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ABSTRACT

Radiogenic ‘He is naturally produced in Earth’s crust due to alpha decay of Uranium (U) and Thorium (Th).
Helium has unique thermodynamic properties required for the medical imaging industry, aerospace and other
fields of high-tech manufacturing, and currently is in increasingly high demand. Despite its economic value, the
mechanisms of helium migration and retention in sedimentary basins remain poorly understood.

Oil and gas fields with economic helium (>0.3%) concentrations have been discovered in Paleozoic intervals
in the Colorado Plateau, southwestern USA. Here we report new noble gas isotope and abundance data for gas
samples (n = 31), from actively producing Paleozoic formations within five fields: Ratherford, Tocito Dome,
Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah. Helium concentrations range from 0.01% to 7.9% with varying
amounts of liquid and gaseous hydrocarbons, N3, and CO,. We present multi-stage gas, water, and oil equili-
bration models to account for the observed noble gas elemental and isotopic signatures. Oil-dominated systems
are explained by a closed system oil/water equilibration and subsequent admixture of air. He-rich dry gas
samples exhibit uniform *He/N, ratios consistent with the regional mean values, suggesting a common crustal
source and no subsequent fractionation. In contrast, air-derived 2°Ne/3®Ar ratios are highly fractionated. These
observations are consistent with a tectonically controlled crustal gas release from the basement, groundwater
saturation with “He and Ny, and subsequent degassing. Extensive gas-water interaction (i.e., migration) leads to
extreme fractionation of 2°Ne/3°Ar, but does not affect “He/N, due to water saturation with crustal gases
released from the basement.

We show the volume of rock required to have produced helium in the reservoir to be significantly larger than
the current reservoir volume immediately beneath the field. Therefore, the reservoir helium concentration
cannot be sourced by in-reservoir decay of U and Th and instead requires a process to incorporate exogenous
sources of helium in the reservoir without significant dilution from hydrocarbons. For helium-rich fields, excess
helium is sourced from the Precambrian granitic basement likely utilizing a large area beneath the field area (i.e.,
crustal gas mobilization and transport via fracture zones), consistent with the degree of water contact. Deep
crustal faults in the Precambrian basement are in close proximity to the high helium fields, indicating that these
structures are potentially serving as primary migration conduits via advective fluid flow.

1. Introduction

Helium (He) is the second lightest elemen

most abundant element in the galaxy, it is relatively rare on Earth.
Despite helium’s rarity on Earth, people have managed to extract it from
t and the lightest noble gas the ground, typically when it co-occurs with natural gas, and have

in the observable universe. It has two stable isotopic forms: 3He (pri- developed various advanced applications due to its stable electron
mordial) and “He (radiogenic decay). Although helium is the second configuration and low atomic mass (Chan, 2013). Applications of helium
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include: Magnetic Resonance Imaging (MRIs), spectrometry, chroma-
tography, dirigible/lifting, electronics, semiconductors, science/engi-
neering, fiber optics, diving, welding, and controlled atmospheres
(National Research Council, 2010).

