth’s geological evolution and framework, while shedding light on poorly understood
unconventional hydrocarbon systems located at the boundaries of ancient cratons and younger

transitional crust. It also sheds light on the origin of specific mantle noble gas signatures.
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CHAPTER 4

Heat, Noble Gases and CO: Sources in Geothermal Fields of Mexico

Abstract

The Trans-Mexican Volcanic Belt (TMVB) and the Gulf Extensional Province (Baja
California) are the regions in Mexico with the highest heat flow and where the main geothermal
energy resources are currently exploited. Here, a combined dataset of previously published and
newly collected data on heat and volatile species (He, Ar and CO.) from six geothermal reservoirs
is analyzed. This entire dataset set consisting of 132 samples includes samples collected in four
TMVB reservoirs (Los Azufres, Los Humeros, Acoculco and Cerritos Colorados) and two in Baja
California (Cerro Prieto and Las Tres Virgenes). The goal is to identify the heat sources,
understand how heat is distributed in these geothermal reservoirs, assess the extent of mixing
among multiple fluid sources (meteoric, magmatic and crustal), and its impact on heat distribution.
We also seek to discriminate volatile components from distinct sources (e.g., crust, mantle and
atmosphere) and identify possible heat patterns in these systems. Distinct R/Ra ratios (where R is
the measured *He/*He ratio and Ra is the atmospheric ratio) are observed throughout the TMVB
and Baja California geothermal fields, with those in the TMVB displaying significantly higher
R/Ra values (7.14-7.27) than those in Baja California (1.21-6.62), indicating a stronger mantle
signal from possibly younger, active magmatic heat sources. Lower R/Ra values in Baja California

might reflect local tectonic features, where reservoirs are primarily affected by crustal
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contributions from an old, subducted fossil slab related to the Farallon Plate. The analysis of heat
to *He (Q/*He) ratios together with information provided by *He/*°Ar and “He/*He ratios shows
that heat and volatile transfer at the boundary with the hydrothermal system during magma
degassing is dominated by convection. The release of He and Ar from magma sources appears to
be controlled by their diffusivities. Convection transfers He more rapidly than heat and Ar,
fractionating the pristine mantle Q/°He ratios toward lower values and *He/*°Ar ratios toward
higher values. Boiling and dilution by meteoric water led to further fractionation of heat and
volatiles. Distinct sources of heat and volatiles are also reflected in the CO» content, the major dry
gas component in these geothermal fields. Main sources of CO; are limestone (8.93% - 99.80%)
and mantle carbon (0.05% - 82.64%), both from local sources and the subducting slab.
Contribution of carbon from sediments is generally smaller (0% - 35.55), mainly in Cerro Prieto
and Las Tres Virgenes in Baja California, which are affected by the release of volatiles from the
subducted Farallon plate. The absence of significant fractionation in CO»/He ratios is an
indication that helium degassing is controlled by the CO» content in parental magma rather than
helium diffusivity. Addition of carbon from non-mantle sources can also alter the original

fractionation pattern between volatile species and heat.
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4.1. Introduction

Geothermal energy is an alternative energy source to fossil fuels, and its relevance is
increasing as the world attempts to counteract ongoing global warming [e.g., Prol-Ledesma and
Moran-Zenteno, 2019]. Mexico has abundant geothermal energy resources, placing it among the
countries with the highest exploited geothermal capacity in the world, reaching around 1005 MWe
[e.g., Gutiérrez-Negrin et al., 2020].

Mexican geothermal fields producing electricity can be classified as convection-dominated
magmatic geothermal play types, following the schematic classification proposed by Moeck and
Beardsmore [2014]. In these plays, heat — produced by shallowly emplaced magma bodies — is
transported efficiently from depth to shallower reservoirs by the upward movement of fluid along
permeable pathways [Moeck and Beardsmore, 2014]. In Mexico, extended volcanic activity has
taken place since the Cenozoic [Ferrari et al., 2012], endowing Mexico with abundant geothermal
potential and convective geothermal plays. Most of the geothermal areas of interest in Mexico
belong to four regions with intense Quaternary volcanic activity and high heat flow: the Trans-
Mexican Volcanic Belt (TMVB), the Sierra Madre Occidental, the Gulf Extensional Province
(Baja California) and the Alkaline Volcanism area [Prol-Ledesma et al., 2016, 2019]. The
Comision Federal de Electricidad (CFE, the Mexican federal electricity commission) has
exploited four major convective geothermal systems at Los Humeros and Los Azufres, within the
TMVB, and Cerro Prieto and Las Tres Virgenes, in the Gulf Extensional Province (Fig. 4.1). Two
additional areas of interest in the TMVB characterized by high heat flow are the La Primavera
(also known as Cerritos Colorados) and Acoculco. Exploitation of Cerritos Colorados was
abandoned in the 1970s due to environmental concerns and public criticism while that of Acoculco,

a hot dry rock potential field, is currently under exploration by the CFE (Fig. 4.1).
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Figure 4.1 Location of Mexican geothermal areas discussed in this study. Major tectonic structures are
shown. Heat flow distribution in Mexico is displayed in different colors (simplified and redrawn from Prol-
Ledesma, 2019). Batista Cruz et al. [2019] data are from the Baja California Peninsula and the Gulf of
California.

Exploitation of these fields began in the last century and since then, extensive studies have
been carried out using well production data and water chemistry to assess reservoir conditions and
to trace the circulation of geothermal fluids [e.g., Garcia-Estrada et al., 2001; Arellano et al., 2003,
2015; Izquierdo et al., 2009; Cedillo Rodriguez, 2000; Pro-Ledesma et al., 2016; Cid et al., 2021].
More recently, geochemical studies focused on the use of noble gases (He, Ne, Ar, Kr, Xe) and
other isotopic tracers (3’St/%6Sr, 13C, 2H, '80) to unravel fluid sources and assess the potential of
the resource at long term [Pinti et al., 2017, 2019a, b, 2021; Wen et al., 2018; Richard et al., 2019;
Ninez-Hernandez et al., 2020]. These studies, carried out within the framework of the CeMIEGeo
(Centro Mexicano de Innovacion en Energia Geotérmica) initiative, revealed distinct features in
each of the fields, but to this day, with the exception of carbon systematics [Richard et al., 2019],

no comprehensive analysis has been conducted across the different fields.
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Stable noble gases (He, Ne, Ar, Kr, Xe) are chemically inert and are thus transported
without being affected by chemical reactions [Ozima and Podosek, 2002]. Noble gases in
subsurface fluids are derived from the atmosphere, the crust, and the mantle, all of which show
distinct isotopic and elemental signatures, making them excellent tracers of fluid origin and
interactions [Castro et al., 1998a, b; Ballentine and Burnard, 2002; Hilton and Porcelli, 2003]. In
geothermal systems, meteoric water, which is air-saturated at solubility equilibrium, provides the
atmospheric volatile component. Magmatic heat sources contribute to the mantle component,
particularly *He which is enriched in the mantle compared to “He, with *He/*He ratios of 8+1Ra
for the convective depleted mantle [Alleégre et al., 1995]. Crustal fluids generally show lower
3He/*He ratios due to the accumulation of radiogenic “He produced in crustal rocks. The existence
of fossil water in geothermal systems has been recently identified based on the distribution of
radiogenic “He [Birkle et al., 2016; Pinti et al., 2019]. The application of noble gas tracers in
geothermal systems has traditionally involved the sources and migration pathways of geothermal
fluids [e.g., Mazor and Truesdell, 1984; Kennedy and Truesdell, 1996; Kennedy and van Soest,
2006; Birkle et al., 2016; Pinti et al., 2021], the identification of heat sources [e.g., Kennedy et al.,
2000; Magro et al., 2003; Wen et al., 2018] and the evaluation of physical processes within the
reservoir itself induced by exploitation [e.g., boiling and re-injection; Kennedy and Shuster, 2000;
Pinti et al., 2019b; Wen et al., 2018].

As mentioned above, noble gases can be helpful in tracing the heat source, the most
important feature of a geothermal area, controlling convective fluid transfer and fluid enthalpy.
The current total heat flux from the Earth into space is 44.2+1.0 TW of which 20 TW are derived
from the decay of the radioactive isotopes >**Th and >**U in the mantle and the crust [Gando et al.,

2011]. These two elements also produce radiogenic “He. As a result, the presence of a correlation
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between heat and helium fluxes into the Earth’s surface has traditionally been expected. At mid-
ocean ridges, heat and helium are transferred from the mantle to the Earth’s surface, and the
heat/He ratios are similar to the theoretically predicted values [e.g., Lupton et al., 1999]. However,
in most continental settings, including geothermal systems, this correlation between heat and
helium has remained elusive [e.g., Polyak et al., 1979; O’Nions and Oxburgh, 1983; Polak et al.
1985; Polyak and Tolstikhin, 1985; Oxburgh and O’Nions, 1987; Polyak et al., 2000; Castro et al.,
2005]. Mixing of fluid components from different sources, including meteoric and ancient water,
is one of the processes behind the lack of the observed correlation [e.g., Polyak, 2005]. At present,
the redistribution of heat and helium in hydrothermal fluids has not been comprehensively assessed.

Here, multi-isotopic datasets from deep fluids sampled in wells from four geothermal fields
(Los Azufres, Los Humeros, Cerro Prieto, Las Tres Virgenes), fluids from hot springs and
fumaroles from Cerritos Colorados and Acoculco, together with a large dataset obtained from
surface manifestations (cold and hot springs) in Baja California from Batista-Cruz et al. [2019] are
combined. The goal is to systematically analyze the sources and mechanisms of transport of
geothermal fluids in these systems, and thus, to deconvolute the magmatic, meteoric and crustal
contributions in these systems. We also seek to clarify potential fractionation patterns present in
magmatic volatiles (e.g., noble gases and CO»), as well as its dependence on heat transfer and

magma degassing.

4.2. Geological Setting

Mexico is located at the convergent boundary along the western North America Plate, with
extended magmatic and volcanic activity induced by plate subduction (Fig. 4.1). During the

existence of the Pangea supercontinent, the oceanic floor of the Panthalassa super-ocean
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surrounding the Pangea was divided into three major plates: the Farallon, the Phoenix and the
Izanagi plates, all connected by a triple-junction [e.g., Smith, 2007]. With the formation of the
Pacific Plate at the center of the triple junction around 190 Ma ago [Boschman and van Hinsbergen,
2016], the Farallon Plate was pushed underneath the North America Plate. Over half of the Farallon
Plate was consumed at the convergent boundary of the southwestern North America Plate before
its fragmentation in the early Tertiary [e.g., Lonsdale, 2005]. The northern part of the Farallon
Plate was fragmented into the Juan de Fuca, the Explorer and the Gorda Plates, and later into
smaller microplates [e.g., Lonsdale, 1989]. The subduction of the remnants of these plates has
mostly ceased, but the existence of a fossil slab attached to them has been highlighted by seismic
tomography studies [e.g., Wang et al., 2013]. Upwelling mantle in this area may have led to a
significant influence from the subducted fossil slab, in Baja California [Wang et al., 2013]. The
fragment of the Farallon Plate in Central America is the Cocos Plate, and its subduction beneath
central Mexico is ongoing. That has led to the formation of the TMVB at the end of the Cenozoic
[Fig. 4.1; Ferrari et al., 2012]. The geothermal areas discussed here are in the Trans-Mexican
Volcanic Belt (Los Humeros, Los Azufres, Acoculco and Cerritos Colorados) and in the Baja
California (Cerro Prieto and Las Tres Virgenes).

The Los Humeros field is located on the southern end of the Quaternary TM VB, at the edge
of the Sierra Madre Oriental of Miocene age, the latter being the extension of the Basin and Range
Province [Ferrari et al., 2012]. The geothermal field is located within a nested caldera system
formed during a paroxysmal basalt-andesitic ignimbrite eruption that lasted from 148ka to 69ka.
The latter was followed by effusive activity that ended around 2ka [Carrasco-Niinez et al., 2018].
The heat source of the field is related to the recent Quaternary volcanism, and it is likely located

between 5 and 14 km depth. On the other hand, Verma [1985] hypothesized that the heat source
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represents a single, voluminous (1500 km?) stratified magma chamber. Recent petrographic studies
suggest a mushroom-like complex network of magma bodies [Lucci et al., 2020]. The low-
permeability geothermal reservoir is mainly located in basaltic andesites that overlain a
metamorphic carbonate basement. The reservoir is bounded by vertical faults created during the
collapse of the internal caldera, which created local enhanced permeability and fluid transfer
conduits [De la Cruz, 1983]. The Los Humeros is a high enthalpy (>2400 kJ/kg) steam-dominated
field, with liquid fractions as low as 10 to 20% of the total extracted mass [ Aragon-Aguilar et al.,
2017].

The Acoculco field, part of a Plio-pleistoce volcanic caldera complex, is ~120 km NW of
Los Humeros. It underwent two major hydrothermal events that led to reduced permeability of the
reservoir rocks. Thermal logs from exploratory wells indicate maximum temperatures exceeding
300-C at 2000 m depth. Hydrothermal alterations and cold gas discharges are solely observed at
the surface [Lopez-Hernandez et al., 2009].

The Los Azufres field is located in the central portion of the TMVB (Fig. 4.1), in a
Pleistocene silicic volcanic complex [Pérez et al., 2010], within one of the largest intracontinental
rift systems of Mexico, the E-W oriented Morelia-Acambay rift. Volcanic activity began in the
Miocene with eruption of the Mil Cumbres andesitic ignimbrites, with ages between 27 and 7 Ma,
which constitute the main geothermal reservoir. In the Quaternary, a series of rhyodacitic and
basaltic units were formed, between 1.22Ma and 0.02Ma [Pérez et al., 2010]. These rhyolitic units
act as the cap rock of the reservoir. The heat source is localized beneath the field, at shallow crustal
depths. While the origin of this heat source has been associated with the last acidic volcanism, its
origin remains unclear. The ¥’Sr/%Sr and *He/*He signatures in these geothermal fluids suggest

that basaltic (E-MORB-type) melts are the origin of both the heat and deep volatiles in Los Azufres
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[Wen et al., 2018]. Geothermal activity in the Los Azufres field is found in the southern portion
of the volcanic structure, which is further divided into two production zones: the Northern
Production Zone, which is liquid dominated, and the Southern Production Zone which is vapor-
dominated and displays higher enthalpy [Torres- Rodriguez et al., 2005]. Dry gas composition of
the fluids exploited at Los Azufres are again dominated by CO», which is up to 94% of the total
volume [e.g., Richard et al., 2019].

Cerritos Colorados is located close to Guadalajara (Fig. 4.1) and is the westernmost
geothermal field operated by the CFE within the TMVB. The geothermal reservoir is located in a
rhyolitic volcanic complex, which is associated with a Pleistocene caldera structure [Gutierrez-
Negrin, 1988]. Faults and fractures with NW-SE, N-S and NE-SW orientations are the result of
the caldera collapse as well as the uprise of the magma chamber, leading to the formation of
fumaroles and hot springs [Vengas et al., 1991]. Existing wells display borehole temperatures of
~284°C at a depth of 1200m [Vengas et al., 1991]. More recent work from Pandarinath and
Dominguez-Dominguez [2015] suggests an average reservoir temperature of ~308°C, estimated
using multiple geothermometers.

The Cerro Prieto geothermal field is located in Baja California and is not only the largest
high-enthalpy liquid-dominated geothermal field in Mexico, but also one of the largest in the world
[Gutiérrez-Negrin, 2015]. The field is located in a pull-apart basin created at the transition zone
between the Gulf of California spreading center and the San Andreas transform fault system [e.g.,
Suarez-Vidal et al.,, 2008]. The heat source is likely a single gabbroic body (MORB-type)
associated to crustal extension and thinning, possibly intruded less than 50ky ago, at a depth of ca.
5 km [Elders et al. 1984; Schmitt et al., 2013]. The reservoir is a sequence of Plio-Pleistocene-age

sandstones interbedded with grey shales of the Colorado Delta, sitting on a Cretaceous granite
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basement. The reservoir is separated in three zones: 1) a reservoir - it is the shallowest (depths of
1000-1500 m), restricted to the western part of the field; 2)  reservoir - it is deeper (depths ranging
from 1500 to 2700m), with a temperature of ~300°C; and 3) y reservoir - it is currently not
exploited and located in the eastern portion of the field. The y reservoir is also the deepest and
hottest reservoir, with temperatures exceeding 350°C [Lippmann et al., 1991]. Modern recharge
into Cerro Prieto is thought to be negligible, based on stable isotope data [Portugal et al., 2005].
Excess radiogenic “He, relative to in-situ production, point to a (U-Th/*He) age of 2.5 Ma for the
Cerro Prieto geothermal fluids, which corresponds to the Pliocene age of the Colorado Delta
porewater [Pinti et al., 2019a]. These fluids, of sodium chloride type, are thought to be a mixture
of old Colorado River waters and hypersaline marine brines, with only a minor amount of
magmatic water [Lippman et al., 1991].

The Las Tres Virgenes field is located in the Baja California Sur, south of Cerro Prieto
(Fig. 4.1), within a Cenozoic rift of NW-SE direction known as the Santa Rosalia Basin [Lopez-
Hernandez et al., 1995]. This area corresponds to the subduction zone of the Farallon plate during
the Miocene [Aguillon-Robles et al., 2001; Bellon et al., 2006; Calmus et al., 2008; Ferrari et al.,
2012]. The Las Tres Virgenes field is associated with a basaltic andesite to dacitic volcanic chain
composed of three NNE aligned volcanoes, at the intersection with NW-SE lateral faults [Macias,
et al., 2013]. The reservoir is hosted in Cretaceous granodiorite fault zones [Schmitt et al., 2010;
Tello- Hinojosa et al., 2005; Macias et al., 2013]. The heat source is the magmatic body underneath

[Prol-Ledesma et al., 2016].
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4.3. Sampling and Analytic Methods

Fluid samples for noble gases and C stable isotope data (5'C in %o vs PDB) analysis were
collected between 2009 and 2018. The Los Azufres samples were collected in 2009 and 2014 [Pinti
et al., 2013; Wen et al., 2018]; the Los Humeros samples were collected in 2015, and again, in
2018 [Pinti et al., 2017, 2021]. Samples from Cerro Prieto and Las Tres Virgenes were collected
in 2016 [Pinti et al., 2019a, b]. Fluid samples for noble gas analysis from the Cerritos Colorados
and Acoculco were collected in 2018 and the data are presented here. Fluids for C isotope analysis
were not collected from these two fields. A total of 132 fluid samples collected over the years by
our research group and analyzed for noble gases are being studied here as a whole. In addition to
all the samples collected by our research group, 33 samples of Baja California area taken from
Batista-Cruz et al. [2019] are also included in this study for comparison with our data of Cerro
Prieto and Las Tres Virgenes. Among the Batista-Cruz et al. [2019] data, 16 samples are defined
as “hydrothermal” gases which correspond to intertidal gases emitted along the eastern and western
coasts of Baja California and characterized by low amounts of magmatic gases. In particular,
3He/*He ratios (R) normalized to that of the atmospheric value [Ra= 1.384 x 10; Clarke et al.,
1976] are less than 1.6. The remaining samples are defined by Batista-Cruz et al. [2019] as
“magmatic” gases, i.e., gas emissions in areas of Quaternary to Holocene volcanic activity, with
5<R/Ra<7, indicating a strong presence of magmatic *He.

Most fluid samples for both, C isotope and noble gases analysis were collected directly
from the steam-water separator at the wellhead in standard refrigeration grade 3/8” copper tubes,
which were then sealed by steel pinch-off clamps using an electric drill to minimize atmospheric
contamination [e.g., Richard et al., 2019]. When a steam-water separator was not available, gas

samples were collected directly from the wellheads using a portable field separator. A more
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detailed description of the sampling methods can be found in Pinti et al. [2017, 2019a, 2019b,
2021].