Helium reservoirs, which have been traditionally discovered seren-
dipitously as a by-product of hydrocarbon exploration, can be classified
by their major gas component: N3, CHy, and COq-rich. After the Kansas,
USA initial discovery, additional helium discoveries have been made
across the USA in Texas, Oklahoma, Wyoming, Kansas, New Mexico,
Arizona, Utah, Colorado, and Montana (USGS, 2000-2021). Fields
within the Four Corners area (New Mexico and Arizona) contain helium
up to ~10% (Brennan et al., 2016) (Fig. 1). The economic threshold for a
helium-rich field is 0.3% for primary (standalone) and secondary (with
other hydrocarbons) production, and 0.04% from the production of
liquefied natural gas (National Research Council, 2010; Brennan et al.,
2016; Halford, 2018; Anderson, 2018; Boreham et al., 2018). When the
terms economic or non-economic helium are used in this study they are
referring strictly to the molar percentage of helium found in the gas
stream and do not refer to reservoir volume, producibility, feasibility,
and/or the economics of various separation strategies (e.g., pressure
swing adsorption, nitrogen rejection). Despite helium not being recog-
nized as a valuable primary resource historically (i.e., often vented to
the atmosphere because helium is not combustible), currently helium is
being considered as a primary exploration target due to favorable eco-
nomics and increasing global demand.
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To aid in the exploration of helium, helium system models, which are
a slight variation to the original petroleum system models, are being
developed by utilizing elemental compositions and isotopes of noble
gases, hydrocarbons, and non-hydrocarbons (Magoon and Dow, 1994a,
1994b; Halford, 2018; Flude et al., 2019). Considering helium as a pri-
mary exploration target, there are previously reported critical re-
quirements for the discovery of an economic helium play in the Four
Corners area: 1) a portion of shallow crust (basement) to supply helium
(source rock), 2) long stable periods to allow helium to accumulate
within the impermeable source rocks, 3) faulting/igneous activity/other
younger tectonic events, which aided in the advection of helium from
the source rock (primary migration) into the overlying sedimentary
strata, 4) gas — water interactions with large volumes of pore water
(secondary/lateral migration), 5) the presence of a separate migration
gas phase to exsolve the helium from solution into a trap, 6) lack of large
basin scale charging events of hydrocarbons, which might dilute the
helium in the reservoir (edges of a petroleum system are favorable), 7)
the presence of structural, stratigraphic, or combination structural-
stratigraphic traps, 8) a seal with very tight and impermeable lithol-
ogy (evaporites, tight mudstones, tight carbonates, or igneous in-
trusions), and 9) a period of relative quiescence without large-scale
tectonic events to protect the seal and allow additional helium accu-
mulation (Ballentine and Burnard, 2002; Ballentine and Sherwood-
Lollar, 2002; Broadhead and Gillard, 2004; Brown, 2010; Danabalan,
2017, Danabalan et al., 2022; Halford, 2018; Zhang et al., 2019)
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Fig. 1. Distribution of helium from historical Four Corners area wells along with current sampled locations, which are shown by large colored circles (USGS helium
data - Brennan et al., 2016). Solid fault lines are based on geologic data, while dashed lines are based on geophysical data (Precambrian basement faults - Craddock
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(Table A.1, Fig. A.1). This study will investigate several of these factors
(1-6) to explain the helium occurrences and lay out a more accurate
definition of the helium system in the Four Corners area, which ulti-
mately serves to increase the viability of helium exploration models,
lower exploration risk, and spur economic development.

2. Geologic background
2.1. Regional tectonic history of the Colorado Plateau

The Colorado Plateau, which is an elevated crustal block of relatively
undeformed strata, straddles Colorado, Utah, New Mexico, and Arizona
and is bounded by the Basin and Range province to the northwest, the
Rocky Mountains to the northeast, the Rio Grande Rift to the southeast,
and the Mogollon Rim to the southwest (Foos, 1999; Gilfillan et al.,
2008). The Colorado Plateau is composed of generally flat to slightly
dipping sedimentary rocks, which uncomfortably overlie metamorphic
and igneous Paleoproterozoic basement rocks (Condie, 1986; Tingey
et al., 1991; Re, 2017). The Mazatzal and Yavapai accretionary terranes
make up the Paleoproterozoic basement (Karlstrom and Bowring, 1988).
There are no structural mountain ranges on the plateau, only volcanic
mountains. Volcanism is present around the peripherals of the plateau
with minor occurrences within the plateau’s boundaries, most likely
influencing the low heat flow of the plateau (Gilbert et al., 2007).
Although relatively undeformed (possibly due to a thick crust), zones of
weakness in basement rocks have localized deformation (i.e., folds and
faults, and concomitant fracture systems), which may influence gas
migration paths.

The first stage of tectonic uplift commenced during the late Creta-
ceous (80-50 Ma) was related to Sevier and Laramide contractile
deformation (Huntoon., 1974; Roy, 2005; Roberts et al., 2012). During
Late Eocene to Miocene times (35-15 Ma) there was a second phase of
uplift (Roberts et al., 2012). It is proposed that Cenozoic uplift was
influenced by the flat slab subduction and demise of the Farallon oceanic
plate (i.e., Farallon rollback) (Hernandez-Uribe and Palin, 2019). This
caused the delamination of the mantle lithosphere underneath the
plateau, which was replaced by rising asthenosphere (Levander et al.,
2011; Hernandez-Uribe and Palin, 2019). During the Oligocene,
magmas were introduced into the sedimentary sections through deep-
seated faults resulting in laccoliths of intermediate composition (Foos,
1999; Fitton et al., 1991; Gilfillan et al., 2008; Roberts et al., 2012; Re,
2017). Around 5 Ma ago, the Colorado Plateau experienced epeirogenic
uplift associated with regional extensional tectonism (Baars, 2000; Roy,
2005). According to Foos (1999), this uplift was facilitated by tilting of
the plateau to the north and by the reactivation of preexisting faults.