The isotopic analysis of CO> was carried out at the GEOTOP research center at the
Universit¢ du Québec in Montréal. The CO> components were first separated from other
incondensable gases (e.g., H2S, CHas, N2, He, Ne and Ar), following the methods described in
Richard et al. [2019]. The purified CO, samples were then analyzed by a 100 Dual Inlet Isotope
Ratio Mass Spectrometer (IRMS) and the results were normalized to the V-PDB scale.

Noble gas analyses were carried out in the Noble Gas Laboratory at the University of
Michigan, except for samples from Acoculco, which were analyzed at GEOTOP. At the University
of Michigan, gas samples in Cu tubes were attached to a stainless-steel vacuum extraction and
purification line. The copper tube was connected to a vacuum system at a pressure of ~5 x 107
Torr. Once this pressure was achieved and the system isolated from its turbo-molecular vacuum
pump, the lower clamp was opened to release the natural gas into a low He diffusion glass flask.
Gas samples were then expanded in a known volume and gas pressure reduced by computer-
controlled sequential pumping until reaching a value acceptable for analyses (typically 35 Torr).
The gas sample was initially exposed to a Cu-CuO getter at 800°C to oxidize hydrocarbons. The
Cu-CuO getter was then allowed to cool to 450°C to reabsorb O». Subsequently, the gas sample
was exposed to a 3A molecular trap to reduce water vapor pressure and reactive gases were
removed using three Ti-getters at 600°C for three minutes each. The He, Ne, Ar, Kr, and Xe were
quantitatively extracted using a dual chamber computer-controlled cryo-separator at temperatures
of 49K, 84 K, 210 K, 245 K, and 290 K respectively, and sequentially allowed to enter a Thermo®
Helix SFT mass spectrometer for He and Ne isotope analyses, and a Thermo® ARGUS VI mass

spectrometer for the Ar, Kr, and Xe isotope analyses. At the He release temperature, a small
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percentage of He is introduced into the SFT mass spectrometer and the signal intensity of “He is
determined for use as the He concentration estimate. This estimate is then used by the automated
system to optimize the amount of He that should be introduced for measurement of the *He/*He
ratio. All noble gas isotopes were measured using a Faraday detector, except for *He, which was
measured using an electron multiplier in ion counting mode. Prior to each analysis, a blank run
was conducted using the same procedure as the sample. Typical blanks are 0.3% - 0.9% of the
measured sample values. Quantitative analyses were obtained by calibrating the two mass
spectrometers with a known aliquot of standard air. Typical standard reproducibility for “He, ?’Ne
and ®Ar are 0.4%, 0.9% and 0.3% while for 2’Ne/*’Ne and *°Ar/*®Ar ratios the reproducibility is
0.08% and 0.04%, respectively. Calculated standard errors for concentrations range from 1.3 to
2.2% of the measured values.

At GEOTOP, gases from the copper tubes were collected in a pre-evacuated 12cc stainless-
steel finger equipped with a bellow valve. The finger was connected to a stainless-steel extraction
line and reactive gases were removed by two Ti-getters at 600°C for 15 min each and a SAES ST-
707 getter at 100°C for 15 min. Gases were then adsorbed onto an ARS® cryogenic trap containing
activated charcoal, and released sequentially at 40K, 110K, 210K, and 280K for He, Ne, Ar, and
Kr-Xe respectively. Noble gas isotopes were measured on a Thermo® HELIX-MC Plus. Blanks
were routinely measured and were typically on the order of 0.01% for “He to 0.15% for '¥*Xe.
Quantitative analyses were obtained by calibrating with a known aliquot of standard air. Errors on

standard concentrations range from 1 to 3% of the measured values.
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4.4. Results

Field name, sample ID, sampling year, and volume fractions of CO2, “He, *°Ar, and “Ar,
§'3C-CO; ratios, as well as *He/*He ratios and CO»/*He ratios are provided for all samples collected
by our research group in Table C1 (Appendix C). Radiogenic “He (*He*) and *°Ar (*°Ar*), also

provided in Table C1, are calculated following [Ballentine et al., 2002]:

4
4 4 He 20
He® = Hemeasured - (zoNe)air X Nemeasured (4-1)
40 40
40 Ar Ar 36
Ar* = ((36Ar)measured - (36Ar)air) X Armeasured (4-2)

Q/*He ratios are calculated as follow [Tuner and Stuart, 1992; Burnard et al., 1999]:

3He 3He _ 3°Ar
=< x ASW (4_3)
Q Ar " (cpx8)

where Q is heat in Joules; C,, is the heat capacity of water [4.4 JK''g"!, Burnard et al., 1999]; 0 is
the excess of the reservoir temperature with respect to the atmospheric temperature in °C, and
subscript “ASW” represents air-saturated water. The atmospheric temperature used for each field
is the local mean annual atmospheric temperature (MAAT). The MAAT is 12°C in Los Azufres
and 22°C in all other fields. The *Arasw concentration in each field is calculated based on the
respective MAAT value. The reservoir temperatures of each production well determined by the
geothermal gradient and geothermometers are provided by CFE (Table C2, Appendix C). Since
the product of Cp and 0 is applied as the estimation of enthalpy of the geothermal fluid in equation
(4.3), the measured enthalpy value is used to replace the (Cy*0) in equation (4.3) when available
(Table C2, Appendix C). The fluid enthalpy values of the Los Azufres samples are from Nufiez-
Hernandez et al. [2020], while the unpublished enthalpy values of the Los Humeros and Las Tres

Virgenes samples are also reported (Table C2, Appendix C). The estimated Q/*He ratios are also
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reported in Table C2, Appendix C. Fluid enthalpy values of Cerro Prieto samples were not
measured.
The contribution of atmospheric helium and its influence on the measured R/Ra ratios can

be corrected using *He/*°Ne ratios, following Craig et al. [1978]:

(E) — (Ria__r) (4.4)
Ra’¢ ~ (1-1) ’
4He
(zog)asw
withr = T 4.5)
(o)

where subscripts “c” and “ASW” represent the air-corrected value and the value in air-saturated
water, respectively. The ASW “He/*°Ne ratio range from 0.265-0.277 and is calculated following
solubilities from Smith and Kennedy [1983] assuming local recharge temperatures of 12-22 °C.
Measured “He/**Ne ratios are reported in Table C2 (Appendix C), together with air-corrected R/Ra
ratios (R/Ra)c. The “He/>°Ne ratios in the Los Humeros and Los Azufres fields are generally higher
than those from the Baja California area, suggesting a lower atmospheric contribution as the
“He/*’Ne ASW ratio is very low (< 0.3). The “He/*’Ne ratios are not available for some of the
samples due to the extremely low neon level, leading to low measurement accuracy. The
atmospheric helium component in these samples was subsequently corrected by replacing the
“He/*Ne ratios in equations (4.4) and (4.5) with “He/*SAr ratios [Marty et al., 1993]. The (R/Ra).
errors account for the combined *He/*He ratios and *He and 2°Ne (*®Ar) volume fractions errors.
The CO; volume fractions vary between 0.14 and 0.98, with the lowest values present in
some of the Baja California samples [Batista-Cruz et al., 2019] and the highest ones in Las Tres
Virgenes. The Los Humeros samples have relatively high CO contents, varying from 0.85 to 0.95
(Table C1, Appendix C). Samples from Cerro Prieto display lower CO> contents compared to those

of Los Humeros and Los Azufres, with values varying between 0.83 and 0.84 (Table C1, Appendix
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C). The §'3C ratios of COz vary between -18.4%o and -2.24%o vs. V-PDB, with samples from Baja
California displaying the lowest values while some samples from Los Humeros display the highest
values (Table C1, Appendix C).

Total “He volume fractions range from 3.99x10°% to 3.18x10™*, with the highest values
found in some of the Baja California samples, and the lowest values in Los Humeros (Table CI,
Appendix C). The R/Ra ratio varies between 0.58 and 7.93 (Table C1, Appendix C), with the Baja
California hydrothermal samples and some of the Los Azufres samples (e.g., AZ-66D, AZ-2A,
and AZ-42) displaying the lowest R/Ra ratios, with values varying between 0.58 and 3.05 (Table
Cl1, Appendix C). Samples from the TMVB, i.e., Los Azufres, Los Humeros, Acoculco and
Cerritos Colorados, display generally higher R/Ra ratios than samples from the Baja California,
i.e., Las Tres Virgenes and Cerro Prieto fields. Most air-corrected (R/Ra). ratios are similar to
measured R/Ra values. Only a few samples (AZ-2A, AZ-42, AZ-90, AA7(SSB), FUM(SSB))
display significant differences between R/Ra and (R/Ra), caused by atmospheric contamination.
Measured *°Ar volume fractions range between 1.10x10? and 4.03x107, with the lowest values
present in the Los Humeros samples, and the highest in the Baja California samples (Table C1,
Appendix C). The three Los Azufres samples displaying the lowest R/Ra ratios present relatively
high ®Ar contents, varying between 2.62x107° and 2.89x107. Total “°Ar volume fractions among
all samples range between 6.56x1077 and 1.22x1072, with the lowest values present in the Los
Humeros samples, and the highest ones in Baja California (Table C1, Appendix C). Radiogenic
“He* and *°Ar* volume fractions vary between 3.99x10® and 3.15%10™*, and between 9.21x10*
and 3.02x10™* (Table C1, Appendix C), respectively. The highest values are found in some of the
Baja California samples together with low R/Ra (1.07-1.55), indicating a significant crustal

contribution.
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4.5. Discussion

4.5.1. Heterogeneous Helium Sources

Prior to analyzing the heat and Q/°He ratio distribution in Mexican geothermal fluids and
relevant information it provides, helium sources and those of associated fluids must be identified
and discriminated. The (R/Ra). ratios range from 1.04 to 7.93 and represent the mixture between
crust and mantle helium components. While crustal R/Ra ratios vary within a relatively narrow
interval [~0.02-0.05; e.g., Oxburgh et al., 1986], R/Ra ratios in the different hypothetical mantle
reservoirs beneath Mexico display significantly distinct values. Therefore, the differentiation
among the various sources of mantle helium should be reflected by their distinct R/Ra ratios
measured in fluids.

The R/Ra ratio value expected at mid-ocean ridges, which represents the pristine
convective depleted MORB-Type mantle (or DMM) is 8+1 [Allégre et al., 1995]. The Gulf of
California spreading center (Fig. 4.1) is also expected to have a DMM helium isotopic signature.
Lupton [1979], based on helium isotopic measurements from ocean water samples above the Gulf
of California spreading center, between the Guaymas and Mazatlan basins (Fig. 4.1), estimated
that the R/Ra value of injected mantle helium was 7.84+0.40, which falls within the DMM value
range. The R/Ra value of DMM above a subduction plate and beneath a volcanic arc such as the
TMVB, i.e., the “mantle wedge”, is expected to be lower than a pure DMM reservoir due to release
of crustal radiogenic “He from the subducting sediments [e.g., Poreda and Craig, 1989; Hilton et
al., 2002]. The expected R/Ra value is 5.37+1.87 [Hilton et al., 2002]. The average R/Ra value
beneath the central section of the TMVB was constrained by Straub et al. [2011] at 7.3+0.3Ra,
based on measurements of olivine separates from basaltic lavas (6.81<R/Ra <to 8.00). This R/Ra

value is closer to the DMM than that expected for a mantle wedge, and Straub et al. [2011]
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suggested that any crustal He on the slab could have long been driven off during the flat, prolonged
slab subduction beneath the Mexican forearc. Another potential reservoir of mantle helium beneath
Mexico is the subcontinental lithospheric mantle (SCLM). SCLM shows an average R/Ra value
of 6.1£0.9 which is interpreted as reflecting a closed reservoir isolated from the DMM on a 100Ma
timescale, and accumulating radiogenically produced “He [Gautheron and Moreira, 2002].
Sandoval-Velasquez et al. [2021] identified a SCLM reservoir corresponding to that beneath the
Basin and Range Province and extending along the Mexican Sierra Madre, with an estimated R/Ra
of 7.39+0.14. However, there is not yet evidence that the SCLM extends to the TMVB or that it
interferes with the mantle wedge. This is also true for the Los Humeros geothermal field, which is
at the boundary between these two mantle regions [Pinti et al., 2021]. However, its occurrence in

areas other than the Sierra Madre cannot a priori be excluded.
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Figure 4.2 (R/Ra). of fluids in Mexican geothermal areas. Reference values: depleted mantle or DMM
[8+1; Allégre et al., 1995]; DMM under Gulf of California [7.84+0.4; Lupton, 1979]; mantle wedge under
the TMVB [7.3+0.3; Straub et al., 2011]; subcontinental lithospheric mantle or SCLM [6.1+0.9; Gautheron
and Moreira, 2002]; SCLM beneath Mexico [7.39+0.14; Sandoval-Velasquez et al., 2021]; continental crust
[Oxburgh et al., 1986].
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Figure 4.2 shows all the expected helium isotopic signatures (R/Ra). for the different
mantle reservoirs beneath Mexico (DMM, SCLM and TMVB), in the crust and those measured in
the fluids of Mexico geothermal reservoirs. Significant variations in (R/Ra). ratios are observed
among fluids from the different geothermal fields (Table C2, Appendix C; Fig. 4.2). Fluids from
the TMVB (Los Azufres, Los Humeros, Cerritos Colorados and Acoculco) generally display
higher (R/Ra). ratios compared to those from Baja California (Fig. 4.2), an indication that the heat
sources in these fields are active, pointing to the presence of young magma chambers with pristine
mantle signals. The Los Azufres samples display a wider range of (R/Ra). values, with one sample
indistinguishable from that of a pure DMM reservoir (7.9340.09) and a wide range of values down
to 2 (Fig. 4.2). A correlation between ¥’Sr/*®Sr and (R/Ra). values suggests that this lower, more
radiogenic-like (R/Ra). may be related to a local volcanic source of Miocene age corresponding to
the andesitic reservoir of Los Azufres [Wen et al., 2018], while values closer to that of the
atmosphere are potentially contaminated by reinjected brines [e.g., Pinti et al., 2013].

Both Los Humeros and Los Azufres display higher (R/Ra). values in fluids (7.6 to 7.9),
close to those suggested for the DMM [Allegre et al., 1995; Lupton, 1979], the mantle wedge
expected in central TMVB [Straub et al., 2011], and the SCLM beneath the Sierra Madre
[Sandoval-Velasquez et al., 2021], pointing to a nearly pristine mantle signal. On the other hand,
Baja California geothermal fields, i.e., Cerro Prieto and Las Tres Virgenes, show consistently
lower (R/Ra). values, between 6.03 and 6.56 compared to the those measured in the TMVB fluids
and those helium expected in the DMM beneath the Gulf of California spreading center [Fig. 4.2;
Lupton, 1979]. The maximum (R/Ra). measured in the Cerro Prieto and Las Tres Virgenes fluids
are close to those of the “magmatic gases” measured in Baja California by Batista-Cruz et al. [2019]

(Fig. 4.2). These authors suggested that (R/Ra). values in hydrothermal manifestations of Baja
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California could be the result of some addition of crustally-produced radiogenic “He leaking from
stacking sections of the Miocene-age subducted Farallon plate. Richard et al. [2019] came to a
similar conclusion based on §'3C of -11.9%o vs V-PDB measured in Las Tres Virgenes, which are
the lightest values measured in Mexican geothermal fluids and which call for a crustal contribution
of carbon from the old, subducted plate. To further discriminate the sources of helium in samples
from each of the Mexican geothermal fields, *He/*’Ar ratios are plotted as a function of “He/*’Ar
ratios (Fig. 4.3), where *’Ar is the total argon content. Since both, the x and y-axis have a common
denominator (*°Ar) and are also on the same scale, mixing between two theoretical endmembers
should plot as a straight line, with the slope of the mixing line representing the average R/Ra ratio
of the sample cluster (Fig. 4.3a) [Matsuda and Marty, 1995]. One endmember should have low
SHe/*°Ar and *He/*’Ar ratios, likely representing a meteoric water component (e.g., *He/*°Ar =
2.21x1071° and “He/*Ar = 1.58x10* at 25°C). The other endmember is characterized by
significantly higher *He/*°Ar and *He/*°Ar ratios, likely representative of a mantle-derived
component, as the *He/*’Ar and “He/*°Ar ratios in the mantle are ~7x107 and 10, respectively
[Ozima and Podosek, 2002]. Addition of crustal “He* and “°Ar* should move the data points to
the right and below the theoretical mixing line (red arrow; Fig. 4.3a), since the production of *He
in the crustal is usually negligible, while the radiogenic production ratio “He/*°Ar* in the crust is
much higher than that in the mantle [e.g., Pinti and Marty, 1998]. In figure 4.3b, samples from Los
Azufres and Los Humeros in the TMVB display linear mixing trends between the mantle and the
atmospheric components, with little input from the crust (Fig. 4.3b). The other two geothermal
fields of interest in the TMVB, Cerritos Colorados and Acoculco, also display a linear trend
between the crust and the mantle components (Fig. 4.3c). All four geothermal fields in the TMVB

display R/Ra ratios between ~7.1 and ~7.3, which fall within the typical mantle wedge values
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beneath central Mexico [Straub et al., 2011], and the SCLM reservoir hypothesized by Sandoval-
Velasquez [2021].

Crustal contribution of helium will move the samples toward the lower-right side of the
plot, which results in a lower average R/Ra ratio of 6.29 extrapolated for Las Tres Virgenes
geothermal fluids and of 6.62 for the Cerro Prieto geothermal fluids and Baja California magmatic
gases (Fig. 4.3c). However, the Cerro Prieto samples display a different distribution pattern
compared to the other geothermal fields of Baja California. Specifically, the Cerro Prieto samples
fall to the lower-right side of the mixing line while the Las Tres Virgenes fluids and Baja California
magmatic samples are plotted along straight lines. The linear distribution pattern of the Las Tres
Virgenes and Baja California magmatic samples is a direct indication that these samples are a
mixture between two components with unique isotopic signatures: an atmospheric endmember
with low *He/*°Ar and *He/*°Ar ratios and a mantle-like one with higher *He/*’Ar and “He/*°Ar
ratios, even though the mantle endmember likely includes a crustal contribution compared to those
of the Los Azufres and Los Humeros fields. On the other hand, the distribution pattern of the Cerro
Prieto samples suggests the presence of an additional, local crustal component, moving samples to
the lower-right of the mixing line (Fig. 4.3c), possibly due to fossil water in the reservoir
accumulating radiogenic “He*, as previously postulated by Pinti et al. [2019a]. The atmosphere-
like R/Ra ratios (Fig. 4.3c) in Baja California hydrothermal samples potentially suggests the
presence of an atmospheric component, reaching lower values of *He/*’Ar in the plot.

It is apparent that helium isotopic ratios in the Mexican geothermal fields are the reflection
of the local geological/tectonic setting, with samples from the TMVB displaying significantly
different helium signals compared to those from Baja California. Since helium is usually

considered to be associated with heat, the mixing of fluid components from the crust, the mantle
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and the atmosphere may also be reflected in the transport and distribution of heat in these

geothermal reservoirs. This is discussed below.

4.5.2. Heat Transfer into Mexican Geothermal Systems

During the transport of helium (He), volatiles, and heat (Q) from the magmatic source into
the hydrothermal system, fractionation can occur, leading to a change from the original Q/He ratio.
Q/*He ratios in Mexican geothermal fluids were estimated using equation (4.3) and vary between
4.57x10'% and 8.67x10' J ccSTP™! (Table C2, Appendix C). In figure 4.4, the estimated Q/*He
ratios are plotted as a function of *He/*®Ar ratios, following Burnard and Polya [2004]. If no
mechanism leading to fractionation of the heat - helium pair occurs at the boundary between the
magmatic and the hydrothermal systems, the Q/*He ratios in geothermal fluids should mimic the
value of the melt sources. The expected initial Q/°He ratio in continental hydrothermal systems
can vary between two mantle endmembers: the Q/°He calculated at the mid-ocean ridges ranging
from 5%10'%to 1x10" J ccSTP! [labelled DMM in Fig. 4.4; Lupton et al., 1989; Baker and Lupton,
1990, Kennedy et al., 2000; Burnard and Polya, 2004], and that calculated for melts generated
beneath continents and corresponding to 2% of partial mantle melting [Martel et al., 1989] which
is 1-2 x 10'? J ccSTP™! [Burnard and Polya, 2004].