2.2. Generalized stratigraphy

The stratigraphy of the Colorado Plateau consists of Proterozoic
through Cenozoic aged sediments (Fig. A.2) with most sedimentary
rocks being deposited in a passive margin (i.e., coastal terrestrial or
shallow marine origin) (Trexler, 2014). On the plateau, episodes of
volcanism contributed to the lithologic record from Paleogene - Qua-
ternary. Within the Colorado Plateau’s stratigraphic record, Paleozoic
rocks in the Four Corners area produced high He concentrations (Rauzi,
2003; Broadhead and Gillard, 2004; Brown, 2010; Halford, 2018).
Paleozoic rocks with helium potential in the Four Corners region consist
of Devonian, Mississippian, Pennsylvanian, and Permian units. The
Devonian section includes carbonates (limestones, dolomites), glauco-
nitic sandstones, and black shales. The Mississippian section is pre-
dominately limestones. Carbonates (limestones), sandstones, and black
shales comprise the Pennsylvanian, whereas the Permian section is
mostly sandstones (Fassett, 2010). Oligocene sills within Pennsylvanian
strata have produced helium in the Dineh-Ki-Keyah Field in the Four
Corners area (McKenny and Masters, 1968; Masters, 2000; Rauzi, 2015;
Halford, 2018). In this study, gas samples were obtained from the
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McCracken Sandstone (Dineh-Bi-Keyah Field), the Barker Creek
(Dineh-Bi-Keyah and Tocito Dome fields), a sill intruding the Barker
Creek (Dineh-Bi-Keyah Field), the Desert Creek (Ratherford Field), and
the Coconino Sandstone (Navajo Springs and Pinta Dome fields).

3. Methods
3.1. Sample collection

Natural gas was sampled from existing wellheads on and near the
Navajo Nation, from helium producing Paleozoic formations. Duplicate
gas samples were collected in the field from 31 actively producing wells
from Utah, New Mexico, and Arizona with stainless-steel cylinders (non-
noble gases) and copper tubes (noble gases). The cylinders were evac-
uated and pre-baked stainless-steel cylinders and thick-walled refriger-
ator grade copper tubes, which are 40.6 cm (15.98 in) long, and have a
0.95 cm (0.374 in) outside diameter. The cylinders were fitted with
vacuum modified Swagelok valves. Copper tubing was connected to the
in-line system, allowing for the simultaneous collection of stainless steel
and copper tubes. To minimize contamination, once the stainless-steel
cylinders and copper tubes were connected in-line to the producing
well, they were purged for approximately 10 min each (greater than 50
tube volumes of gas) to negate air contamination (Darrah et al., 2015;
Kang et al., 2016). Once the samples were successfully collected, the
stainless-steel cylinders were sealed using vacuum in-line modified
valves while the copper tubes were sealed with brass refrigeration
clamps with a 0.762 mm gap (Darrah et al., 2013; Darrah et al., 2015;
Kang et al., 2016).

3.2. Laboratory analyses

The laboratory analyses were divided into: noble gas (elemental and
isotopic abundance), major gas components, stable isotopes of carbon,
and stable isotopic values of nitrogen.

For the noble gas analyses a Thermo Fisher Helix Split Flight Tube
(SFT) Noble Gas mass spectrometer was utilized at the Ohio State Uni-
versity Noble Gas Laboratory (OSU NGL). Darrah and Poreda (2012)
cover the noble gas procedures for the purification and analyses of gas
samples. The average precision for noble gas concentrations based on
standard reproducibility for noble gas isotope concentrations are as
follows: *He (0.69%), *2Ne (1.09%), 3®Ar (0.31%), 3*Kr (1.51%), and
130%e (1.58%).

To measure the major gas components (hydrocarbon and non-
hydrocarbon compositions), an SRS Quadrupole mass spectrometer
and the SRI 8610C Multi-Gas 3+ gas chromatograph with a flame
ionization detector and thermal conductivity detector were utilized
(Hunt et al., 2012; Darrah and Poreda, 2012; Kang et al., 2016). The
standard errors were all less than +2.97% for major gas concentrations.
The average results of the external precision analyses are: CHy (1.34%),
CoHg (1.57%), C3Hg (1.44%), C4H10-1 (2.84%), C4H19-n (2.86%), CsH12-
i (2.97%), CsHio-n (2.91%), N2 (0.98%), CO2 (1.21%), and Ar (0.63%)
based on daily replicate measurements during analyses.

Darrah et al. (2013), Jackson et al. (2013), Darrah et al. (2015b), and
Harkness et al. (2017), describe the procedures for obtaining stable
isotopic values for C in CHy. For the hydrocarbon isotopic percentages,
firstly a Thermo Finnigan Trace Ultra gas chromatograph was used and
secondly a Thermo Fisher Delta V Plus with combustion and dual inlet
isotope ratio mass spectrometer was utilized. Detection limits are 0.001
em3STP/cm® for CHy. The 3'3C-CH, are calculated versus the Vienna
Peedee belemnite (VPDB) with a reproducibility for CH4 (& 0.1%0). The
813C-CH4 values are shown in per mil (%o).

The methods of the stable isotopic analyses of nitrogen (N3) are
described in Darrah et al. (2013), Darrah et al. (2015), Harkness et al.
(2017), and Jackson et al. (2013). Using the same methods as described
above (Thermo Finnigan Trace Ultra gas chromatographic separation,
followed by using the Thermo Fisher Delta V Plus with dual inlet isotope
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ratio mass spectrometry), the detection limits of nitrogen isotopes are
0.001 cm3®STP/cm® for 615N—N2. The 615N—N2 values (versus air) have a
N, reproducibility of +0.3%o.

Utilizing established atmospheric air standards from Lake Erie, Ohio
air, several synthetic natural gas standards from Praxair, which include
referenced/cross-validated laboratory standards of Ng, CO,, O, C;-Cs,
and the Yellowstone MM standard, average external precisions were
determined (Tedesco et al., 2010; Harkness et al., 2017).

4. Results

The bulk major gas concentrations (Table 1, Fig. 2) as well as noble
gas abundance and isotope ratios (n = 31) are presented in Table 2.
Observations regarding the fields are: 1) the Ratherford Field is mostly
composed of methane, ethane, and propane, with trace amounts of he-
lium. 2) The Tocito Dome Field has marginally economic levels of he-
lium along with substantial methane contributions. Thus, the Ratherford
and Tocito Dome are CHy-rich fields. 3) The Navajo Springs and Pinta
Dome samples have minute amounts of methane, are rich in nitrogen,
and have the highest helium concentrations observed in this study. 4)
The Dineh-Bi-Keyah (DBK) samples are nitrogen-rich, have high helium
and variable CO, abundances. Thus, Dineh-Bi-Keyah, Pinta Dome, and
Navajo Springs fields are classified as He-rich fields.

4.1. Major volatiles and stable isotopes

We establish the hydrocarbon-rich (CH4-rich) fields as the Rather-
ford and Tocito Dome fields, and the helium-rich (He-rich) fields as the
Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah fields. The data ranges
for Ny (%) are: 0.7-8.0 (CH4-rich); 76.6-91.3 (He-rich). 515N (N2) (%0)
versus air: —11.7 to —2.5 (CHg-rich); 3.0 to 7.6 (He-rich). CHy (%):
51.8-78.9 (CHg4rich); 0.02-2.7 (He-rich). 8'3CH,4 (%o VPDB):-53.6 to
—43.0 (CHy4-rich); —36.2 to —30.6 (He-rich). ZCy+ (%): 12.8-43.4 (CH4-
rich); 0.00003-0.04 (He-rich).

4.2. Noble gases

Bulk helium for the fields are: 0.01-0.6% (CHjy-rich); 5%-8% (He-
rich). *He (pem®/cm®): 146.0-6071.3 (CHy-rich); 50,390.1-79,200.3
(He-rich). The helium isotopic ratios 3He/4He, expressed as R/R,
[(BHe/4He) R/R, = (SHe/4He) measured / (SHe/4He) atmosphere) 15 for the
CHy-rich fields are strongly radiogenic (0.02-0.09 Ra); while the He-rich
fields contain a mantle component (0.05-0.22 Ra) (Andrews, 1985;
Ballentine and Burnard, 2002) (Fig. 3). Ra values are reported relative to
the air value Ra = 1.384 x 107 (air = 1 Ra; Clarke et al., 1976; Sano
et al., 1988). The data ranges for *He/?°Ne are: 1654.9-178,172.2 (CH-
rich); 11,260.7-213,865.4 (He-rich). Since the “He/?’Ne ratios are all
significantly higher than the ASW value of 0.288 (Kipfer et al., 2002),
this indicates that air derived He contributions are negligible.