In a plot of Q/He vs. “He/**Ar (Fig. 4.4), hydrothermal fluids usually depart from the
DMM or continental melt values along two possible trends: 1) a “He/*°Ar ratio increase
accompanied by a decrease of the Q/°He ratio (labeled “convection/magma degassing”; Fig. 4.4);
2) a “He/*®Ar ratio decrease accompanied by an increase of the Q/FHe ratio (labeled
“conduction/ASW dilution/boiling”; Fig. 4.4). Except for most of Los Humeros fluids (yellow dots;

Fig. 4.4) and some of the Los Azuftres fluids (blue dots and squares; Fig. 4.4), it is apparent that
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most Mexican geothermal fluids display Q/*He values higher than those expected at DMM or those
from melts generated beneath continents (high Q/*He and low *He/*°Ar; Fig. 4.4). A trend line
(dotted line) based on all Mexican samples represents both trends (Fig. 4.4).

The first trend (high *He/*®Ar and low Q/°He) is interpreted as a convective transfer of heat
and volatiles from the cooling magma into the hydrothermal system [Baker and Lupton, 1990;
Burnard and Polya, 2004]. Helium will be removed faster from magma than heat and thus, the

Q/*He will decrease with time.
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Figure 4.4 The Q/°He versus “He/**Ar ratios in the Mexican geothermal fluids. Samples from the southern
production zone of Los Azufres are shown as circles, while those from the northern production zone are
shown as squares. The Q/*He values of DMM are from Lupton et al. [1989] and *He/**Ar values are from
Burnard and Polya [2004]. Continental melts Q/*He value is from Burnard and Polya [2004]. The “He/*°Ar
value range of ASW calculated for MAAT of 12-22°C is indicated as a grey surface. The dotted line
represents the linear correlation between Q/°He versus “He/*°Ar ratios among the samples. Symbols as in
fig. 4.3.

Besides the fractionation between heat and helium, magma degassing can also fractionate
the *He/*SAr ratios due to the differing solubility and diffusivity values of He compared to Ar.

Burnard [2001] concluded that even though solubility-controlled fractionation does exist [Burnard,
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1999], variations in He/Ar ratios associated with magma degassing are mostly controlled by their
diffusivity differences. During magma degassing, He diffuses faster compared to Ar due to its
higher diffusivity [e.g., Matsuda and Marty, 1995], thus resulting in elevated “He/*®Ar ratios in the
escape phase. More recently, Gonnermann and Mukhopadhyay [2007] proposed that the degassing
of noble gases from the original mantle reservoir follows a non-equilibrium model, where helium
is degassed without significant limit of its diffusivity (since it’s highly diffusive), while those with
lower diffusivities (e.g., Ne and Ar) are more likely to be retained in the melt due to diffusion,
leading to higher He/Ne and He/Ar ratio values in the escaping phase.

The second trend is interpreted as a conductive cooling of magma which transfers
magmatic heat but not magmatic volatiles into a hydrothermal system [Burnard and Polya, 2004].
Following Burnard and Polya [2004], dilution with surface fluids would not affect Q while shifting
the “He/*°Ar ratio toward ASW values (grey area, Fig. 4.4). Such an interpretation, however,
presents some challenges. While dilution by surface fluids leads to a decrease of *He/*°Ar ratios
toward ASW values, it should also lead to an increase of the Q/°He ratio because atmosphere
contain little *He. Thus, introduction of meteoric water in the system will dilute the *He content
without affecting or adding considerable amount of heat [Kennedy et al., 2000]. Further, it is
difficult to conceive of the addition of heat without magmatic volatiles in these geothermal areas.
In Acoculco, which is the likely equivalent of a Hot Dry Rock system with few to no fluids at
shallow levels while displaying a high heat flux, fumaroles still contain a considerable amount of
magmatic helium (Rc/Ra =7.02-7.41). Since most of the Mexican geothermal fields are classified
as convective hydrothermal systems, conduction is unlikely to be the dominating heat transport
mechanism. The trend observed in Fig. 4.4 could alternatively represent the progressive dilution

of magmatic volatiles added together with heat through the addition of meteoric waters during
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convective transfer. The *He/*®Ar ratios ranging from 3.72x102 to 4.42x107 (grey area, Fig. 4.4),
corresponding to ASW at 12-22°C lead to a Q/*He intercept value within the ASW region of
~6x10" J ccSTP'. While this value is three orders of magnitude higher than the mantle Q/*He
ratio, it is consistent with the theoretical value for meteoric waters suggested by Kennedy et al.
[2000] (1x10' J ccSTP™!). Another mechanism that could lead to elevated Q/°He ratios but lower
“He/*°Ar ratios is boiling of hydrothermal fluids. During boiling, helium is removed from the
residual liquid more efficiently than heat, leading to elevated Q/°He ratios. On the other hand, the
higher solubility of argon in water, compared to that of helium, will lead to a lower “He/**Ar ratio
in the residual liquid phase after boiling. Therefore, we propose that heat and magmatic volatiles
are mainly introduced through convective transfer into the hydrothermal system which is
successively diluted by various amounts of meteoric water and partially affected by boiling, as
previously noted in a number of Mexican geothermal fields [e.g., Pinti et al., 2013, 2017; Wen et
al., 2018]. It is worth noting that only samples from Los Humeros and some samples from Los
Azufres show Q/*He ratios below those expected for continental mantle melts (2% partial melting).
These fluids are thus less affected by meteoric water. The lower impact of ASW in these two fields
is also reflected in the high “He/*’Ne ratios [10° -10% Wen et al., 2018; Pinti et al., 2021] compared
to the ASW value (0.273 at 25°C).

Although the mixing trend between the mantle and the meteoric water components is
apparent from Fig. 4.4, identification of the crustal component poses more challenges as the
“He/*SAr ratio in the crust is poorly constrained [Turner et al., 1993]. Any crustal addition of
radiogenic “He* would shift data points to the right side of the general trend [Fig. 4.4; Burnard and
Polya, 2004]. On the other hand, crustal *He/*He ratio is well constrained and distinct from that of

the mantle and the atmosphere (i.e., the meteoric water component) [Ballentine et al., 2002] and
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thus, a plot of Q/°He versus *He/*He is helpful to discriminate the different fluid sources and their

impact on the heat distribution in these hydrothermal systems.

4.5.3. Source of Fluids and Heat Distribution

Figure 4.5 shows the calculated Q/*He ratios vs. “He/*He ratios.

Mixing between DMM and the crust endmembers as well as between the crust and ASW
are represented by straight lines [Kennedy et al., 2000]. The DMM endmember has Q/°He =
2x10'2 J ccSTP! [Lupton et al., 1989] and “He/*He = 90317+11289 [R/Ra=8+1; Allégre et al.,
1995], while the ASW endmember has Q/*He = 6x10'° ccSTPJ"!, as determined from the mixing
trend in Fig. 4.4, and “He/*He = 722534 (R/Ra=1). Radiogenic production of “He* and heat will
move the ASW value toward the crustal endmember [Q/*He = 10'®, R/Ra=0.02; Kennedy et al.,
2000; Fig. 4.5b]. This is defined as the “water aging” effect by Kennedy et al. [2000], as it
corresponds to meteoric water accumulating radiogenic helium over time as the water flows
along a particular flowpath.

Most of the Mexican geothermal fluids plot parallel to the x-axis with some notable
exceptions (Fig. 4.5a). It is apparent that magma degassing, boiling and mixing with meteoric
water are the three major mechanisms leading to most of the observed fractionations between heat
and helium in these fluids. During magma degassing, Q/°He ratios will decrease as transfer of
volatiles, including helium, is more effective than heat [Baker and Lupton, 1990; Lupton et al.,
1999]. The 3He/*He ratios, however, will be not fractionated (data points on the left side of the
DMM endmember; Fig. 4.5a). Data points to the right of DMM endmember can be the result of
two processes occurring in the reservoir. Fluid samples plotting along a line parallel to the x-axis

have Q/*He ratios higher than those of the DMM but also have an unfractionated DMM *He/*He
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ratio. The only process with the potential to decrease the initial magmatic Q/*He but not the helium

isotopic ratio is boiling [e.g., Saby et al., 2020]. During boiling, *He will be preferentially removed
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Figure 4.5 (a) The “He/*He vs Q/°He ratios of the Mexican geothermal fluids. Typical values for the crust,
depleted mantle (DMM) and ASW endmembers are shown (see section 4.5.3 for endmember values); (b)
zoom in to the vicinity of the DMM endmember. Theoretical mixing lines between DMM, the crust and
meteoric water are shown as dashed lines, with the percentages of crustal contribution in the mixture
indicated in yellow. The orange dotted line represents a binary mixing trend between the DMM and a
mixture of ASW and crust with ~75%. crustal contribution. The binary mixing trend between the ASW

endmember and the residual liquid phase after boiling is also shown as black dotted line. The extent of b)
is indicated by the red dashed box in a). Symbols as in fig. 4.3.
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with respect to heat from the boiled phase, leaving the residual liquid with Q/°He higher than the
initial magmatic fluid. Most samples show an increase of the Q/*He value up to 3-5 x 10'° J ccSTP"
!, which roughly corresponds to 10-20% of vapor phase removed by boiling [Saby et al., 2020]. A
few samples from Los Azufres and Las Tres Virgenes deviate and seem to follow a mixing trend
between a residual boiled phase and an ASW (meteoric water) endmember. Fluid from well AZ-
2A in Los Azufres is known to be nearly pure re-injectate brine [Pinti et al., 2013; Nuiez-
Hernandez et al., 2020]. This is consistent with the ASW-like heat and air-like helium isotopic
composition of this sample (Fig. 4.4).

As stated above, there are two notable exceptions to this general trend (Fig. 4.5a). Some of
the Cerro Prieto and Baja California magmatic samples display elevated “He/*He ratios, possibly
due to crustal contributions [Fig. 4.5a, b; Pinti et al., 2019a]. The orange dotted line in figure 4.5a
and b represents mixing between the mantle endmember and an ASW component affected by aging.
It is apparent that those Cerro Prieto and Baja California magmatic samples with elevated “He/*He
ratios fall on this mixing line, indicating addition of radiogenic “He in these samples (Fig. 4.5b).
This is consistent with the presence of fossil water in these reservoirs [cf. Fig. 4.3c¢, this study and
Pinti et al., 2019a]. The hydrothermal samples from Baja California show a significant impact
from meteoric water and potentially, also from the crust, as evidenced by their elevated *He/*He
ratios (Fig. 4.5b).

The presence of a complex mixture of magmatic, crustal and meteoric fluids is also
illustrated by the distribution and fractionation between heat and helium (Figs 4.4 and 4.5). This
should also be reflected in the content of other gases, such as CO>, which is the dominant species

in most Mexican geothermal systems [e.g., Poreda and Arnorssson, 1992].
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4.5.4. Mixing of Geothermal Fluids and Heat as Revealed by CO:, Noble gases and Heat Data

Figure 4.6 plots the CO»/He ratios as a function of their carbon isotopic ratios in CO2
(813C-COy).
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Figure 4.6 The CO»/*He ratios of Mexican geothermal fluids vs the §"*C-CO,. Endmember values of
depleted mantle (DMM), the limestone and the organic-rich sediment endmembers from Sano and Marty
[1995] are shown in red, blue and orange, respectively. Blue dashed lines represent fractionation caused by
carbonate precipitation under 50°C and 110°C following Barry et al. [2020]. Symbols as in fig. 4.3.

Three distinct sources of carbon and helium are shown: a) the mantle (DMM) component
with §'3C-CO2 = -6.5 + 2.5%0 and CO»/*He ratio = 2 + 1 x 10° [Marty and Jambon, 1987; Sano
and Marty, 1995; Marty and Tolstikhin, 1998]; b) limestone with §'*C-CO,= 0+ 2%o and CO»/*He
ratio = 0.1-1 x 10'3 [Sano and Marty, 1995] representing either thermal decomposition of local
limestones [e.g., Pinti et al., 2021] or decarbonation of the marine limestones from the subducting
slab [Sano and Williams, 1996; Mason et al., 2017]; and ¢) organic-rich sediments, with §'3C-CO;
=-30 + 10%o and CO»/*He ratio = 0.1-1 x 10'3 [Sano and Marty, 1995] also representing organic-

matter rich subducting sediments along volcanic arcs. Most of the carbon in the Mexican
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geothermal fluids appears to be a mixture of these three sources (Fig. 4.6). The fractions of each

component in the can be estimated following Sano and Marty [1995]:

813C=Mx (83C)y + S x (8"3C)s + L x (6*30C),, (4.6)
3He 3He 3He 3He

0, ~ MX(go)m + S X (gor)s + Lx (oo (4.7)
M+S+L=1 (4.8)

Average compositions of each endmember used in the estimation are: mantle CO»/°He =
2% 10° and 8'3C-CO2 = -6.5%o; limestone CO»/*He = 1x 10'® and §'3C-CO2 = 0%o; and sediments
CO2/He = 1x 10" and §'3C-CO; = -30%o. The estimated percentages from each C sources are
shown in Table C3, Appendix C. Results show that carbon sources in the Los Azufres field are
dominated by limestone (8.93-98.86%), followed by the mantle contribution (1.14-82.64%), and
finally, organic-rich sediments (0-31.44%). The carbon sources in the Los Humeros field are also
dominated by limestone (42.18-95.51%), followed by mantle (0.05-57.30%), with sediments
representing the lowest contribution (0-15.91%). Limestone is also the dominant carbon source in
Cerro Prieto (44.58-94.58%), while mantle and sediments account for 0.17-53.04% and 0-14.87%
of the carbon, respectively. Significant variations in the contribution from limestone (45.73-
99.8%), mantle (0.14-47.15%) and sediments (0-34.97%) are found in the Baja California samples.
Contributions from sediments are generally higher in Las Tres Virgenes (31.75-35.55%).
However, limestone remains the dominant contributor (54.85-60.44%), with significantly lower
mantle carbon (5.61-12.40%). The dominant limestone’s source for carbon in these geothermal
fields is not surprising, being the subduction of old carbonate platforms, together with mantle
carbon, the postulated main sources of carbon in volcanic-arc emissions [Mason et al., 2017].

However, the dominance of a limestone source for carbon in Cerro Prieto, within a spreading
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center, is unexpected. This main limestone source for carbon can be resolved if part of the volatiles
of these field are supplied by the old subducted Farallon plate [Batista-Cruz et al., 2019].

Some of the Baja California hydrothermal and magmatic samples plot outside of the three-
component mixing domain, with both §'°C-CO, and CO»/*He ratios lower than DMM (Fig. 4.6).
The decrease in CO2/°He and in §'3C-CO; values may result from the loss of mantle CO> due to
the temperature-controlled precipitation of calcite in hydrothermal systems, first proposed by Ray
et al. [2009]. In a CO»-calcite system under relatively low temperature (<192°C), calcite is
enriched in '*C compared to CO,. Thus, the precipitation of calcite in hydrothermal systems can
lead to the removal of COz in hydrothermal fluids and to preferential loss of 1*C, resulting in lower
8!3C-CO; values [Ray et al., 2009; Giile¢ and Hilton, 2016]. The fractionation lines caused by
calcite precipitation under 50 and 110°C are calculated following Barry et al. [2020] and are shown
as blue dotted lines (Fig. 4.6). It is apparent that those Baja California samples that fall outside of
the three-component domain fall between the two fractionation trends, suggesting calcite
precipitation at shallow levels and relatively low temperatures (50-110°C), similar to the scenario
suggested by Barry et al. [2020].

Calcite precipitation seems to be a shallower process that does not affect deeper geothermal
fluids (Fig. 4.6). Only in Las Tres Virgenes, calcite precipitate in large amounts in the borehole,
but caused by the drop of pressure and not having consequences on the C isotopic ratios [Richard
et al., 2019]. Indeed, none of the sampled deep fluids in geothermal wells show C fractionation
that resulted from calcite precipitation (Fig. 4.6). This is an important finding that needs further
investigation. In a carbon systematics study in deeply sourced springs along the Costa Rica forearc,
Barry et al. [2019] showed that about 91% of carbon released from the Cocos plate and mantle is

sequestered within the crust by calcite deposition. The total amount of sequestered carbon
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corresponds to ~19% of the carbon that does not participate in recycling. In the Mexican section
of the Cocos Plate, however, this is not observed and may result from a heterogeneous distribution
of balances between C sources and sinks along volcanic arcs. This observation requires further
investigation.

Based on Fig. 4.6, identification of potential contributions from ASW is challenging as the
813C-COz in atmospheric CO; [~7.6-7.8%o; Francey et al., 1999] is indistinguishable from the
mantle value range (-6.5 = 2.5%o0), and the ASW CO,/°He (3.76x10° — 7.84x10° from 10-25°C)
[Smith and Kennedy, 1983] is also close to the mantle endmember value (2 = 1 x 10°).

To investigate the existence of all three components in the Mexican geothermal samples as
well as the potential relationship between CO> and heat, CO2/°He ratios are plotted as a function
of the estimated Q/*He ratios (Fig. 4.7; Table C2). Except for samples from Los Humeros and Los
Azufres that fall to the left of the DMM endmember due to magma degassing as previously
discussed, it is apparent that most samples fall within the domain constrained by the average
compositions of the crust, the DMM and ASW at 17°C (Fig. 4.7). If a CO»/°He value range of
1x10'% - 1x10' is considered for the crustal endmember as proposed by O’Nions and Oxburgh
[1988], most samples to the right of the DMM endmember fall within the mixing area delimited
by the magma and upper and lower boundaries of the crustal component (Fig. 4.7, orange shaded
area).

The contribution from meteoric water is also apparent for some samples, those falling
below the mixing line between the DMM and the lower crustal bound. Samples that display a
potential contribution from meteoric water are those from Las Tres Virgenes in Baja California, in
addition to a few samples from the Los Humeros and Los Azufres. By contrast, none of the Cerro

Prieto samples fall within this area. The absence of a meteoric water component in Cerro Prieto is
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consistent with previous findings by Pinti et al. [2019a] who concluded that Cerro Prieto fluids
received limited amounts of modern meteoric water. Lower CO2/°He ratios in Baja California

samples compared to mantle values are due to carbonate precipitation, as previously discussed.
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Figure 4.7 The Q/He vs CO,/°He ratios of Mexican geothermal fluids. The average compositions of
depleted mantle (DMM), crust and ASW at 22°C are shown, while black dashed lines indicate binary
mixing between these three endmembers. Orange shaded area indicate the extent of mixing between magma
and the upper/lower limits of the crustal component, with CO,/*He ratios equal to 1x10'? and 1x10'* [Sano
and Marty, 1995], respectively. Symbols as in fig. 4.3.

To quantitively evaluate the contribution of the mantle, crust and meteoric water
components in these samples, measured R/Ra ratios are plotted as a function of: a) CO»/°He ratios
(Fig. 4.8a); and b) the CO»/*He ratios (Fig. 4.8b). It is apparent that most samples fall within the
domain constrained by DMM and the upper and lower bounds of the crustal component (orange
shaded area; Figs. 4.8a, b). This mixing trend between the crustal and the DMM endmembers was
not previously observed in hydrothermal systems [e.g., O’Nions and Oxburgh, 1988; Marty and
Jambon, 1987; Poreda et al., 1988]. Sano et al. [1994] suggested that the original binary mixing

pattern between the mantle and the crustal components in hydrothermal systems might be altered
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by the physical and chemical properties of the hydrothermal fluids (e.g., temperature and pH).
However, unlike those hydrothermal samples from hot springs and fumaroles previously analyzed
[e.g., O’Nions and Oxburgh, 1988; Marty and Jambon, 1987; Poreda et al., 1988], most samples
in this study are magmatic gases from deep production wells. It is thus likely that physical and
chemical processes that lead to fractionation of CO; and He might occur only in shallow, relatively
low temperature environments. Indeed, significant variations in CO/He ratios do exist in some
samples from Baja California, where significant hydrothermal activity at shallow levels may take
place [Batista-Cruz et al., 2019; Barry et al., 2020].