20Ne (pcms/cmg) for the fields are: 0.01-0.2 (CHy4-rich); 0.3-5.7 (He-
rich). ?°Ne/?’Ne: 9.5-9.8 (CHyrich); 9.2-9.7 (He-rich). 2!Ne/?’Ne:
0.03-0.06 (CHg4-rich); 0.04-0.08 (He-rich). Ratios greater than the air
value for 2!Ne/?*Ne (0.029) are attributed to crustal input (Ballentine
and O’Nions, 1992).

The data ranges for 4OAr (pcms/cms) are: 46.2-1106.4 (CHy-rich);
4230.1-23,204.8 (He-rich). “°Ar/%°Ar: 355.8-5177.4 (CHg-rich);
1291.9-17,083.2 (He-rich). Compared to the air *°Ar/36Ar value of
298.56, the ratios indicate crustal enrichment (Lee et al., 2006).

The data ranges for 84k (ncm3/cm3) are: 1.3-48.4 (CHjy-rich);
17.4-120.9 (He-rich). *2Xe (ncm®/cm®): 0.04-3.0 (CHy4-rich); 3.3-18.2
(He-rich). Kr (8°Kr/3*Kr) and Xe (32Xe/!3%Xe) isotopic ratios are air like
(0.3; 86Kr/84Kr) and (6.6; 132%e/130%e) (Aregbe et al., 1996; Moreira and
Allegre, 1998; Pepin, 2000; Porcelli and Ballentine, 2002; Ballentine and
Burnard, 2002; White, 2015).
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5. Discussion
5.1. Crustal influence

Noble gases can be utilized to fingerprint natural gases and deter-
mine the origin of different gas families (Ballentine et al., 2002; Gilfillan
et al., 2008; Gilfillan et al., 2009; Hunt et al., 2012). By utilizing helium
isotopes, “He concentrations, and “°Ar/3CAr values, we are able to
clearly distinguish four different source families of gases on Fig. 3A and
B and determine their relative origin and mixing between endmembers.
Helium production ratios in the continental crust are ~0.02 R/R,
(Andrews, 1985; Ballentine and Burnard, 2002; Boreham et al., 2018),
compared with an average subcontinental lithospheric mantle value of
6.1 + 2.1 R/R, (Day et al., 2015).

By plotting He isotopes versus “OAr/36Ar (Fig. 3A) and “He concen-
trations (Fig. 3B), we observe that Four Corners gases are derived from a
continental crust source with a contribution from the mantle. The
Navajo Springs and the Pinta Dome samples have the highest He isotope
values, indicating a resolvable mantle contribution relative to crustal
sources based on the R/R, ratios. Air corrected Rc/Ra values are equal to
R/Ra values, so air contamination is negligible. In Fig. 3A, increases in
radiogenic *“°Ar relative to 2°Ar in the Dineh-Bi-Keyah samples are
observed, possibly associated with a thermal release by a recent igneous
activity in the field (Danie, 1978; Masters, 2000). Enrichment in 4Oar
tracks with “He suggesting a common crustal source.

5.2. Regional nitrogen and noble gas relationships

When plotting No/36Ar against “He/3Ar, two groups are observed,
the helium-rich and hydrocarbon-rich, which show a regional underly-
ing relationship between radiogenic helium, crustal-sourced N3, and the
groundwater system (Fig. 4). There is a positive correlation between the
helium-rich samples of several different fields, which indicates a
regional relationship. Helium-rich fields have a consistent regional “He/
Ny, ratio of 0.07, while the hydrocarbon-rich Ratherford has a 4He/N2
ratio of 0.018. High-He samples clearly have excess “He and Ny beyond
air/groundwater mixing, perhaps due to lack of hydrocarbon dilution. In
contrast, radiogenic Ratherford samples exhibit a resolvable portion of
air-derived N as well as Ny from ASW (air-saturated water), suggesting
a shallow-sourced water-dominated N, component.