A few samples from the Los Humeros and Cerro Prieto show extremely high CO2/He or
CO2/*He ratios and fall outside of the DMM-crustal domain (orange shaded area, Fig. 4.8a, b).
These are possibly the result of intense limestone decarbonation [e.g., O’Nions and Oxburgh, 1988]
or solubility-controlled fractionation between CO> and He [Sano et al., 1994]. The fractions of

each component in individual samples can be resolved based on simple mass balance equations:

R R R R

Ra =M X (E)M + S X (g)s +LX (E)L (49)
TE=MX (GOM+SX (5D)s +Lx (5L (4.10)
M+S+L=1 (4.11)

where M, S, and L refer to the mantle (DMM), sediments, and limestones respectively. The
CO2/He endmember value of the crustal component is set to its upper limit (1x10'%). The
percentages of each component in the Mexican geothermal samples are listed in Table C3,
Appendix C. It is apparent that samples from the Los Humeros and Los Azufres fields, in the
TMVB, have generally higher fractions of the mantle contribution, averaging 85.8% and 79.1%,
respectively. Samples from Baja California, including the Las Tres Virgenes and the hydrothermal

samples from Batista-Cruz et al. [2019], display the highest crustal content, averaging 12.2% and
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25.9%, respectively. The highest meteoric water content appears in the Baja California samples.
Overall, most of the CO» and helium present in the Mexican geothermal reservoirs have a mantle
origin. Abundances of crustal and atmospheric components vary significantly and display clear

spatial variations among each field.
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Figure 4.8 (a) CO»/°He and (b) CO»/*He ratios plotted as a function of R/Ra ratios measured in Mexican
geothermal fluids. The average compositions of depleted mantle (DMM); crust and meteoric water at 22°C
are shown. Black dashed lines indicate binary mixing between these three endmembers. Orange shaded
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Symbols as in Fig. 4.3.
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4.5.5. Fractionation Between Heat and Volatile Species: Dependence on Magma Degassing?

From the discussion above, it is apparent that significant fractionation between heat and
helium has occurred as evidenced by the wide range of Q/°He and noble gas ratios present in the
different Mexican geothermal reservoirs (Figs. 4.4, 4.5a, b and 4.7). Samples that display lowered
Q/*He ratios with respect to the mantle value (Fig. 4.4 and 4.5) are possibly the result of magma
degassing, which could also lead to elevated He/Ar ratios due to their diffusivity differences as
discussed in section 5.2. However, most samples display a relatively narrow CO2/*He value range
compared to the Q/*He and noble gas isotope ratios (e.g., “He/*®Ar), without an indication of
significant fractionation (Fig. 4.7).

Similar results were also reported in high temperature geothermal systems in Iceland, as
relatively constant CO,/°He ratios were found in both volcanically active and quiescent areas,
although several orders of magnitude of difference should be expected based on solubility-
controlled degassing models [Poreda and Arnodrsson, 1992]. To exclude the potential impact from
meteoric water, as discussed in previous sections, CO2/He ratios are plotted as a function of the
air-corrected “’Ar*/*He* (Fig. 4.9). Crustal “°Ar*/*He* is calculated based on the production ratio
of “°Ar and “He in crustal rocks. These **Ar*/*He* ratios vary between 0.167 and 0.5 [Ballentine
et al., 2002], while mantle “°Ar*/*He* is determined based on MORB data [Ozima and Zashu,
1983; Sarda and Graham, 1990; Hiyagon et al., 1992] with values varying between 0.208 and
0.714.

It is apparent that most of the samples in the Mexican geothermal systems show a narrow
range of CO,/°He ratios (~10° - 5x10'), close to that of the mantle endmember, while displaying
a wide range of “°Ar*/*He* ratios (~0.02 — 30; Fig. 4.9). In figure 4.9, three groups can be identified:

1) a large group with CO»/*He ratios falling between the mantle and crustal endmembers and
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40Ar*/*He* ratios close to or lower than DMM values; 2) a group displaying “°Ar*/*He* ratios
higher than the mantle endmember value, represented by samples from Baja California, Los
Humeros and Cerro Prieto (red circle, Fig. 4.9), and; 3) a group displaying CO»/*He ratios lower
than DMM, represented by some Baja California samples (below the blue dotted line; Fig. 4.9).
Among the first group, the Cerro Prieto and Las Tres Virgenes samples display *’Ar*/*He* ratios
within DMM values, and CO2/°He ratios between the DMM and crustal endmembers, suggesting

mixing between these two components (Fig. 4.9). The remainder of the samples, mostly from Los
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Figure 4.9 CO./°He ratios plotted as a function of air-corrected (terrigenic) *“’Ar*/*He* ratios of the
Mexican geothermal fluids. The depleted mantle endmember (DMM) and crust endmembers are shown.
The extent of area affected by calcite precipitation is indicated by the blue arrow.

Humeros and Los Azufres, show *°Ar*/*He* ratios close or lower than the suggested DMM value
range, but no correlation is observed between “°Ar*/*He* and CO./°He ratios (Fig. 4.9). All of the
“magma degassing” samples in Fig. 4.7 belong to this group. If the fractionation between all
volatile species during magma degassing is controlled by the solubility of each gas in silicate melt,

a negative correlation should be expected between *°Ar*/*He* and CO,/*He ratios as helium is

186



more soluble than CO; but less soluble than Ar [Lux, 1987; Pan et al., 1991]. Similarly, if diffusion
is the dominating mechanism, a positive correlation should also be observed between both ratios
as helium has higher diffusivity than both, CO; and Ar [Lux, 1987; Fisher, 1997]. Therefore, the
absence of a correlation between “°Ar*/*He* and CO»/He ratios suggests that fractionation
between CO> and helium is controlled by a different mechanism than that of fractionating He and
Ar. Based on the lack of apparent CO»/He ratio variations in high temperature Icelandic
hydrothermal fields, Poreda and Arnorsson [1992] suggested that CO2 and *He may have very
similar solubilities in basaltic melt. Alternatively, it is possible that the degassing process does not
fractionate the two gas species. No conclusive determination could be made. Absence of apparent
fractionation between *He and CO. during hydrothermal circulation was also reported in the East
Pacific Rise [Resing et al., 2004]. Subsequently, Gonnermann and Mukhopadhyay [2007]
proposed that helium degassing from melt is not limited by its diffusivity as helium is highly
diffusive. Rather, the degassing of helium is likely controlled by the CO> content in the parental
magma, as higher CO, abundance can dilute helium in the gas phase, reducing its partial pressure
and causing more extensive degassing of mantle helium. Under this scenario, the release of helium
and COz is not determined by their respective solubilities or diffusivities, and thus, may not follow
the fractionation pattern mentioned above. If the parental magmas have similar amounts of CO»,
then a consistent level of degassing should be expected for the mantle helium and therefore, a
fairly uniform CO,/*He ratio should be observed in the gas phase. On the other hand, degassing of
Ne and Ar is limited by their diffusivities and thus, less efficient compared to helium, resulting in
lowered He/Ne and He/Ar ratios. Another possible explanation for the lack of fractionation

observed between CO» and helium is that, since limestone is the dominating contributor of CO> in
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most samples, including those affected by magma degassing, the original fractionation pattern
between CO> and helium may have been masked by the addition of non-mantle carbon dioxide.
As for the second group of samples (including the red circle, Fig. 4.9), their elevated
40Ar*/*He* ratios are possibly the result of solubility-controlled degassing and fractionation, since
Ar is more soluble than He and exsolves less efficiently than helium [Burnard, 1999]. Most of
these samples also display elevated CO2/°He compared to the first group, which has been attributed
to the decarbonation of limestone (see above). There may be a positive correlation in the remaining
three samples from Baja California and Los Azufres, with elevated *“’Ar*/*He* ratios but with
CO2/*He ratios close to those of group 1 (Fig. 4.9). However, due to the low number of samples,
a definitive conclusion with respect to the presence of a correlation is not possible at this time. The
last group of samples displays CO2/°He ratios lower than the DMM, a result of calcite precipitation
as discussed in the previous section. Their highly variable *°Ar*/*He* ratios may reflect the
combined impact of solubility or diffusivity-controlled fractionation, as well as the contribution of

meteoric water.

4.6. Conclusions

The combined study of six Mexican geothermal fields, from both the TMVB (Los Humeros,
Los Azufres, Cerritos Colorados and Acoculco) and Baja California (Cerro Prieto and Las Tres
Virgenes) using published [Pinti et al., 2013, 2017, 2019a, 2019b; Wen et al., 2018; Batista-Cruz
et al., 2019] and unpublished (this study) data, reveal the presence of heat and volatile species
(noble gases and CO) from three distinct sources: the crust, the mantle and the atmosphere, and
highlight general fractionation patterns between volatiles and heat. Significant differences are

observed in helium isotopic ratios (R/Ra) between TMVB (7.14-7.27) and Baja California samples
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(1.21-6.62), with TMVB samples displaying more pristine mantle signals. These differences
reflect the presence of distinct tectonic settings, where the TMVB geothermal fields are directly
impacted by active magma sources associated with subduction of the Cocos plate, while Baja
California reservoirs are primarily affected by crustal contributions from the subducted fossil
Farallon Plate, although the latter are currently located within spreading centers. The presence of
a meteoric water component is suggested by low R/Ra ratios in Baja California hydrothermal
samples (1.21-6.62), while the existence of a local crustal component is suggested in the Cerro
Prieto samples as evidenced by the *He/*’Ar vs *He/*’Ar relationship. The relation between helium
and CO, (CO2/°He) and carbon isotopic signature (5'°C) allows further identification of volatile
sources in these fields. The most prominent feature observed across fields, whether they are located
within a volcanic arc (TMVB) or spreading centers (Gulf of California) is the presence of varying
amounts of mantle carbon sources (0.05% - 82.64%) as well as carbon originating from limestone
(8.93% - 99.80%). Contribution of carbon from sediments is generally significantly smaller (0% -
35.55%). This is consistent with worldwide observations in arc-volcanic settings, where old
carbonate platforms are subducted, adding carbonate C to volcanic emissions. Some of the Baja
California samples display CO2/*He ratios below mantle values, likely due to CO> loss from calcite
precipitation. However, this process appears to solely affect near surface geothermal
manifestations.

A combined analysis of the heat/helium (Q/°He) relationship with noble gases (*He/*®Ar)
shows that the main mechanisms of transport during magma degassing for heat and magmatic
volatiles at the magma/hydrothermal interface is convection. Boiling and dilution by meteoric
water led to further fractionation of heat and volatiles. Magma degassing of volatile species (He

and Ar) seems to be controlled by their diffusivities in melts, while convection transfers He more
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rapidly than heat and Ar, fractionating the original mantle Q/°He ratios toward lower values and
“He/*Ar ratios toward higher values. The simultaneous presence of mantle, crust and meteoric
water components is evidenced by the correlation between Q/°He and R/Ra ratios in fluids. A
significant influence from the meteoric water endmember is observed in some of the Las Tres
Virgenes, Los Azufres and the Baja California hydrothermal samples, while a clear crustal
contribution is found in Cerro Prieto and Baja California magmatic samples.

Systematic analysis of heat, noble gases and CO; in geothermal samples show how crust,
mantle and meteoric water components affect heat and redistribute it within geothermal reservoirs.
Although magma degassing and successive convective transport fractionate heat and noble gases
(He and Ar), this seems not be the case for CO2/°He, as most fluids display a relatively narrow
range of CO»/*He ratios that display no correlation with *°Ar*/*He*. The absence of significant
fractionation in CO»/°He ratios is an indication that helium degassing is controlled by the CO»
content in parental magma, as higher CO» abundances can dilute helium in the gas phase, reducing
its partial pressure and causing more extensive degassing of mantle helium. If the parental magmas
have similar amounts of CO», a consistent level of degassing should be expected for mantle helium,
and therefore, a fairly uniform CO»/°He ratio should be in the gas phase. On the other hand, release
of noble gases heavier than He is dependent on their diffusivities, leading to less extensive
degassing of these noble gases, and therefore, lowered elemental ratios, including He/Ar ratios. It
is also possible that the observed fractionation pattern between CO> and helium was modified by
the addition of non-mantle carbon. However, further in-depth work is needed to better understand
the mechanisms of degassing-related fractionation in geothermal systems. Overall, heat from

magmatic sources is convectively transferred into the Mexican geothermal systems, while mixing
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with multiple fluid components, boiling and chemical processes (e.g., calcite precipitation) lead to

the redistribution and fractionation between heat and volatile species.
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CHAPTER 5

Summary and Conclusions

This final chapter summarizes the major findings of previous chapters, in addition to

providing an overall conclusion of this dissertation.

5.1. Summary of Major Results

Chapter 2: This chapter presents a noble gas study of natural gas samples from the
Panhandle and Hugoton Fields (PHF), to investigate the composition, sources and migration of
both hydrocarbons and noble gases in the PHF. PHF samples are generally enriched in terrigenic
noble gases (*He*, ?'Ne* and “°Ar*). A positive correlation between terrigenic noble gases (*He*
and 2'Ne*) and methane is observed in the west Panhandle Field, suggesting that both are produced
and/or transported together from adjacent basins in the west, e.g., Palo Duro and Dalhart basins.
By contrast, east Panhandle samples display no correlation between methane and terrigenic noble
gases. Instead, a positive correlation between terrigenic noble gases and depth is apparent,
suggesting a dominant upward flux from underlying strata and basement rocks. A combined
analysis of the He and Ne isotopic compositions reveal the presence of a primordial, OIB-type
mantle component in the east Panhandle Field, likely originating in the mantle plume associated
with the Wichita Igneous Province. However, an origin in the SCLM cannot be ruled out. The west

Panhandle samples display both mantle helium and CO> contents higher than those in east
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Panhandle, suggesting contributions originating in the Bravo Dome field. The observed
correlations between *He*/*°Ar* and >'Ne*/**Ar* in the PHF samples shows that all samples have
solubility-controlled fractionation patterns similar to the crustal components, suggesting an
external input from crustal sources. A first-order estimation of “He* and “°Ar* production shows
that in the west Panhandle and Hugoton Fields, in-situ contributions of “He* vary from 5.11% to
21.76%, and from 9.15% to 26.46% for “°Ar*. In the east Panhandle Field, the contributions vary
from 28.53% to 65.46% for *He*, and from 21.22% to 78.79% for “°Ar*. “Ar relative ages are
increasingly older from east Panhandle to Kansas Hugoton to west Panhandle, Texas and
Oklahoma Hugoton. More interaction with groundwater in West Panhandle, Texas and Oklahoma
Hugoton gas results in higher Vw/Vg ratios and higher concentrations of terrigenic noble gases,
likely being collected by groundwater from adjacent basins. The relatively low Vw/Vg ratios and
terrigenic noble gas contents in east Panhandle samples are consistent with the shortest migration
distance, youngest migration ages and absence of significant groundwater flow in this area. These
findings confirm that noble gases are excellent tracers in fingerprinting the sources and migration
of subsurface fluids in conventional hydrocarbon systems.

Chapter 3: This chapter presents a comprehensive noble gas study of shale gas samples
from the unconventional Eagle Ford Shale play in southwest Texas, to explore the tectonic and
magmatic history of the region, as well as how fault-fracture networks and deep crustal structures
may have affected the formation and evolution of its hydrocarbon reservoirs. All noble gases reveal
the presence of a crustal component, and a positive correlation between methane and crustal noble
gases, suggesting a common origin for both. Two outliers fall above the observed trend with
significantly higher crustal noble gas contents compared to those collected from the same wells,

suggesting the existence of different hydrocarbon sources, and interconnectivity between
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reservoirs either through faults or fracture systems. A combined in-depth analysis of He and Ne
isotopic compositions reveals the presence of two distinct mantle endmembers in most samples. A
primordial, solar-like mantle component is observed in the north and west portions of the shale
play in southwest Texas, likely originating in a shallow refractory reservoir in the SCLM
underneath the Laurentian craton. A solar-like signature possibly entered the shale reservoir during
late Cretaceous volcanic activity or during reactivation of major fault systems in the Miocene. On
the other hand, a mantle signature corresponding to a MORB component is observed in the center
of the study area, suggesting the presence of an old rift system, with a SW-NE orientation. This
MORB-defined rift likely corresponds to the Ouachita Rift during the breakup of Rodinia, after a
~28° clockwise rotation. Relative “°Ar ages of the Eagle Ford gas samples become increasingly
younger from east to west, pointing to the presence of ~20-25 km wide age blocks. The clear
spatial variation pattern in relative ages supports the presence of small transform faults with a NW-
SE orientation, and also a highly developed compartmentalization in the shale reservoir. This study
highlights the application of noble gas geochemistry in tracing hydrocarbon sources, identifying
tectonic implications, and characterizing reservoir properties in unconventional hydrocarbon
systems.

Chapter 4: This chapter focuses on noble gases, CO> and stable carbon isotope (5'°C-COz)
data in six Mexican geothermal fields. It reveals the presence of heat and volatile species from
three distinct sources, the crust, the mantle and the atmosphere, while highlighting general
fractionation patterns between volatiles and heat. Significant differences in helium isotopic ratios
(R/Ra) are observed between the Trans-Mexico Volcanic Belt (TMVB) (7.14-7.27) and Baja
California samples (1.21-6.62), with TMVB samples displaying more pristine mantle signals.

These differences reflect the presence of distinct tectonic settings, where the TMVB geothermal
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fields are impacted by active magma sources associated with subduction of the Cocos plate, while
Baja California reservoirs are primarily affected by crustal contributions from the subducted fossil
Farallon Plate. The presence of varying amounts of mantle carbon sources (0.05% - 82.64%) as
well as carbon originating from limestone (8.93% - 99.80%) are observed through CO,/*He ratios
and carbon isotopic signatures (5'°C-COz). Contribution of carbon from sediments is generally
smaller (0% - 35.55%). These findings are consistent with worldwide observations in arc-volcanic
settings, where old carbonate platforms are subducted, adding carbon to volcanic emissions. Some
of the Baja California samples collected from near surface geothermal manifestations display
CO2/*He ratios below typical mantle values, likely due to CO; loss from calcite precipitation. A
combined analysis of heat/helium ratios (Q/*He) with “He/**Ar ratios shows that convection is the
main mechanism controlling the transport of heat and magmatic volatiles during magma degassing.
Further fractionation between heat and volatiles is caused by boiling and meteoric water dilution.
The presence of mantle, crust and meteoric water components is evidenced by the correlation
between Q/°He and R/Ra ratios. A significant influence from the meteoric water endmember is
observed in some of the Las Tres Virgenes, Los Azufres and the Baja California hydrothermal
samples, while a clear crustal contribution is found in Cerro Prieto and Baja California magmatic
samples. The absence of significant fractionation in CO»/*He ratios is an indication that helium

degassing is controlled by the CO; content in parental magma rather than helium diffusivity.

5.2. Overall Conclusions

This dissertation focuses on stable noble gases (He, Ne, Ar, Kr, Xe), major gases (e.g., CHa,
COy), and stable isotopes (8'3C-COy) in subsurface fluids within hydrocarbon (conventional and

unconventional) systems, as well as noble gases, volatiles (e.g., CO2) and heat in geothermal
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systems. This dissertation investigates 12 natural gas samples from 12 production wells in the
Panhandle Field, and published noble gas dataset from Ballentine and Lollar [2002] in the Hugoton
Field; 13 shale gas samples from 7 production wells, as well as published noble gas data from
Byrne et al. [2018] and Harington et al [2015] in the Eagle Ford Shale play; and 132 geothermal
fluid samples from production wells, fumaroles and hot springs in Mexico, together with published
dataset from Batista-Cruz et al., [2019] in the Baja California area. It explores the information that
noble gases can provide in conventional and unconventional natural gas systems in terms of
hydrocarbon sources, fluid migration, reservoir interconnectivity and compartmentalization, and
tectonic implications. In geothermal systems, noble gases reveal heat and volatile sources, and
fractionation mechanisms between heat and volatile species. Noble gas geochemistry is a powerful
tool to fingerprint subsurface fluids in various types of energy systems. This dissertation has
societal relevance in both hydrocarbon (conventional and unconventional) production and
geothermal energy exploitation, to cope with the soaring demand for clean energy and the
challenge to address global climate change. Findings in this dissertation are an important
complement to our current understanding of subsurface energy systems, and can facilitate the
advancement in exploration and management strategies in natural gas and geothermal energy
production. This dissertation has important implications to the fields of petroleum geology,

hydrology, and geothermal research.
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APPENDICES

Additional text, tables and figures that support the results and discussions in Chapter 2-4
are provided in Appendices A, B and C, respectively.

Appendix A includes additional text and two figures (Figs. A1-A2) that support the
results in chapter 2.

Appendix B includes additional text and one figure (Fig B1) that support the results in
chapter 3.

Appendix C includes three additional tables (Tables C1-C3) that support the results in

chapter 4.
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Appendix A

Supplementary Materials for Chapter 2

Appendix Al. Mass Fractionation

Mass fractionation is calculated after Kaneoka [1980] [see also Aston, 1933], whose model
is defined as an isotopic separation by diffusion through porous material. The modeled
fractionation results in two gas reservoirs, the residual gas and the diffused gas. Since isotopes
with lighter mass will diffuse faster than heavier isotopes, heavier isotopes should be enriched in
the residual gas while light isotopes should be enriched in the diffused gas. Marty [1984] [see also
Matsumoto et al., 2004] reviews the gaseous diffusion processes that create elemental and isotopic
fractionation in natural gases and distinguishes three mechanisms that may affect noble gases: a)
free-molecule diffusion; b) mutual diffusion, and c) thermal diffusion. Molecular diffusion has the
greatest potential to create fractionation between different isotopes. The mass fractionation lines
(MFL) derived both following Kaneoka [1980] and Marty [1984] for molecular diffusion are
shown in Fig. A1 where 2°Ne/**Ne ratios are plotted as a function of **Ar/**Ar. It is apparent that
mass dependent fractionation can be ruled out as the source of higher measured 2’°Ne/?’Ne ratios
in most of the eastern side samples, except for sample Johnson-5 (Fig. Al). Indeed, most of the
eastern side samples with high ?°Ne/**Ne ratios are plotted directly above the MDF lines (solid
black and red dashed lines), ruling out the possibility of single or multiple (not shown) MDF stages
from an atmospheric component. In contrast, nearly all samples from the western side fall on the
MDF lines within their 1-sigma error, suggesting potential impact from MDF (Fig. A1l).

Thermal diffusion, as described by Marty [1984], do not apply to our eastern Panhandle

samples. Indeed, extreme temperature differences are required to generate significant fractionation

207



between isotopes through thermal diffusion. Marty [1984] demonstrated that a temperature
difference of 340°C, which is about 10 times higher than the reservoir temperature (~30°C, inferred
from gas-water contact temperature estimated in Brown, 2019), can only result in ~2.5%
enrichment of 2’Ne over 2’Ne. Therefore, thermal diffusion cannot be responsible for the observed
high 2°Ne/**Ne ratios in the eastern Panhandle samples. Mutual diffusion [not shown; Marty, 1984]
also cannot account for the high measured >°Ne/*’Ne ratios.

Besides MDF, mixing with crustal component can also account for the alteration of the
original isotopic ratios. In Fig. A2, measured 2!Ne/**Ne ratios are plotted as a function of **Ar/*®Ar
to compare the impact of MDF and crustal component. It is apparent that all of the Panhandle
samples fall above the MDF lines, indicating a negligible influence from MDF compared to crustal

input, and the elevated 2'Ne/**Ne ratios reflect significant contribution from crust.
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Figure A1 Measured 2°Ne/**Ne ratios plotted as a function of 3*Ar/*®Ar ratios. Mass-dependent fraction
lines from an atmospheric component following Kaneoka [1980] and Marty [1984] are shown.
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Figure A2 Measured *'Ne/**Ne ratios plotted as a function of *¥Ar/*°Ar ratios. Mass-dependent fraction
lines from an atmospheric component following Kaneoka [1980] and Marty [1984] are shown

Appendix A2. Atmospheric Ne Removal and Optimized Crust-Solar Mixing Line

The procedure followed for separation of the atmospheric Ne component was that
described in detail by Ballentine and O’Nions [1992] and Ballentine [1997], in addition to some
modifications subsequently implemented by Castro et al. [2009]. In these studies, two variables
needed to be determined for the separation of different Ne components: the Kcrust+mante) value
which controls the curvature of the He-Ne hyperbolic mixing line, and the crustal >'Ne/*’Ne ratio.
Kerustmantte = (YHe/22Ne)erus/(*He/??Ne)mante, where (*He/?’Ne)erust and (*He/*>Ne)mante are the
crustal and mantle (MORB, OIB, Solar) “He/**Ne elemental ratios, respectively (Table 2.4). In
Castro et al. [2009], optimal values for K(crustimantie) and crustal >'Ne/**Neerust Were obtained using

a x> minimization procedure developed based on Ballentine [1997]. In that study, the sum of
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squared error-weighted misfits of air corrected Ne ratios to a He-Ne mixing curve was plotted as
a function of K crust+mantie) and the crustal >'Ne/*’Ne ratio. An optimal set of values was determined
at the point where the resulting y? statistic was a minimum. However, for the eastern Panhandle
samples, the y?> minimization procedure does not yield a reasonable estimate of the needed value
and without a minimum %> value, it is not possible to obtain an optimized Kcrustimantey and
corresponding crustal 2!Ne/?*Ne ratio. The difficulty to apply a x* analysis on the eastern Panhandle
samples relates to the limited number of samples (6 in total, with Johnson-5 being potentially
fractionated) and the narrow range of air-corrected R/Ra ((R/Ra).) ratios in these samples (0.1 —
0.26), since a set of closely scattered data points are not ideal for the curve fitting procedure. In
comparison, the air-corrected R/Ra ratios in Ballentine [1997] and Castro et al. [2009] range from
0.1 to 5 and from 0.05 to 1.3, respectively. Therefore, in this study, the separation of different Ne
components was done following Ballentine and O’Nions [1992], with fixed endmember values of
ONe/?Neair = 9.8, 2'Ne/Near= 0.029, 2'Ne/*Necuss = 0.3, ?'Ne/*Necwst =0.47,
20Ne/*’Nemante=13.8 and >'Ne/*’Nemante=0.035 (Table 2.4). Instead of being determined from the
¥> minimization procedure, an average crustal value of 0.47 was used as 2'Ne/*’Necnst (Table 2.4).
The calculated air-corrected (*’Ne/**Neé)crustrmantie and (*'Ne/**Ne)crustmantle values are listed in Table
2.5. An analysis of the air-corrected He and Ne isotopic ratios reveals that most of the eastern
samples with a solar-like component (Griffin-2, Hanner-No1-x, Johnson-3, Tibbets-No1l, Wilson-
2) falls on a similar mixing trend to that estimated for the Michigan Basin samples, with a slightly
different (*'Ne/?*Ne)crustmantie 0f 0.47 as opposed to that estimated for the Michigan Basin samples
of 0.33. The similar crust-Solar mixing trend exhibited for both the eastern Panhandle gas samples
and that of Michigan Basin brines suggests that this primordial component has a similar source at

both locations.
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It has been argued that MORB and OIBs might have similar *He/**Ne values [e.g., O'Nions
and Tolstikhin, 1994; Gonnermann and Mukhopadhyay, 2007]. Recent studies, however, suggest
an obvious heterogeneity of *He/*’Ne values in different mantle sources [e.g., Tucker and
Mukhopadhyay, 2014]. We have performed calculations using these values. It is apparent that
changes in these mixing curves using different’He/*’Ne values are minor and have no impact on

our conclusions.
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Appendix B

Supplementary Materials for Chapter 3

Appendix B1. Nucleogenic Production of*’Ne

Production of **Ne in the crust is dominated by nuclear reactions ’O(a,n)*’Ne and
2 Na(n,0)*°Ne [Wetherill, 1954]. 2’Ne production rates can be estimated for variable U, Th, O and
Na compositions in the host rock following Ballentine and Burnard [2002]. For the composition
of the average lower Eagle Ford shale (U=4 ppm and Th=6 ppm, O=28.7 wt% and Na=0.43 wt%)
[Tinnin and Darmaoen, 2016], the *°Ne production rate is 1.96x102'cm>STP/g. Consider an
average porosity of 8% [Gherabati et al., 2016], complete release of Ne from host minerals and
assumptions similar to those used in the in-situ production estimation of “He* and “°Ar*[ Appendix
B5], it takes at least 2 Ga to produce the amounts of non-atmospheric 2°Ne observed in these
samples. This age is significantly older than the formation age of the Eagle Ford shale (~96 Ma).
Alternatively, if we consider the production of 2°Ne in the upper crust (U=2.8 ppm, Th=10.7 ppm,
0=47.8 wt% and Na=2.89 wt%) [Rudnick and Fountain, 1995], 1.6 Ga would still be required to
produce the observed excess 2°Ne in the Eagle Ford samples.

Of greater significance is the fact that the ??Ne nuclear production rate is far more
pronounced in the crust than that of 2’°Ne [Wetherill,1954; Ballentine and Burnard, 2002], thus
leading to an extremely small 2°Ne/*’Ne crustal production ratio of ~0.3 (Table 3.4). Consequently,
in the event that the excess 2’Ne is solely the result of crustal production, the expected 2’°Ne/*>Ne
ratios in the samples should vary between 1.3-5.7, much lower than the atmospheric ratio of ~9.8,

as opposed to our observed values above the atmospheric 2°Ne/*’Ne ratio. Crustal nuclear reactions
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can therefore be ruled out to explain the observed °Ne excesses in the Eagle Ford samples and

corresponding high ?°Ne/**Ne values.

Appendix B2. Mass Fractionation

Mass fractionation is calculated after Kaneoka [1980] [see also Aston, 1933], and Marty
[1984] (see also Matsumoto et al., 2004). Details are described in Appendix Al. The mass
fractionation lines (MFL) derived both following Kaneoka [1980] and Marty [1984] for molecular
diffusion are shown in Fig. B1 where 2’Ne/**Ne ratios are plotted as a function of 3Ar/*%Ar. It is
apparent that mass dependent fractionation can be ruled out as the source of higher measured
2ONe/*?Ne ratios in most of the Eagle Ford gas samples and particularly in samples with the highest
2Ne/**Ne values (Fig. B1). Indeed, most samples with high °Ne/?’Ne ratios have their **Ar/*®Ar
ratios similar to or lower than the atmospheric value (0.188) and plot directly above the MDF line
(solid black and red dashed lines), ruling out the possibility of single or multiple (not shown) MDF
stages from an atmospheric component.

Thermal diffusion, as described by Marty [1984], do not apply to our Eagle Ford samples.
Indeed, extreme temperature differences are required to generate significant fractionation between
isotopes through thermal diffusion. Marty [1984] demonstrated that a temperature difference of
340°C, which is about 4 times higher than the reservoir temperature in the sampled oil production
zone [~90°C; Gherabati et al., 2018], can only result in ~2.5% enrichment of 20Ne over **Ne.
Therefore, thermal diffusion cannot be responsible for the observed high *°Ne/?’Ne ratios in the

Eagle Ford samples.
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Figure B1 Measured 2°Ne/**Ne ratios plotted as a function of *¥Ar/**Ar ratios. Mass-dependent fraction
lines from an atmospheric component following Kaneoka [1980] and Marty [1984] are shown.

Appendix B3. Atmospheric Ne Removal and Optimized Crust-Solar Mixing Line

The procedure followed for separation of the atmospheric He and Ne components are
described in detail in Appendix A2. The calculated air-corrected (*°Ne/?*Ne)crustrmante and
(*'Ne/”Ne)erustimante values are listed in Table 3.5. Calculated (*’Ne/*’Ne)crustimante and
(*'Ne/?*Ne)crustmantle Tatios of sample A3-a are associated with very large estimated errors. For
clarity purposes, sample A3-a is not included in the table and the figures. An analysis of the air-
corrected He and Ne isotopic ratios reveals that the bulk of the Eagle Ford samples with a solar-
like component (A7-a, A7-b, A6, A5-a, A5-b, Al-a, A2-a) falls on a similar mixing trend to that
estimated for the Michigan Basin samples, with a slightly different (*'Ne/?*Ne)crust+mantie of 0.47 as

opposed to that estimated for the Michigan Basin samples of 0.33. The similar crust-Solar mixing
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trend exhibited for both the Eagle Ford natural gas samples displaying a primordial component
and that of Michigan Basin brines suggests that this primordial component has a similar source at

both locations.

Appendix B4. Ar Isochrons and “’Ar Relative Ages

In Ar-Ar dating, argon isotope ratios are frequently plotted as **Ar/*°Ar versus *°Ar/*’Ar,
where *Ar is an artificially produced proxy for potassium [McDougall and Harrison, 1999]. This
so-called “isochron” diagram can illustrate mixing between a pure initial argon component (i.e.,
non-zero >°Ar) versus a pure crustal (radiogenic) component (i.e., zero *°Ar). Because *’Ar appears
in the denominator of both the x and y values of such a plot, any mixture between two fixed end
members, i.e., a single initial **Ar/*’Ar and a single 3 Ar/*°Ar ratio will plot along a line. Since the
apparent age of a rock sample is a function of the *’Ar/*’Ar” ratio, where “°Ar” is the pure crustal
(radiogenic) component, the x-intercept of an isochron line defines the argon age of the rock
sample [McDougall and Harrison, 1999].

By analogy to the Ar-Ar dating isochron procedure applied to date rocks, a similar
graphical analysis can be used to provide a relative gas sample age. Indeed, in lieu of plotting
39Ar/*°Ar values along the x-axis, in our analysis of gas samples we will plot 1/*°Ar. This style of
plot has many of the properties of the traditional Ar-Ar isochron diagram. A gas sample will consist
of a mixture of the atmospheric (air) ®Ar/*’Ar ratio (y-intercept) and a fixed crustal volume
fraction (x-intercept). Because the reciprocal of the “°Ar volume fraction is being plotted, samples
that result from mixing between an air component and a highly enriched crustal “°Ar* endmember
will plot closer to the origin in the x-axis, while mixing between an Air component and a poorly

enriched crustal **Ar* endmember will plot further to the right in the x-axis. Thus, in this plot,
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ages will increase from right to left. A special case is when there is no crustal (radiogenic) *“°Ar*
component at all, which would lead to gas samples plotting along a horizontal line through the air
value at the y-axis, i.e., the radiogenic intercept would plot at infinity along the x-direction.
Samples that share the same K-content in their source and the same transport history should plot

along a mixing line between air and a fixed x-axis value of 1/*°Ar.

Appendix B5. Calculation of Noble Gases in-Situ Production

In-situ production of both *He* and *°Ar* are estimated following the same methods in
section 2.5.3. Under the pressure of ~6500 psi (440 atm) and a temperature of ~90 °C in the oil
zone reservoir [Gherabati et al., 2018], methane in the pore space of the shale should be in its

supercritical phase, and the expansion coefficient R can be expressed as:

R = £sTP (B1)

PRev

where pgrp stands for the density of methane under standard temperature and pressure, and pgrey
represents the density of methane under reservoir conditions.

Given a production time of 96 Myrs which corresponds to the deposition age of the lower
Eagle Ford Shale, an average U and Th concentrations in the lower Eagle Ford shale of 4 ppm and
6 ppm, respectively [Tinnin and Darmaoen, 2016], a shale density of 2.36 g/cm’, an average
porosity of 0.08, a saturation rate of 0%, and pgrp and prey of 0.00065g/cm® and 0.22g/ cm?
[Schon, 2015] respectively, and a release efficiency A =1, one can calculate the volume fraction of
in-situ produced radiogenic “He. The expected in-situ *He volume fraction is about 5.14x10%°,
which accounts for 2.78%-17.71% of the total radiogenic “He in our samples. A similar estimation
was also made by Byrne et al. [2018]. Their estimated in-situ production value is lower than that

of our study. This is not surprising, since Byrne et al. [2018] used the ideal gas law (PV=RT) to
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account for the volume change of pressurized methane. When applying the temperature and
pressure in the condensate zone instead of the oil zone, the expansion coefficient derived from the
ideal gas law decreases significantly, leading to a significantly lower expected “He concentration.
In both cases, the expected in-situ “He volume fraction is insufficient to account for the measured
concentrations, pointing to an external origin of a significant amount of the total crustal
“He*[O'Nions and Ballentine, 1993].

Using again the production time period of 96 Myr, a rock density of 2.36 g/cm3, an average
porosity of 0.08, a water saturation rate of 0%, pstp and prey 0f 0.00065g/cm3 and 0.22g/ cm3,
and an average potassium concentration of 10748 ppm in the lower Eagle Ford shale [Tinnin and
Darmaoen, 2016], the expected volume fraction of radiogenic *“°Ar is 3.21x1077, which accounts

for 2.51% - 91.59% of the total measured radiogenic “°Ar* in our gas samples.
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Supplementary Materials for Chapter 4

Appendix C

Table C1 Geothermal fields, sample ID, sampling year, CO» volume fractions, the '°C ratios of CO,, R/Ra ratios, noble gas volume fractions

(cm?/cm?) and crustal noble gas volume fractions in Mexican geothermal samples.