Nitrogen isotopes combined with helium (Fig. 5), can be used to
delineate Ny and He sources from organic sedimentary derived nitrogen
(i.e., thermal cracking of hydrocarbons/post — mature and mature or-
ganics), and crustal nitrogen released from the basement during low
temperature metamorphism or from clays (Cartigny and Marty, 2013;
Ballentine and Sherwood-Lollar, 2002). In Fig. 5, air, mantle-derived Ny,
and mature organics are negligible in high helium samples, suggesting
there must be another source contributing to the Ny (Halford, 2018).
Dominant contributions from the post mature organics, clays and met-
asediments should be discounted for the hydrocarbon-rich samples.

5.2.1. Hydrocarbon-rich fields

The Ny in Ratherford and Tocito Dome samples are likely from an
organic source (Fig. 5) as a minor component of hydrocarbons (Fig. 2).
However, Ratherford samples are likely receiving a portion of their Ny
from air as the samples plot close to the air end-member in 2°Ne/??Ne vs
2INe/?*’Ne space (Fig. 6), and near the 515N (N5) air value of 0%o in
Fig. 5. Additionally, we hypothesize that there is a *He-poor/*°N-
depleted endmember influencing the Ratherford samples and a “He-
rich/*°N-depleted endmember influencing the Tocito Dome samples in
Fig. 5.

Ratherford and Tocito Dome samples fall within the overlapping
range of mantle (small but discernible mantle component is evident from
He isotopes) and mature organics (—7 to —3%o 5'°N), suggesting a
combination of both mantle and mature organics in N isotope space. The
most likely scenario is that the negative nitrogen signature is not mantle
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Table 1
Elemental gas values, R: Ratherford, TD: Tocito Dome, NS: Navajo Springs, PD: Pinta Dome, & DBK: Dineh-Bi-Keyah. Other abbreviations: below detection limit (b.d.1.)
and non-applicable (n/a).

D CH,4 + CoHg + c3 + Ci-4 + Cn-4 +
em®sTP/cm® cm®STP/cm® em®STP/cm® cm®STP/cm® em®STP/cm® cm®STP/cm® cm®STP/cm® cm®STP/cm® cm®STP/cm® cm®STP/cm®
R12-23 0.76 9.59E-03 1.27E-01 1.72E-03 4.99E-02 6.69E-04 4.90E-03 1.27E-04 1.37E-02 3.54E-04
R13-41 0.78 9.83E-03 1.27E-01 2.36E-03 4.18E-02 7.11E-04 3.14E-03 8.43E-05 7.67E-03 2.06E-04
R20-66 0.74 9.39E-03 1.49E-01 2.33E-03 5.91E-02 7.09E-04 4.96E-03 1.18E-04 1.25E-02 2.99E-04
R20-42 0.62 7.83E-03 1.77E-01 3.82E-03 1.07E-01 1.43E-03 1.44E-02 3.87E-04 4.16E-02 1.12E-03
R20-44 0.71 8.96E-03 1.55E-01 2.88E-03 6.35E-02 7.56E-04 5.27E-03 1.57E-04 1.30E-02 3.88E-04
R29-31 0.72 9.02E-03 1.56E-01 1.96E-03 6.13E-02 7.60E-04 5.96E-03 1.96E-04 1.25E-02 4.11E-04
R15-33 0.74 9.38E-03 1.34E-01 2.19E-03 4.97E-02 5.52E-04 4.39E-03 1.37E-04 1.09E-02 3.42E-04
R16-41 0.61 7.74E-03 1.95E-01 2.84E-03 1.06E-01 1.32E-03 7.17E-03 2.14E-04 2.09E-02 6.23E-04
R10-14 0.66 8.29E-03 8.72E-02 2.77E-03 3.05E-02 3.26E-04 2.38E-03 6.61E-05 5.95E-03 1.66E-04
R10-32 0.63 7.97E-03 1.72E-01 3.20E-03 9.30E-02 1.14E-03 9.69E-03 2.93E-04 2.95E-02 8.95E-04
R9-34 0.54 6.86E-03 2.21E-01 3.41E-03 1.25E-01 1.68E-03 1.30E-02 3.80E-04 3.43E-02 1.00E-03
R17-13 0.59 7.37E-03 2.11E-01 3.31E-03 1.08E-01 1.25E-03 1.30E-02 3.63E-04 3.64E-02 1.01E-03
R17-11 0.65 8.17E-03 1.93E-01 3.77E-03 9.51E-02 1.02E-03 8.73E-03 2.17E-04 2.51E-02 6.24E-04
R17-22 0.58 7.31E-03 1.76E-01 2.56E-03 1.12E-01 1.56E-03 1.75E-02 5.49E-04 4.72E-02 1.48E-03
R13-12 0.52 5.31E-03 1.72E-01 3.36E-03 1.16E-01 1.71E-03 1.69E-02 4.70E-04 6.12E-02 1.71E-03
TDU9 0.79 1.05E-02 1.03E-01 1.70E-03 4.11E-02 5.42E-04 6.08E-03 1.57E-04 1.06E-02 2.74E-04
T™ODU7 0.78 9.56E-03 9.76E-02 1.82E-03 4.38E-02 5.43E-04 7.46E-03 2.71E-04 1.31E-02 4.75E-04
TDU 12 0.78 1.11E-02 9.51E-02 2.47E-03 3.77E-02 4.75E-04 5.67E-03 1.46E-04 9.50E-03 2.45E-04
TDN1 0.78 1.27E-02 9.42E-02 2.46E-03 3.85E-02 4.81E-04 5.98E-03 1.30E-04 1.09E-02 2.38E-04
TDN 11 0.78 8.87E-03 9.83E-02 2.67E-03 4.08E-02 5.96E-04 6.40E-03 1.59E-04 1.12E-02 2.79E-04
TDN 6 0.76 9.64E-03 1.06E-01 1.45E-03 3.74E-02 5.34E-04 7.45E-03 1.78E-04 1.33E-02 3.16E-04
NS 31-1 0.01 2.10E-04 1.91E-05 7.94E-07 1.33E-05 7.45E-07 6.91E-06 4.34E-07 1.01E-05 6.37E-07
PD 33-1 0.01 2.92E-04 1.88E-05 9.69E-07 1.85E-05 1.13E-06 9.20E-06 6.70E-07 1.54E-05 1.12E-06
PD 34-1 2.18E-04 5.90E-06 2.96E-07 1.82E-08 b.d.l n/a b.d.l. n/a b.d.l. n/a
DBK B 2 0.02 7.00E-04 1.27E-04 4.00E-06 7.93E-05 3.89E-06 1.63E-05 9.99E-07 2.53E-05 1.55E-06
DBK C 2 0.01 5.34E-04 7.92E-05 4.08E-06 4.53E-05 2.17E-06 8.40E-06 4.81E-07 1.33E-05 7.61E-07
DBK 4 0.01 2.20E-04 6.09E-05 3.42E-06 3.91E-05 1.83E-06 b.d.l. n/a b.d.l. n/a
DBK 24 0.01 3.65E-04 2.98E-05 1.46E-06 1.96E-05 9.97E-07 b.d.l n/a b.d.l n/a
DBK 15 0.03 1.16E-03 1.98E-04 6.24E-06 1.21E-04 3.75E-06 2.38E-05 1.41E-06 3.83E-05 2.27E-06
DBK 88 3 0.02 8.32E-04 9.88E-05 4.11E-06 5.20E-05 2.80E-06 1.37E-05 9.23E-07 2.10E-05 1.41E-06
DBK 88 2 2.75E-03 9.41E-05 2.03E-05 1.25E-06 1.24E-05 7.93E-07 b.d.l n/a b.d.l n/a
D Ci-5 + C-5 + C-6+ + CO, + Ny +
em®sTP/cm® cm®STP/cm® em®STP/cm® cm®STP/cm® em®STP/cm® em®STP/cm® em®STP/cm® em®STP/cm® cm®STP/cm® em®sTP/cm®