Field D Saryner;lri“g Co, §°CCO, + RRa ‘He + A + “Ar = ‘He = DAr* -
Cerro

Prieto

oSO CPA09 2016 083 472 001 605 009  LSOE-05 225E-07 232E-06 3.02E08 G6OIE-04 232E-05 149E-05 295E-07 S.10E-06 2.66E-07
SSMOCPal2 2016 084 559 001 556 0099  940E-06 14IE-07 145E-06 18OE-08 433E-04 145E-05 93IE-06 18SE-07 420E-06 2.20E-07
oM CPal4 2016 083 6.13 0071  713E-06 107E-07 120E-06 1.56E-08 3.358E-04 120E-05 7.06E-06 140E-07 3.36E-06 1.75E-07
SSmOCP30I 2016 084 491 001 629 0051  LOSE-0S 162E-07 106E-06 138E-08 3.16E-04 106E-05 107E-05 213E-07 244E-06 127E-07
SSmOCP302 2016 084 405 001 637 0072 L03E-05 1SSE-07 9.59E-07 125B-08 287E-04 O.63E-06 102E-0S 203E-07 3.SSE-06 1.8SE-07
SSMOCP207D 2016 084 364 009 556 0057  SRIE-06 SB4E-08  200E07 260E-09 G6ISE-05 207E-06 SSRE-06 1I7E-07 270E-06 141E-07
oo CPalg 2016 083 518 0.06  990E-06 149E-07 9.42E-07 123E-08 283E-04 O49E-06 O9.84E-06 196E-07 4.52E-06 2.36E-07
oSO CP20D 2016 084 4 001 333 0028  LISE-0S L77E-07 89SE-07 1IGE-08 272E-04 O.11E-06 LISE-0S 234E-07 725E-06 3.78E-07
SO CP230D 2016 083 418 001 650 006  L4IE-05 212E-07 635E-07 B26E-09 192E-04 GA4E-06 141E-05 280E-07 4.13E-06 216E-07
oSO CP232 2016 084 403 001 576 0072  469E-06 703E-08 149E-07 194E-09 464E-05 156E-06 4.68E-06 9.9E-08 241E-06 126E-07
oSO CP233 2016 084 532 001 649 0079 12SE-05  L8TE-07 193E-06 25IE08  STAE-04 192E-05 124E-05 245E-07 328E-06 1.71E-07
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Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

Cerro
Prieto

CP-234D

CP-247

CP-248

CP-500

CP-500

CP-501

CP-505

CP-512

CP-512

CP-513

CP-522D

CP-531D

CP-533D

CP-538D

CP-542

CP-545D

CP-E24

CP-E50

CP-E56

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

0.84

0.84

0.84

0.83

0.83

0.84

0.84

0.84

0.83

0.84

0.84

0.84

0.84

0.83

0.84

0.84

0.84

0.83

0.84

-3.83

4.04

-4.53

-4.67

-4.67

424

-4.66

-3.8

-4.06

-3.71

-5.22

-4.13

-5.14

-3.84

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

5.72

6.00

391

333

3.30

3.34

491

544

3.80

6.05

4.03

3.56

4.94

3.29

4.64

6.59

6.14

5.85

0.067

0.08

0.034

0.036

0.038

0.036

0.057

0.038

0.059

0.039

0.056

0.045

0.059

0.052

0.026

0.045

0.053

0.063

0.061

4.04E-06

2.59E-05

1.08E-05

1.72E-05

2.30E-05

1.98E-05

5.23E-06

5.34E-06

5.37E-06

2.46E-05

3.98E-06

5.86E-06

2.12E-05

2.59E-05

1.32E-05

1.09E-05

7.18E-06

1.18E-05

4.95E-06

6.06E-08
3.88E-07
1.62E-07
2.57E-07
3.45E-07
2.96E-07
7.85E-08
8.01E-08
8.06E-08
3.70E-07
5.98E-08
8.78E-08
3.18E-07
3.89E-07
1.98E-07
1.64E-07
1.08E-07
1.77E-07

7.43E-08
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1.54E-07

3.05E-07

4.15E-07

1.32E-06

1.66E-06

1.35E-06

2.49E-07

2.30E-07

2.32E-07

1.57E-06

2.01E-07

3.13E-07

1.63E-06

7.11E-07

6.75E-07

4.53E-07

9.39E-07

2.57E-06

1.41E-07

2.01E-09

3.97E-09

5.40E-09

1.71E-08

2.16E-08

1.76E-08

3.24E-09

2.99E-09

3.01E-09

2.04E-08

2.62E-09

4.07E-09

2.12E-08

9.24E-09

8.78E-09

5.89E-09

1.22E-08

3.34E-08

1.83E-09

4.76E-05

9.59E-05

1.28E-04

3.99E-04

5.01E-04

4.09E-04

7.59E-05

7.03E-05

7.11E-05

4.75E-04

6.12E-05

9.52E-05

4.92E-04

2.17E-04

2.06E-04

1.37E-04

2.80E-04

7.64E-04

4.41E-05

1.60E-06

3.22E-06

4.28E-06

1.34E-05

1.68E-05

1.37E-05

2.55E-06

2.36E-06

2.39E-06

1.59E-05

2.05E-06

3.19E-06

1.65E-05

7.29E-06

6.90E-06

4.61E-06

9.41E-06

2.56E-05

1.48E-06

4.03E-06

2.59E-05

1.08E-05

1.71E-05

2.29E-05

1.97E-05

5.21E-06

5.33E-06

5.36E-06

2.45E-05

3.97E-06

5.84E-06

2.11E-05

2.59E-05

1.32E-05

1.09E-05

7.13E-06

1.16E-05

4.94E-06

8.00E-08

5.13E-07

2.14E-07

3.39E-07

4.55E-07

3.91E-07

1.03E-07

1.06E-07

1.06E-07

4.87E-07

7.88E-08

1.16E-07

4.19E-07

5.14E-07

2.61E-07

2.16E-07

1.41E-07

2.31E-07

9.82E-08

2.09E-06

5.76E-06

4.94E-06

8.71E-06

1.05E-05

9.86E-06

2.34E-06

2.37E-06

2.58E-06

1.07E-05

1.81E-06

2.75E-06

9.94E-06

7.25E-06

6.21E-06

3.62E-06

2.91E-06

4.11E-06

2.45E-06

1.09E-07

3.01E-07

2.58E-07

4.55E-07

5.46E-07

5.14E-07

1.22E-07

1.24E-07

1.34E-07

5.57E-07

9.44E-08

1.44E-07

5.19E-07

3.79E-07

3.24E-07

1.89E-07

1.52E-07

2.15E-07

1.28E-07
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Prieto
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Prieto
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Cerro
Prieto
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Cerro
Prieto

Los
Azufres

CP-M126

CP-
M148A

CP-M160

CP-308

CP-309

CP-311

CP-318

CP-345

CP-346

CP-E35A

CP-E37A

CP-M110

CP-404

CP-414

CP-423

CP-424

CP-431D

CP-509

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

0.84

0.84

0.84

0.84

0.84

0.83

0.83

0.84

0.84

0.83

0.84

0.83

0.83

0.84

0.84

0.84

0.84

0.84

-3.11

-4.26

-4.16

-4.38

-3.11

-3.95

-3.61

-4.12

-4.56

-3.84

-4.32

-3.78

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

3.75

6.17

5.99

6.49

6.33

6.81

5.68

6.42

6.41

6.25

6.58

5.40

5.72

7.32

6.63

6.37

6.57

0.036

0.065

0.08

0.097

0.06

0.068

0.084

0.046

0.074

0.066

0.072

0.051

0.061

0.048

0.067

0.059

0.086

0.088

1.04E-05

4.03E-06

9.20E-08

2.67E-05

4.70E-06

9.40E-06

1.06E-05

1.09E-05

1.81E-05

1.67E-05

6.08E-06

1.32E-05

3.95E-06

2.87E-06

1.84E-05

1.86E-05

2.17E-06

7.40E-06

1.57E-07
6.04E-08
1.38E-09
4.01E-07
7.06E-08
1.41E-07
1.59E-07
1.63E-07
2.71E-07
2.50E-07
9.11E-08
1.98E-07
5.93E-08
4.31E-08
2.76E-07
2.79E-07
3.26E-08

1.11E-07
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6.64E-07

7.69E-07

5.32E-08

9.07E-07

2.37E-07

5.70E-07

4.34E-07

3.45E-07

5.08E-07

1.05E-06

1.23E-06

5.92E-07

1.86E-07

9.36E-08

2.17E-07

1.79E-06

1.07E-07

3.30E-07

8.63E-09

1.00E-08

6.91E-10

1.18E-08

3.08E-09

7.41E-09

5.64E-09

4.49E-09

6.61E-09

1.37E-08

1.59E-08

7.69E-09

2.41E-09

1.22E-09

2.82E-09

2.33E-08

1.39E-09

4.29E-09

2.02E-04

2.30E-04

1.60E-05

2.78E-04

7.25E-05

1.72E-04

1.32E-04

1.06E-04

1.57E-04

3.17E-04

3.67E-04

1.79E-04

5.68E-05

2.89E-05

6.75E-05

5.40E-04

3.25E-05

1.01E-04

6.78E-06

7.71E-06

5.36E-07

9.34E-06

2.43E-06

5.77E-06

4.43E-06

3.56E-06

5.25E-06

1.06E-05

1.23E-05

6.00E-06

1.91E-06

9.70E-07

2.26E-06

1.81E-05

1.09E-06

3.37E-06

1.04E-05

3.98E-06

9.10E-08

2.66E-05

4.69E-06

9.37E-06

1.06E-05

1.09E-05

1.81E-05

1.66E-05

5.97E-06

1.32E-05

3.94E-06

2.86E-06

1.84E-05

1.85E-05

2.16E-06

7.38E-06

2.06E-07

7.90E-08

1.81E-09

5.29E-07

9.31E-08

1.86E-07

2.10E-07

2.15E-07

3.58E-07

3.30E-07

1.19E-07

2.61E-07

7.82E-08

5.69E-08

3.65E-07

3.67E-07

4.30E-08

1.47E-07

5.58E-06

2.61E-06

2.50E-07

1.02E-05

2.44E-06

3.65E-06

3.73E-06

4.28E-06

6.45E-06

7.14E-06

3.20E-06

3.91E-06

1.86E-06

1.25E-06

3.34E-06

1.07E-05

9.31E-07

3.00E-06

2.91E-07

1.36E-07

1.31E-08

5.35E-07

1.27E-07

1.90E-07

1.95E-07

2.23E-07

3.37E-07

3.73E-07

1.67E-07

2.04E-07

9.71E-08

6.55E-08

1.74E-07

5.61E-07

4.86E-08

1.57E-07



Los
Azufres

Los
Azufres
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Los
Azufres
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Azufres
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Azufres
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Azufres
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Azufres

Los
Azufres

AZ-2A

AZ-4

AZ-5

AZ-6

AZ-9A

AZ-9AD

AZ-12D

AZ-18

AZ-19

AZ-25

AZ-26

AZ-28

AZ-32

AZ-34a

AZ-34b

AZ-36

AZ-38

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.96

0.97

0.97

0.97

0.97

0.96

-8.22

-6.77

-7.1

-7.84

-9.79

-1.52

-7.38

-8.44

-7.39

-7.61

-1.78

-7.12

-7.12

0.01

0.01

0.02

0.06

0.02

0.01

0.01

0.01

0.01

0.04

0.01

0.01

0.01

0.01

2.04

5.24

7.48

6.81

7.93

7.74

6.56

7.68

7.51

7.66

593

6.53

6.66

6.48

7.53

7.41

7.5

7.22

7.34

0.02

0.04

0.07

0.06

0.09

0.06

0.08

0.08

0.06

0.08

0.06

0.05

0.05

0.05

0.05

0.06

0.08

0.06

0.05

5.33E-06

3.23E-06

1.29E-05

5.48E-06

8.85E-06

1.22E-05

2.91E-06

1.59E-05

4.91E-05

1.13E-05

6.49E-06

5.57E-06

9.82E-06

8.07E-06

4.70E-05

5.04E-05

1.17E-05

1.08E-05

9.03E-06

7.99E-08
4.85E-08
1.93E-07
8.22E-08
1.33E-07
1.82E-07
4.36E-08
2.39E-07
7.37E-07
1.69E-07
9.74E-08
8.35E-08
1.47E-07
1.21E-07
7.06E-07
7.56E-07
1.76E-07
1.62E-07

1.36E-07
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2.62E-05

2.52E-07

8.54E-08

2.61E-07

5.93E-08

1.93E-08

3.18E-07

3.00E-08

2.86E-08

6.31E-09

7.59E-07

9.37E-08

7.28E-09

1.84E-07

7.56E-08

4.22E-08

1.05E-08

3.30E-08

4.72E-08

5.24E-07

5.04E-09

1.71E-09

5.22E-09

1.19E-09

3.86E-10

6.36E-09

6.00E-10

5.72E-10

1.26E-10

1.52E-08

1.87E-09

1.46E-10

3.68E-09

1.51E-09

8.44E-10

2.10E-10

6.60E-10

9.44E-10

7.71E-03

7.47E-05

2.69E-05

7.95E-05

1.87E-05

7.04E-06

9.56E-05

1.03E-05

1.59E-05

3.77E-06

2.27E-04

2.90E-05

3.81E-06

5.60E-05

2.66E-05

2.18E-05

5.21E-06

1.20E-05

1.58E-05

4.02E-04

3.90E-06

1.40E-06

4.15E-06

9.76E-07

3.68E-07

4.99E-06

5.40E-07

8.31E-07

1.97E-07

1.19E-05

1.51E-06

1.99E-07

2.92E-06

1.39E-06

1.14E-06

2.72E-07

6.27E-07

8.23E-07

5.33E-06

3.21E-06

1.29E-05

5.43E-06

8.84E-06

1.22E-05

2.88E-06

1.59E-05

4.91E-05

1.13E-05

6.42E-06

5.56E-06

9.82E-06

8.06E-06

4.70E-05

5.04E-05

1.17E-05

1.08E-05

9.02E-06

1.07E-07

6.38E-08

2.56E-07

1.08E-07

1.76E-07

2.49E-07

5.73E-08

3.16E-07

9.82E-07

2.26E-07

1.28E-07

1.11E-07

1.96E-07

1.60E-07

9.33E-07

1.01E-06

2.34E-07

2.14E-07

1.80E-07

2.77E-07

1.63E-06

2.38E-06

1.16E-06

1.34E-06

1.59E-06

1.47E-06

7.47E-06

1.90E-06

2.81E-06

1.32E-06

1.66E-06

1.58E-06

4.25E-06

9.32E-06

2.11E-06

2.26E-06

1.81E-06

5.56E-09

3.26E-08

4.75E-08

2.33E-08

2.76E-08

3.18E-08

2.96E-08

2.54E-07

4.01E-08

5.62E-08

2.65E-08

4.10E-08

3.17E-08

9.84E-08

2.88E-07

4.41E-08

4.53E-08

3.62E-08
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Azufres
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Azufres
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Azufres

Los
Azufres

Los
Azufres

Los
Azufres

Los
Humeros

Los
Humeros

Los
Humeros

AZ-42

AZ-43

AZ-46

AZ-47D

AZ-48

AZ-51

AZ-51

AZ-62a

AZ-62b

AZ-65

AZ-66D

AZ-67

AZ-83a

AZ-83b

AZ-89

AZ-90

H-03D

H-06

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2015

2015

0.97

0.97

0.97

0.97

0.97

0.97

0.96

0.97

0.96

0.97

0.97

0.97

0.97

0.97

0.97

0.96

0.93

091

-7.19

-1.25

-8.66

-7.64

-7.64

-8.11

-8.11

-7.81

-7.38

-7.9

-6.92

-1.97

-5.13

-3.88

0.01

0.01

0.01

0.01

0.01

0.03

0.03

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.02

3.05

6.98

6.9

7.47

6.53

7.37

7.58

7.19

7.16

1.03

7.55

7.18

6.71

6.58

3.23

6.35

7.62

0.03

0.06

0.08

0.1

0.05

0.04

0.07

0.05

0.08

0.05

0.01

0.08

0.04

0.07

0.07

0.03

0.05

0.07

6.36E-06

2.12E-05

7.10E-06

7.31E-06

3.12E-05

7.99E-05

1.53E-05

3.32E-05

1.28E-05

9.63E-06

4.62E-06

7.53E-06

4.02E-05

4.86E-06

3.90E-06

9.63E-07

3.01E-06

2.62E-06

9.53E-08
3.18E-07
1.06E-07
1.10E-07
4.68E-07
1.20E-06
2.29E-07
4.98E-07
1.93E-07
1.45E-07
6.92E-08
1.13E-07
6.04E-07
7.29E-08
5.85E-08

1.44E-08

4.52E-08

3.93E-08
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2.89E-05

5.33E-08

3.57E-06

5.71E-08

6.93E-07

4.45E-06

7.50E-08

3.82E-08

1.32E-08

1.79E-05

2.63E-05

1.26E-07

1.10E-08

6.84E-08

2.89E-06

5.08E-09

4.84E-09

5.78E-07

1.07E-09

7.14E-08

1.14E-09

1.39E-08

8.90E-08

1.50E-09

7.64E-10

2.64E-10

3.58E-07

5.26E-07

2.52E-09

2.20E-10

1.37E-09

5.78E-08

1.27E-10

1.74E-10

8.51E-03

1.78E-05

1.06E-03

1.86E-05

2.09E-04

1.41E-03

2.39E-05

1.57E-05

5.66E-06

5.28E-03

7.76E-03

3.87E-05

4.75E-06

2.12E-05

8.51E-04

2.58E-06

1.93E-06

4.44E-04

9.28E-07

5.51E-05

9.72E-07

1.09E-05

7.34E-05

1.25E-06

8.19E-07

2.96E-07

2.76E-04

4.05E-04

2.02E-06

2.48E-07

1.11E-06

4.44E-05

9.08E-08

9.93E-08

3.11E-06

2.12E-05

6.61E-06

7.30E-06

3.11E-05

7.99E-05

1.53E-05

3.32E-05

1.28E-05

8.09E-06

4.62E-06

7.52E-06

4.02E-05

4.86E-06

3.90E-06

5.97E-07

3.01E-06

2.62E-06

6.16E-08

4.21E-07

1.31E-07

1.45E-07

6.18E-07

1.59E-06

3.03E-07

6.58E-07

2.55E-07

1.61E-07

9.24E-08

1.49E-07

8.04E-07

9.72E-08

7.80E-08

1.18E-08

5.99E-08

#DIV/0!

2.02E-06

3.57E-07

1.72E-06

4.02E-06

9.12E-05

1.77E-06

4.40E-06

1.76E-06

1.46E-06

1.50E-06

9.71E-07

2.77E-07

1.08E-06

4.97E-07

4.05E-08

7.14E-09

3.46E-08

8.07E-08

1.83E-06

3.57E-08

1.35E-07

3.68E-08

2.92E-08

4.06E-08

1.95E-08

5.56E-09

2.15E-08

9.94E-09



Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

H-06

H-06

H-07

H-07

H-09

H-11D

H-12

H-15D

H-17D

H-19D

H-19D

H-20

2015

2018

2015

2018

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2018

2015

2015

2015

2018

091

091

0.94

0.94

0.90

0.96

0.93

0.85

0.90

0.97

0.97

0.93

0.71

0.88

0.92

0.72

0.97

0.79

0.94

-3.88

-3.03

-3.05

-3.43

-5.01

-2.71

-2.48

-3.09

-3.09

-2.24

-3.86

-3.85

-5.25

4.44

0.02

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.02

0.01

0.01

0.01

0.01

7.34

7.17

7.32

7.1

6.86

7.13

6.95

6.96

6.09

7.27

7.37

7.29

7.00

7.18

7.52

6.69

7.18

7.09

6.27

0.06

0.07

0.08

0.1

0.05

0.13

0.07

0.06

0.08

0.07

0.06

0.05

0.05

0.06

0.1

0.06

0.06

0.05

0.06

2.71E-05

8.03E-06

1.23E-05

2.09E-05

1.45E-07

1.20E-05

1.63E-07

9.09E-08

1.37E-05

2.02E-05

3.39E-06

1.57E-05

5.07E-06

9.03E-06

1.16E-05

4.72E-06

2.62E-07

2.49E-06

4.06E-07
1.20E-07
1.84E-07
3.13E-07

2.17E-09

1.81E-07
2.45E-09
1.36E-09
2.05E-07
3.03E-07
5.08E-08
2.35E-07
7.60E-08
1.36E-07
1.74E-07
7.08E-08
3.93E-09

3.73E-08
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1.78E-07

1.30E-08

8.23E-08

3.21E-06

1.91E-09

5.53E-09

3.34E-08

6.29E-08

4.23E-09

5.90E-09

1.08E-08

4.82E-06

4.17E-08

6.56E-07

8.05E-06

3.90E-08

5.18E-08

1.10E-09

2.32E-09

1.69E-10

1.07E-09

4.17E-08

6.86E-11

7.19E-11

4.34E-10

8.18E-10

1.01E-10

7.66E-11

1.41E-10

6.26E-08

5.42E-10

8.52E-09

1.05E-07

5.07E-10

6.73E-10

8.38E-11

5.65E-05

5.11E-06

2.61E-05

9.53E-04

6.56E-07

4.28E-06

1.01E-05

1.90E-05

3.07E-06

4.29E-06

3.68E-06

1.43E-03

1.31E-05

1.96E-04

2.37E-03

1.22E-05

1.56E-05

9.51E-07

7.38E-07

7.00E-08

3.41E-07

1.24E-05

3.34E-08

7.58E-08

1.38E-07

2.67E-07

1.04E-07

7.30E-08

5.68E-08

1.85E-05

1.76E-07

2.54E-06

3.10E-05

1.64E-07

2.05E-07

1.03E-07

2.71E-05

8.03E-06

1.23E-05

2.06E-05

1.45E-07

0.00E+00

1.20E-05

0.00E+00

1.62E-07

8.76E-08

1.37E-05

2.02E-05

1.50E-05

5.07E-06

8.95E-06

1.03E-05

4.72E-06

2.60E-07

2.49E-06

5.37E-07

1.59E-07

2.43E-07

4.08E-07

6.34E-09

#DIV/0!

5.81E-07

#DIV/0!

3.21E-09

1.74E-09

2.72E-07

4.00E-07

2.97E-07

1.00E-07

1.78E-07

2.03E-07

9.37E-08

5.16E-09

1.20E-07

3.93E-06

1.26E-06

1.80E-06

4.17E-06

9.21E-08

2.65E-06

2.30E-07

4.47E-07

1.82E-06

2.55E-06

4.87E-07

2.41E-06

7.30E-07

1.84E-06

6.51E-07

2.90E-07

6.26E-07

7.87E-08

2.53E-08

3.60E-08

8.35E-08

1.84E-09

5.30E-08

4.61E-09

8.93E-09

3.64E-08

5.09E-08

9.74E-09

4.82E-08

1.46E-08

3.67E-08

1.30E-08

5.80E-09

1.25E-08



Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Los
Humeros

Las Tres
Virgenes

Las Tres
Virgenes

Las Tres
Virgenes

Las Tres
Virgenes

Las Tres
Virgenes

Las Tres
Virgenes

H-39b

H-41

H-42

H-44D

H-45D

H-48D

H-49D

H50a

H50b

H55

H56

H59

H65

LV-6

LV-6

LV-6/
inhibitor
LV-6/
inhibitor

LV-11

2018

2015

2015

2015

2015

2015

2015

2018

2018

2018

2018

2018

2018

2016

2016

2016

2016

2016

0.94

0.86

0.93

0.86

0.96

0.95

0.95

0.88

0.88

0.98

0.90

0.80

0.93

0.98

0.98

0.98

0.98

0.98

-3.39

-2.48

-2.79

-3.29

-3.01

-10.28

-10.28

-10.63

-10.63

-11.12

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

6.26

6.13

6.42

6.64

7.22

6.8

7.28

6.84

6.08

7.49

7.3

6.84

6.42

5.45

5.68

5.59

5.65

436

0.05

0.07

0.06

0.08

0.06

0.07

0.06

0.04

0.06

0.05

0.07

0.05

0.09

0.10

0.06

0.08

0.07

0.05

3.30E-06

3.99E-08

3.56E-06

1.20E-05

2.27E-05

6.07E-06

2.47E-05

6.15E-06

8.19E-06

7.11E-06

1.14E-05

4.42E-06

3.29E-06

6.54E-06

3.95E-06

3.31E-06

7.28E-06

5.21E-06

4.95E-08
5.98E-10
5.33E-08
1.79E-07
3.41E-07
9.11E-08
3.70E-07
9.22E-08
1.23E-07
1.07E-07
1.71E-07
6.63E-08

4.93E-08

9.81E-08
5.92E-08
4.97E-08
1.09E-07

7.81E-08
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1.58E-09

3.12E-09

8.65E-06

4.15E-09

9.99E-09

4.32E-07

1.20E-09

1.60E-09

4.49E-08

7.76E-09

2.71E-06

1.20E-08

1.26E-05

6.76E-06

6.49E-06

1.21E-05

1.32E-05

3.79E-11

6.23E-11

1.12E-07

7.46E-11

1.30E-10

5.62E-09

4.79E-11

3.35E-11

5.84E-10

1.01E-10

3.52E-08

1.56E-10

1.64E-07

8.79E-08

8.44E-08

1.58E-07

1.72E-07

1.37E-06

1.62E-06

2.56E-03

3.59E-06

3.78E-06

1.31E-04

1.79E-06

2.35E-06

1.43E-05

4.29E-06

8.02E-04

4.54E-06

3.71E-03

1.99E-03

1.92E-03

3.56E-03

3.88E-03

4.69E-08

4.54E-08

3.31E-05

9.14E-08

6.94E-08

1.71E-06

1.02E-07

6.90E-08

1.87E-07

6.05E-08

1.04E-05

6.38E-08

1.24E-04

6.68E-05

6.43E-05

1.19E-04

1.30E-04

3.30E-06

3.99E-08

3.56E-06

1.08E-05

2.27E-05

6.07E-06

2.46E-05

6.15E-06

8.19E-06

7.11E-06

1.14E-05

3.93E-06

3.29E-06

5.01E-06

3.07E-06

2.52E-06

5.70E-06

3.48E-06

7.00E-08

7.98E-10

7.54E-08

2.14E-07

5.68E-07

1.20E-07

4.88E-07

2.40E-07

1.63E-07

1.41E-07

2.26E-07

7.80E-08

6.53E-08

9.95E-08

6.09E-08

5.00E-08

1.13E-07

6.90E-08

9.00E-07

6.96E-07

2.36E-06

8.26E-07

3.80E-06

1.43E-06

1.87E-06

1.03E-06

2.00E-06

1.63E-06

9.98E-07

1.80E-08

1.39E-08

4.73E-08

1.65E-08

7.60E-08

2.87E-08

3.75E-08

2.06E-08

3.99E-08

3.25E-08

2.00E-08



Las Tres
Virgenes

Las Tres
Virgenes

Las Tres
Virgenes

Cerritos
Colorados

Cerritos
Colorados

Cerritos
Colorados

Cerritos
Colorados

Acoculco
Acoculco
Acoculco
Acoculco

Acoculco
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California

LV-11

LV-13

LV-13

Rio

Caliente

Los
Volcanes

Las Tinajas

ACP02
ACP03-1
ACP03-2

LB-01

SF-1

SF-2

SF-3

SF-4

SF-5

SF1 (SSB)

2016

2016

2016

2016

2016

2016

2016

2016

2017

0.98

0.98

0.98

0.98

0.98

0.97

0.99

0.97

-11.12

-10.28

-10.28

-5.00

-5.30

-5.10

-5.00

-5.00

-5.00

0.01

0.01

0.01

0.10

0.11

0.10

0.10

0.10

0.10

4.77

5.96

6.24

6.33

6.18

7.07

6.93

7.17

7.14

6.96

1.09

1.07

1.09

1.07

1.12

0.06

0.10

0.08

0.05

0.05

0.05

0.13

0.17

0.17

0.20

0.02

0.02

0.02

0.02

0.02

0.02

4.76E-06

6.87E-06

6.08E-06

6.26E-06

1.26E-05

1.20E-05

1.21E-04

7.01E-05

7.52E-05

2.65E-07

1.26E-06

1.45E-06

1.27E-06

1.23E-06

1.41E-06

6.00E-07

7.14E-08
1.03E-07

9.13E-08

9.40E-08
1.89E-07

1.80E-07

2.99E-08
9.69E-08
2.07E-08

9.58E-11

2.52E-08
2.90E-08
2.54E-08
2.46E-08
2.82E-08

1.20E-08
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1.22E-05

1.74E-06

1.58E-06

5.58E-06

1.03E-05

8.50E-07

3.38E-06

9.20E-08

1.22E-06

1.24E-06

1.11E-06

7.80E-07

4.80E-07

9.40E-07

1.59E-07

2.26E-08

2.05E-08

7.26E-08

1.34E-07

1.11E-08

1.96E-08

2.25E-10

2.44E-08

2.48E-08

2.22E-08

1.56E-08

9.60E-09

1.88E-08

3.59E-03

5.14E-04

4.69E-04

1.65E-03

3.03E-03

2.55E-04

1.00E-03

2.65E-05

3.87E-04

3.89E-04

3.29E-04

2.26E-04

1.41E-04

2.74E-04

1.21E-04

1.73E-05

1.57E-05

3.30E-05

6.05E-05

5.11E-06

8.22E-06

9.41E-08

7.74E-06

7.78E-06

6.59E-06

4.52E-06

2.81E-06

5.48E-06

3.16E-06

6.67E-06

5.90E-06

5.35E-06

1.09E-05

1.19E-05

1.02E-04

6.39E-05

8.33E-08

1.09E-06

1.28E-06

1.08E-06

1.11E-06

1.37E-06

5.30E-07

6.28E-08

1.32E-07

1.17E-07

1.06E-07

2.16E-07

2.35E-07

7.11E-08

1.00E-07

4.86E-11

2.19E-08

2.57E-08

2.15E-08

2.22E-08

2.75E-08

1.06E-08

2.09E-07

2.35E-06

9.19E-07

4.10E-06

1.22E-06

2.38E-05

2.17E-05

1.95E-06

1.20E-06

2.71E-09

3.06E-08

1.20E-08

5.35E-08

1.00E-08

4.76E-07

4.34E-07

3.90E-08

2.40E-08



Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California

SF2 (SSB)

PE-1

PE-2

PE1 (SSB)

Coly

CcO2

CO3

PU

PU1

PUI new

SLG1

SLG2

SLG1(SSB
)

SLG2
(SSB)

AAl

AAS

2017

2016

2016

2017

2016

2016

2016

2016

2016

2017

2017

2017

2017

2017

2016

2016

2016

2016

2016

0.99

1.00

0.42

0.58

0.70

0.16

0.15

0.53

0.49

0.14

0.36

0.94

0.95

-5.00

-6.60

-5.20

-6.00

-17.70

-18.40

-18.10

-11.70

-11.00

-9.90

-10.50

-10.90

-9.60

-11.30

-10.70

-11.10

-10.60

-10.30

-9.80

0.10

0.13

0.10

0.12

0.35

0.37

0.36

0.23

0.22

0.20

0.21

0.22

0.19

0.23

0.21

0.22

0.21

0.21

0.20

0.81

1.07

0.58

1.43

1.59

1.55

6.88

6.9

6.84

6.88

5.45

5.1

471

5.54

5.46

0.02

0.02

0.02

0.02

0.02

0.02

0.01

0.03

0.03

0.03

0.14

0.14

0.14

0.14

0.11

0.1

0.09

0.11

0.11

8.00E-07

1.71E-04

9.17E-05

6.79E-05

1.70E-04

3.18E-04

3.23E-05

1.46E-04

2.02E-04

2.10E-04

1.90E-04

1.03E-04

1.32E-04

7.28E-05

1.43E-05

1.41E-05

1.35E-05

1.59E-05

1.40E-05

1.60E-08
3.41E-06
1.83E-06
1.36E-06
3.41E-06
6.36E-06
6.47E-07
2.91E-06
4.03E-06
4.20E-06
3.79E-06
2.07E-06
2.64E-06
1.46E-06
2.86E-07
2.81E-07
2.70E-07
3.18E-07

2.80E-07
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3.20E-07

1.22E-05

7.17E-06

6.14E-06

3.22E-05

3.49E-05

3.24E-05

1.14E-05

4.03E-05

3.92E-05

5.57E-06

2.35E-06

1.12E-05

5.25E-06

2.98E-06

6.36E-06

1.19E-05

2.17E-06

1.41E-06

6.40E-09

2.44E-07

1.43E-07

1.23E-07

6.44E-07

6.99E-07

6.48E-07

2.27E-07

8.06E-07

7.85E-07

1.11E-07

4.70E-08

2.25E-07

1.05E-07

5.96E-08

1.27E-07

2.38E-07

4.34E-08

2.82E-08

9.47E-05

3.61E-03

2.15E-03

1.85E-03

9.54E-03

1.05E-02

9.68E-03

3.38E-03

1.22E-02

1.17E-02

1.65E-03

7.00E-04

3.34E-03

1.58E-03

8.89E-04

1.94E-03

3.58E-03

6.50E-04

4.20E-04

1.89E-06

7.21E-05

4.31E-05

3.70E-05

1.91E-04

2.11E-04

1.94E-04

6.76E-05

2.44E-04

2.34E-04

3.30E-05

1.40E-05

6.68E-05

3.17E-05

1.78E-05

3.87E-05

7.16E-05

1.30E-05

8.40E-06

7.62E-07

1.70E-04

9.14E-05

6.77E-05

1.67E-04

3.15E-04

2.73E-05

1.41E-04

1.98E-04

2.06E-04

1.89E-04

1.03E-04

1.32E-04

7.26E-05

1.39E-05

1.26E-05

1.18E-05

1.57E-05

1.38E-05

1.52E-08

3.40E-06

1.83E-06

1.35E-06

3.35E-06

6.30E-06

5.45E-07

2.83E-06

3.97E-06

4.13E-06

3.78E-06

2.06E-06

2.64E-06

1.45E-06

2.78E-07

2.51E-07

2.35E-07

3.13E-07

2.76E-07

6.10E-06

3.94E-05

3.38E-05

4.83E-05

2.27E-04

8.11E-05

2.84E-05

3.02E-04

9.81E-05

8.36E-06

1.06E-05

2.81E-05

3.94E-05

7.45E-06

5.41E-05

6.54E-05

9.77E-06

3.53E-06

1.22E-07

7.89E-07

6.75E-07

9.67E-07

4.54E-06

1.62E-06

5.69E-07

6.04E-06

1.96E-06

1.67E-07

2.12E-07

5.62E-07

7.88E-07

1.49E-07

1.08E-06

1.31E-06

1.95E-07

7.05E-08



Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California
Baja
California

AA6

AA7
AA4
(SSB)

AAS
(SSB)

AAS5*
(SSB)

AA7
(SSB)

FUM
(SSB)

2016

2016

2017

2017

2017

2017

2017

0.84

0.96

0.96

0.94

0.94

0.75

-10.20

-10.50

0.20

0.21

4.63

5.64

5.41

5.43

5.06

4.29

0.09

0.1

0.11

0.11

0.11

0.1

0.09

1.26E-05

1.38E-05

1.22E-05

1.26E-05

1.28E-05

1.19E-05

7.09E-06

2.52E-07

2.77E-07

2.43E-07

2.52E-07

2.56E-07

2.38E-07

1.42E-07

1.08E-05

1.80E-06

1.17E-06

1.20E-06

1.10E-06

7.90E-06

1.84E-05

2.15E-07

3.60E-08

2.34E-08

2.40E-08

2.20E-08

1.58E-07

3.68E-07

3.23E-03

5.38E-04

3.46E-04

3.46E-04

3.38E-04

2.36E-03

5.46E-03

6.46E-05

1.08E-05

6.92E-06

6.92E-06

6.76E-06

4.72E-05

1.09E-04

1.10E-05

1.36E-05

1.20E-05

1.24E-05

1.26E-05

1.01E-05

3.85E-06

2.19E-07

2.72E-07

2.40E-07

2.47E-07

2.52E-07

2.02E-07

7.70E-08

4.84E-05

6.30E-06

1.76E-06

1.80E-06

1.65E-06

1.98E-05

2.76E-05

9.68E-07

1.26E-07

3.51E-08

3.60E-08

3.30E-08

3.95E-07

5.52E-07
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Table C2 Temperature, enthalpy, measured “He/*Ne ratios, air-corrected R/Ra ratios and estimated heat/*He ratios in the Mexican geothermal

samples
D Temperatu  Enthalpy ‘He/Ne + (R/Rac =+ Q/*He + D Temperatu  Enthalpy ‘He/*Ne + (R/Raec + Q/*He +
re (°C)  (kl/kg) re (°C)  (kl/kg)
Cerro Los

Prieto Humeros

CP-109 311.5 38.84 0.77 6.08 0.09 4.44E+13 8.88E+11 | H-03D 331.2 2660 1833.09 36.39 6.35 0.05 4.79E+11 9.58E+09
CP-112 316.9 31.79 0.63 5.60 0.10 4.87E+13 9.74E+11 H-06 308.9 2660 7.62 0.07 4.50E+11 9.00E+09
CP-114 3323 31.69 0.63 6.17 0.07 4.94E+13 9.88E+11 H-06 308.9 2660 332.56 6.60 7.34 0.06 1.67E+12 3.34E+10
CP-301 171.2 50.03 0.99 6.32 0.05 2.05E+13 4.10E+11 H-06 308.9 2525 274329 5445 7.17 0.07 4.20E+11 8.40E+09
CP-302 174.4 56.64 1.12 6.39 0.07 191E+13 3.82E+11 H-07 291.7 2525 336.68 6.68 7.33 0.08 1.62E+12 3.24E+10
CP-207D 343.7 155.17 3.08 5.57 0.06 1.12E+13 2.24E+11 H-07 291.7 2660 19.51 0.39 7.19 0.10 3.77E+13 7.54E+11
CP-218 357.0 55.76 1.11 5.20 0.06 3.45E+13 6.90E+11 H-09 337.8 2660 1067.37  46.60 6.86 0.05 3.59E+12 7.18E+10
CP-220D 359.6 76.55 1.52 3.34 0.03 4.28E+13 8.56E+11 | H-11D 293.5 2660 598.12 14.95 7.13 0.13

CP-230D 354.5 125.54 2.49 6.51 0.07 1.29E+13 2.58E+11 H-12 361.1 2660  22076.47 1068.15 6.95 0.07 1.23E+11 2.46E+09
CP-232 348.3 170.90 3.39 5.77 0.07 1.02E+13 2.04E+11 | H-15D 315.0 2660 39.42 0.78 7.00 0.06 5.44E+13 1.09E+12
CP-233 316.3 32.03 0.64 6.54 0.08 4.17E+13 8.34E+11 | H-17D 302.07 2660 8.84 0.18 6.25 0.10 2.06E+14 4.12E+12
CP-234D 346.3 136.23 2.70 5.73 0.07 1.23E+13 246E+11 | H-19D 290.1 2660 8569.10 170.09 7.27 0.07 7.94E+10 1.59E+09
CP-247 461.9 426.28 8.46 6.01 0.08 4.33E+12 8.66E+10 | H-19D 290.1 2660 15342.50 304.54 7.37 0.06 7.37E+10 1.47E+09
CP-248 418.9 140.78 2.79 391 0.03 2.04E+13 4.08E+11 H-20 319.8 2660 194538  38.61 7.29 0.05 8.12E+11 1.62E+10
CP-500 376.1 75.56 1.50 3.34 0.04 446E+13 8.92E+11 H-30 306.0 2660 6.88 0.14 7.25 0.13  7.90E+13 1.58E+12
CP-500 376.1 77.43 1.54 331 0.04 424E+13 8.48E+11 H-31 328.3 2660 453.80 9.01 7.18 0.06 2.13E+12 4.26E+10
CP-501 370.6 84.68 1.68 3.34 0.04 3.93E+13 7.86E+11 H-32 299.5 2660 34.07 0.68 7.57 0.10 1.78E+13 3.56E+11
CP-505 333.0 110.73 2.20 4.92 0.06 1.74E+13 3.48E+11 H-33 303.4 2660 2.74 0.05 7.32 0.34 1.38E+14 2.76E+12
CP-512 338.3 123.84 2.46 5.13 0.04 1.53E+13 3.06E+11 H-34 311.0 2068 456.51 9.06 7.18 0.06 1.94E+12 3.88E+10
CP-512 338.3 121.02 2.40 545 0.06 1.45E+13 2.90E+11 H-35 251.9 2408 33.47 0.66 7.14 0.05 5.15E+13 1.03E+12
CP-513 365.2 82.25 1.63 3.81 0.04 3.20E+13 6.40E+11 H-39a 362.0 2559 7516.89 363.70  6.27 0.06 1.26E+11 2.52E+09
CP-522D 373.1 102.17 2.03 6.06 0.06 1.61E+13 3.22E+11 H-39b 362.0 2559 8197.52 17390 6.26 0.05 1.37E+11 2.74E+09
CP-531D 402.5 100.80 2.00 4.03 0.05 2.68E+13 5.36E+11 H-41 3122 2660 6.13 0.07

CP-533D 419.0 73.91 1.47 3.57 0.06 447E+13 8.94E+11 H-42 317.2 2454 4587.12  97.31 6.42 0.06 234E+11 4.68E+09
CP-538D 440.4 186.25 3.70 495 0.05 1.19E+13 238E+11 | H-44D 285.7 2584 3.17 0.06 7.17 0.29 1.82E+14 3.64E+12
CP-542 461.9 110.89 2.20 3.30 0.03 3.41E+13 6.82E+11 | H-45D 306.2 2583  32546.65 813.67 7.22 0.06 4.57E+10 9.14E+08
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CP-545D
CP-E24
CP-E50
CP-E56

CP-M126

CP-
M148A

CP-M160

CP-308

CP-309

CP-311
CP-318

CP-345

CP-346

CP-E35A

CP-E37A

CP-M110
CP-404

CP-414

CP-423

CP-424

CP-431D

CP-509
Los
Azufres

AZ-2A

440.4
279.3
290.0
338.9
365.2

353.8

268.0
3222

353.8

311.5
316.9

354.5

461.9

3322
3432
231.6
316.9

340.0

311.5

3323

336.1

316.9

240.6

1208

121.88
44.17
22.09
183.98
91.62

26.33

28.76
144.47

103.88

90.15
127.11

139.78

155.33

81.36

18.25
112.88
112.87

169.61

434.29

59.43

111.25

129.35

242
0.88
0.44
3.65
1.82

0.52

0.57
2.87

2.06

1.79
2.52

2.77

3.08

1.62
0.36
2.24
2.24

3.37

8.62
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2.57

4.65
6.63
6.20
5.86
3.76

593

6.22
6.00

6.51

6.35
6.83

5.69

6.43

6.43
6.33
6.59
5.41

5.73

732

6.65

6.38

6.58

2.27

0.05
0.05
0.06
0.06
0.04

0.07

0.08
0.10

0.06

0.07
0.08

0.05

0.07

0.07
0.07
0.05
0.06

0.05

0.07

0.06

0.09

0.09

0.02

1.91E+13
3.25E+13
5.93E+13
8.88E+12
3.22E+13

6.07E+13

1.50E+14
1.00E+13

1.45E+13

1.66E+13
1.05E+13

1.04E+13

9.64E+12

1.77E+13
5.92E+13
1.02E+13
1.53E+13

1.04E+13

2.80E+12

2.63E+13

1.39E+13

1.19E+13

1.70E+15

3.82E+11
6.50E+11
1.19E+12
1.78E+11
6.44E+11

1.21E+12

3.00E+12
2.00E+11

2.90E+11

3.32E+11
2.10E+11

2.08E+11

1.93E+11

3.54E+11
1.18E+12
2.04E+11
3.06E+11

2.08E+11

5.60E+10

5.26E+11

2.78E+11

2.38E+11

3.40E+13

H-48D
H-49D
H50a
H50b
HS55

H56

H59
H65
Las Tres
Virgenes
LV-6
LV-6
LV-6/
inhibitor
LV-6/
inhibitor
LV-11
LV-11
LV-13
LV-13
Cerritos
Colorados
Rio
Caliente
Los
Volcanes
Las
Tinajas

Acoculco
ACP02

ACP03-1
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280.4
264.7
3244
3244
329.8

295.7

305.1

308

308

308

302

302

2660

2660
2660
2603

1913

2098

1176.13
1176.13

1176.13

1176.13

1141.24
1141.24
1146.27
1146.27

1566.36
97.23
14593.99
14657.99
787.61

4283.90

2.85
559.59

1.36
1.43

1.34

1.47

0.96
0.95
10.86
10.74

27.79

20.15

35.11

31.09
1.93
569.17
290.95
15.63

85.03

0.06
11.11

0.03
0.03

0.03

0.03

0.02
0.02
0.22
0.21

0.04

0.05

0.55

0.40

0.70

6.80
7.30
6.84
6.08
7.49

7.45
6.42

5.84
6.09

6.03

6.03

4.77
5.32
6.00
6.28

724

6.99

7.02

7.23

0.07
0.06
0.04
0.06
0.05

0.07

0.05
0.09

0.13
0.10

0.12

0.11

0.12
0.14
0.10
0.08

0.06

0.06

0.05

0.13

0.17

4.50E+11

5.30E+10
5.97E+10
1.53E+12

1.25E+11

1.21E+14

2.72E+14
2.32E+14

2.69E+14

2.27E+14

4.25E+14
3.86E+14
3.40E+13
3.32E+13

1.24E+14

1.17E+14

8.84E+12

3.14E+12

9.00E+09

1.06E+09
1.19E+09
3.06E+10

2.50E+09

2.42E+12

5.44E+12
4.64E+12

5.37E+12

4.54E+12

8.50E+12
7.72E+12
6.79E+11
6.65E+11

2.49E+12

2.34E+12

1.77E+11

6.27E+10



AZ-4
AZ-5

AZ-6

AZ-9A
AZ-9AD
AZ-12D

AZ-13

AZ-18

AZ-18

AZ-19

AZ-25

AZ-26

AZ-28

AZ-32

AZ-34a
AZ-34b

AZ-36

AZ-38

AZ-42

AZ-43

AZ-46

AZ-47D

AZ-48

AZ-51
AZ-51
AZ-62a
AZ-62b
AZ-65
AZ-66D

274.6
2522

276.7

268.3
267.9
286.6
2352
2423
2423
261.4
279.8
236.7
262.1
255.8
238.8
238.8
222.6
194.6
268.5
267.8
276.7

253.7

301.7

269.8
269.8
2553
2553
268.3
266.6

1669

2444

2388

2420

2218

1307
2664
2470

1379

2235

1421
1421
1955
1955
1971
2701

56.04
771.68

36.43

533.26
3609.64
28.10
2343.19

28.45
296.98

191.08
2377.98

972.05
506.26
0.63
1887.33
4.65

413.82

198.68

1048.15
1143.73
2103.52
4168.08
2.00

1.11
15.32

0.72

10.58
73.96
0.56

46.51

0.56
5.89

3.79
47.20

19.29
10.05
0.01

37.46
0.09

8.21

3.94

20.81
22.70
41.75
82.73
0.04

5.26
7.48

6.85

7.93
7.74
6.61
7.68
751
7.66
5.98
6.54
6.66
6.48
7.53
7.41
75
7.23
734
447
6.98
7.24

7.47

6.54

7.37
7.58
7.19
7.16
5.73
1.04

0.04
0.07

0.06

0.09
0.06
0.08
0.08
0.06
0.08
0.06
0.05
0.05
0.05
0.05
0.06
0.08
0.06
0.05
0.03
0.06
0.08

0.1

0.12

0.04
0.07
0.05
0.08
0.05
0.01

1.44E+13

1.20E+12

2.32E+13

2.78E+13
2.66E+12

4.54E+12

1.14E+15
5.59E+11
1.05E+14

8.40E+11

4.42E+12

5.51E+11
6.07E+12
1.63E+11
1.83E+11
4.16E+14
8.67E+15

2.88E+11

2.40E+10
0.00E+00
4.64E+11

5.56E+11
5.32E+10

9.08E+10

2.28E+13
1.12E+10
2.10E+12

1.68E+10

8.84E+10

1.10E+10
1.21E+11
3.26E+09
3.66E+09
8.32E+12
1.73E+14

ACP03-2
LB-01
Baja
California
SF-1
SF-2
SF-3
SF-4
SF-5
SF1 (SSB)
SF2 (SSB)
PE-1
PE-2
PEI (SSB)
COly
co2
CO3
PU
PUI
PU1 new
SLG1
SLG2
SLGI1(SS
B)
SLG2
(SSB)
AAl
AA2
AA3
AA4
AAS
AA6
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302
302

254.44
254.42
257.82
266.05
275.63
262.08
284.35
184.88
204.89
212.46

126.71
127.25
208.81
226.65

159.99

200.88

235.68

242.61
249.42

37.63
4.55

242
2.79
2.08
332
12.82
2.73
6.67
115.35
90.78
78.99
17.29
35.76
2.03
10.86
19.37
17.74
86.97
103.34

171.49

125.53

11.73
2.97
2.47
19.89

24.54
2.48

0.75
0.09

0.07
0.08
0.06
0.09
0.36
0.08
0.19
3.26
2.57
223
0.49
1.01
0.06
0.31
0.55
0.50
2.46
292

4.85

3.55

0.33
0.08
0.07
0.56
0.69
0.07

7.20
7.41

1.08
1.10
1.12
1.08
1.14
1.16
1.17
1.08
1.12
0.81
1.08
0.50
1.44
1.60
1.56
6.90
6.92

6.86

6.89

5.57
5.59
5.26
5.62
5.52
5.17

0.17
0.17

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.06
0.06

0.06

0.06

0.05
0.05
0.04
0.04
0.04
0.04

2.33E+13

6.38E+14
5.73E+14
5.82E+14
4.30E+14
2.49E+14
1.04E+15
2.82E+14
3.07E+13
4.09E+13
4.76E+13

4.06E+13
3.91E+13
2.46E+12
2.08E+12

5.30E+12

5.79E+12

2.52E+13

1.68E+13
1.29E+13

4.65E+11

1.28E+13
1.15E+13
1.16E+13
8.60E+12
4.98E+12
2.08E+13
5.64E+12
6.14E+11
8.18E+11
9.52E+11

8.12E+11
7.82E+11
4.92E+10
4.16E+10

1.06E+11

1.16E+11

5.04E+11

3.36E+11
2.58E+11



AZ-67

AZ-83a

AZ-83b

AZ-89

AZ-90

272.8

269.1

269.1

271.3

285.8

2041

2256

2256

2549

1510

25291

0.84

5.02

0.02

7.55

7.18

6.71

6.59

4.21

0.08

0.04

0.07

0.07

0.03

2.64E+12

4.13E+11

3.96E+12

8.18E+14

5.28E+10

8.26E+09

7.92E+10

1.64E+13

AAT7
AA4
(SSB)
AAS
(SSB)
AAS*
(SSB)
AAT
(SSB)
FUM
(SSB)

246.98

256.51

256.06

256.61

208.58

180.54

18.44

21.35

18.50

21.68

0.70

0.52

0.60

0.52

0.61

0.06

0.02

5.20

5.71

5.49

5.77

7.04

0.04

0.04

0.05

0.05

0.04

0.05

1.76E+13

1.23E+13

1.27E+13

1.15E+13

7.57E+13

3.52E+11

2.46E+11

2.54E+11

2.30E+11

1.51E+12
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Table C3 Estimated percentages of various carbon sources in Mexican geothermal samples

D Mantle®  Limestone®  Sediments®  Mantle® Crust® M;;igrrg ¢ D Mantle®  Limestone®  Sediments®  Mantle® Crust® M\;;ctt;)rrbi ¢
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Cerro Prieto Los Humeros

CP-109 30.24 60.58 9.18 72.52 2.97 24.51 H-03D 5.49 78.60 15.91 78.48 14.67 6.84
CP-112 17.37 67.76 14.87 65.85 4.74 29.41 H-06 5.74 82.57 11.69 83.55 16.45 0.00
CP-114 14.58 85.42 0.00 74.06 5.61 20.33 H-06 57.30 42.18 0.52 90.68 0.74 8.58
CP-301 22.48 66.02 11.50 76.10 4.09 19.81 H-06 16.65 83.35 0.00 88.81 4.76 6.43
CP-302 21.87 69.37 8.76 77.27 4.20 18.53 H-07 25.89 69.62 4.49 90.69 2.88 6.43
CP-207D 10.85 79.37 9.78 26.59 7.20 26.59 H-07 43.28 56.72 0.00 87.33 1.33 11.34
CP-218 17.08 82.92 0.00 35.82 3.97 35.82 H-09 0.27 89.62 10.11

CP-220D 13.05 76.44 10.50 62.53 3.67 62.53 H-11D

CP-230D 30.43 62.23 7.34 17.86 3.11 17.86 H-12 24.14 64.39 11.47 85.42 297 11.61
CP-232 8.91 79.59 11.50 21.68 9.08 21.68 H-15D 0.31 90.52 9.17

CP-233 27.01 61.11 11.88 17.40 3.60 17.40 H-17D 0.14 91.62 8.24

CP-234D 7.64 92.36 0.00 20.95 10.14 20.95 H-19D 28.60 67.30 4.10 89.94 2.63 7.43
CP-247 51.40 48.60 0.00 26.98 1.37 26.98 H-19D 43.00 56.02 0.98 91.21 1.48 7.32
CP-248 13.97 76.29 9.74 53.92 3.98 53.92 H-20 7.10 86.97 5.93 87.22 12.78 0.00
CP-500 19.03 80.97 0.00 64.22 2.17 64.22 H-30 32.72 61.50 5.78 85.90 1.36 12.74
CP-500 25.14 74.86 0.00 65.40 1.57 65.40 H-31 10.45 78.98 10.57 89.37 7.75 2.88
CP-501 21.84 69.42 8.73 64.08 2.24 64.08 H-32 19.79 80.21 0.00 93.73 4.17 2.11
CP-505 8.49 78.25 13.26 34.79 8.19 34.79 H-33 24.40 75.60 0.00 81.60 2.24 16.16
CP-512 9.03 77.36 13.61 31.90 8.05 31.90 H-34 9.74 74.87 15.39 89.60 9.41 0.99
CP-512 9.69 76.84 13.47 27.52 7.97 27.52 H-35 0.52 84.79 14.69

CP-513 31.04 61.55 7.41 57.92 1.85 57.92 H-39a 4.49 95.51 0.00 77.80 17.98 421
CP-522D 7.98 78.21 13.80 15.64 10.70 15.64 H-39%b 5.93 94.07 0.00 77.01 13.36 9.62
CP-531D 7.79 77.56 14.64 48.39 7.37 48.39 H-41 0.05 88.66 11.29 79.15 12.31 8.54
CP-533D 25.08 67.69 7.23 61.00 2.08 61.00 H-42 6.56 93.44 0.00 80.95 2.72 16.33
CP-538D 42.45 53.21 4.34 41.71 1.74 41.71 H-44D 24.74 72.36 291 89.02 1.19 9.78
CP-542 14.37 76.38 9.25 63.55 3.28 63.55 H-45D 47.38 52.62 0.00 83.84 6.99 9.17
CP-545D 16.79 69.45 13.76 43.37 4.09 43.37 H-48D 11.89 79.72 8.39 89.85 0.98 9.16
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CP-E24
CP-E50
CP-E56
CP-M126
CP-M148A
CP-M160
CP-308
CP-309
CP-311
CP-318
CP-345

CP-346
CP-E35A
CP-E37A
CP-M110

CP-404

CP-414

CP-423

CP-424
CP-431D

CP-509

Los Azufres
AZ-2A
AZ-4
AZ-5
AZ-6
AZ-9A
AZ-9AD

AZ-12D
AZ-13

15.73
24.20
9.60
12.97
7.89
0.17
53.04
10.13
19.79
23.97
20.48

38.45
35.51
12.72
28.80
7.07
5.42
44.53
40.89
4.57
16.11

343
4.85
27.61
10.73

20.06
26.90
5.49
35.01

73.91
63.91
79.68
79.47
92.11
85.67
44.58
89.87
69.90
70.86
70.79

57.85
64.49
87.28
63.70
79.26
94.58
52.32
59.11
82.02
74.78

69.91
95.15
55.81
67.92
58.15
73.10

63.07
47.51

10.36
11.89
10.72
7.56
0.00
14.16
237
0.00
10.31
5.17

3.70

0.00
0.00
7.49
13.67
0.00
3.15
0.00
13.41
9.11

26.66
0.00
16.58
21.34
21.79
0.00

31.44
17.48

13.27
22.30
2091
56.02
18.70

71.55
26.74

11.70
18.56

12.40

28.59

19.82
20.11

17.49
16.57
24.82

16.25
7.03

17.36
1.09

16.07

62.57

92.97
84.11
95.52
96.70
81.64
95.72

5.98
3.77
8.58
4.08
10.16
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2.25
6.63
3.30
10.77
14.34
2.38
2.00
19.49
0.00

8.65
14.25
2.82
7.94
448
2.99

15.77
2.09

13.27
22.30
2091
56.02
18.70

26.74
11.70

18.56
12.40

28.59

19.82
20.11
17.49
16.57
24.82
16.25
7.03
17.36
1.09
20.49

75.28

23.19
4.22
7.95
0.00
0.31

2.60
2.19

H-49D
H50a
H50b

H55
H56
H59

H65

Las Tres
Virgenes

LV-6
LV-6
LV-6/
inhibitor
LV-6/
inhibitor
LV-11
LV-11
LV-13
LV-13

Cerritos
Colorados

Rio Caliente
Los Volcanes
Las Tinajas
Acoculco

ACP02
ACP03-1

ACP03-2

LB-01
Baja
California
SF-1
SF-2
SF-3
SF-4
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51.94
12.10
14.37
15.37
24.02
9.46
6.06

10.79
6.76

5.61

12.40
7.00
7.12
11.61
10.79

0.37
0.42
0.37
0.36

48.06
87.90
85.63
84.63
75.98
90.54
93.94

57.28
60.44

60.17

54.85
57.45
57.35
56.64
57.28

83.04
82.01
82.71
83.05

0.00
0.00
0.00
0.00
0.00
0.00
0.00

31.93
32.80

34.22

32.75
35.55
35.52
31.75
31.93

16.59
17.58
16.92
16.59

84.31
73.21
93.54
90.42
84.57
85.82
79.15

64.65
68.63

67.77

67.41
49.39
55.43
71.97
76.04

308
308
308

302
302
302
302

6.75
5.78
6.69
7.23

6.31
4.59
593
3.01
8.13
6.26
12.31

8.21
13.18

15.58

7.49
10.22
11.11
7.87
8.78

39.01
34.12
38.63
40.40

9.38
22.20
0.53
6.56
7.30
791
8.54

27.14
18.19

16.65

25.11
40.39
33.46
20.16
15.18

2.18
236
27.79

20.15

35.11

37.63
4.55

54.25
60.10
54.68
52.37



AZ-18
AZ-18
AZ-19
AZ-25
AZ-26
AZ-28
AZ-32
AZ-34a
AZ-34b
AZ-36
AZ-38
AZ-42
AZ-43
AZ-46
AZ-47D
AZ-48
AZ-51
AZ-51
AZ-62a
AZ-62b
AZ-65
AZ-66D
AZ-67
AZ-83a
AZ-83b
AZ-89
AZ-90

24.74
11.09
10.40
18.68
15.02

25.11
22.33
19.03
8.11
42.36
14.69
15.61
58.47

33.15
68.25
26.34
15.73
1.36
16.24
82.64
9.33
7.33
1.14

75.26
66.71
63.72
60.74
61.90

56.60
58.77
80.97
70.31
57.64
64.16
63.81
30.03

48.56
21.07
52.34
60.64
72.90
62.68
8.93
69.63
67.69
98.86

0.00
22.20
25.88
20.59
23.08

18.29
18.89
0.00
21.58
0.00
21.15
20.58
11.50

18.28
10.68
21.33
23.62
25.74
21.08
8.43
21.05
24.98
0.00

93.00
95.61
71.36
80.10
81.43
79.00
93.30
91.57
93.31
89.36
91.19
30.28
85.62
85.12
93.22
79.10
91.00
94.31
88.50
88.40
59.46
1.85
94.34
88.33
82.84
81.33
38.81

0.03
333
6.66
7.84
4.07
5.12
0.07
0.01
3.20
3.56
441
7.10
1.38
5.93
5.68
0.69
0.00
2.20
0.54
2.85
432

10.14
5.48
0.28
9.07

11.54

49.67

6.97
1.06
21.98
12.06
14.51
15.88
6.63
841
3.49
7.09
4.40
62.62
13.00
8.96
1.09
2021
9.00
3.49
10.96
8.75
36.22
88.01
0.18
11.39
8.09
7.13
11.52

SF-5
SF1 (SSB)
SF2 (SSB)

PE-1

PE-2
PEI1 (SSB)

COly

Cco2

CO3

PU

PU1
PU1 new

SLG1

SLG2
SLG1(SSB)

SLG2 (SSB)

AAl

AA2

AA3

AA4

AA5

AA6

AA7
AA4 (SSB)
AAS (SSB)

AAS5* (SSB)
AAT (SSB)
FUM (SSB)

0.41
0.17
0.24

47.15
30.20

22.91

20.51
19.73
19.98
20.34
22.23
15.87
0.20
0.14

83.01
83.20
83.15

45.73
56.34

50.05

51.27
50.54
80.02
79.66
71.77
84.13
99.80
64.89

16.58
16.63
16.62

7.12
13.46

27.04

28.22
29.72
0.00
0.00
0.00
0.00
0.00
34.97

5.86
13.31
10.91
2.50
1.22
1.83

1.21

8.54
7.96
84.12
84.43
83.53
84.15
64.14

65.37
64.23

59.45
66.81
63.49
63.77
58.41
47.63

34.70
82.84

62.63
0.49
0.55
0.82

1.47

0.82
0.71
0.87
1.01
0.70
1.06
4.05

3.69
3.67

322
3.71
3.50
3.45
2.90
4.48

59.44
3.84
26.46
97.01
98.23
97.35

97.32

90.64
91.33
15.01
14.56
15.77
14.80
31.81

30.93
32.10

37.33
29.48
33.01
32.78
38.69
47.89

2 Estimated from the CO»/*He and 6'3C-CO, ratios.

b Estimated from the CO,/*He and R/Ra ratios.
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