R12-23 2.88E-03 8.47E-05 3.34E-03 9.80E-05 1.52E-03 4.85E-05 0.02 2.23E-04 0.02 1.47E-04
R13-41 1.50E-03 4.30E-05 1.75E-03 5.04E-05 7.97E-05 2.55E-06 0.01 1.43E-04 0.02 1.67E-04
R20-66 1.83E-03 5.41E-05 1.93E-03 5.70E-05 5.84E-04 1.87E-05 0.02 2.07E-04 0.01 7.18E-05
R20-42 6.27E-03 1.74E-04 7.83E-03 2.17E-04 5.98E-04 1.91E-05 0.01 8.62E-05 0.01 6.38E-05
R20-44 2.28E-03 8.89E-05 2.65E-03 1.03E-04 1.85E-04 5.92E-06 0.02 2.31E-04 0.02 1.94E-04
R29-31 1.63E-03 5.09E-05 1.63E-03 5.09E-05 b.d.l. n/a 0.02 1.92E-04 0.01 1.35E-04
R15-33 1.82E-03 5.99E-05 1.89E-03 6.22E-05 7.36E-04 2.36E-05 0.01 1.18E-04 0.04 3.70E-04
R16-41 6.26E-03 2.15E-04 7.60E-03 2.61E-04 2.86E-04 9.16E-06 0.03 3.68E-04 0.01 1.02E-04
R10-14 8.66E-04 2.33E-05 9.31E-04 2.51E-05 2.94E-04 9.41E-06 0.13 2.02E-03 0.08 7.43E-04
R10-32 5.95E-03 1.90E-04 6.44E-03 2.06E-04 8.34E-04 2.67E-05 0.02 3.23E-04 0.02 2.12E-04
R9-34 6.17E-03 1.91E-04 6.28E-03 1.94E-04 5.02E-04 1.61E-05 0.03 3.39E-04 0.01 9.71E-05
R17-13 5.97E-03 2.37E-04 6.91E-03 2.74E-04 2.66E-03 8.51E-05 0.02 3.78E-04 0.01 8.41E-05
R17-11 5.17E-03 1.29E-04 6.94E-03 1.73E-04 5.96E-04 1.91E-05 0.01 5.92E-05 0.01 7.99E-05
R17-22 1.13E-02 3.06E-04 1.16E-02 3.12E-04 7.95E-03 2.54E-04 0.01 1.84E-04 0.02 1.95E-04
R13-12 1.92E-02 6.34E-04 2.82E-02 9.30E-04 2.02E-02 6.45E-04 0.04 5.92E-04 0.01 1.00E-04
TD U9 3.09E-03 1.08E-04 2.59E-03 9.07E-05 1.52E-03 4.86E-05 0.02 1.86E-04 0.02 2.10E-04
TDU7 3.49E-03 9.07E-05 3.08E-03 8.00E-05 2.22E-03 7.09E-05 0.02 1.91E-04 0.03 2.51E-04
TDU 12 2.24E-03 7.39E-05 1.87E-03 6.16E-05 9.31E-04 2.98E-05 0.02 2.46E-04 0.04 3.97E-04
TDN1 2.59E-03 6.48E-05 2.28E-03 5.69E-05 1.11E-03 3.55E-05 0.02 2.11E-04 0.04 3.86E-04
TDN 11 2.88E-03 1.09E-04 2.47E-03 9.36E-05 1.27E-03 4.07E-05 0.02 2.19E-04 0.04 3.03E-04
TDN 6 3.68E-03 1.03E-04 2.85E-03 7.97E-05 2.08E-03 6.65E-05 0.02 2.12E-04 0.05 4.02E-04
NS 31-1 5.57E-06 3.12E-07 5.64E-06 3.16E-07 1.08E-06 3.47E-08 0.01 1.41E-04 0.91 6.29E-03
PD 33-1 1.48E-05 1.03E-06 1.51E-05 1.05E-06 3.03E-06 9.69E-08 0.01 1.10E-04 0.91 4.50E-03
PD 34-1 b.d.l n/a b.d.l n/a b.d.l n/a 1.83E-03 3.86E-05 0.90 7.10E-03
DBK B 2 b.d.l. n/a b.d.l n/a b.d.l n/a 0.13 1.06E-03 0.78 5.02E-03
DBK C 2 b.d.l. n/a b.d.l. n/a b.d.l. n/a 0.12 1.07E-03 0.77 4.51E-03
DBK 4 b.d.l n/a b.d.l n/a b.d.l n/a 0.14 1.15E-03 0.79 6.00E-03
DBK 24 b.d.l n/a b.d.l n/a b.d.l n/a 0.13 9.25E-04 0.78 7.28E-03
DBK 15 b.d.l. n/a b.d.l n/a b.d.l n/a 0.13 1.33E-03 0.77 4.54E-03
DBK 88 3 b.d.l. n/a b.d.l. n/a b.d.l. n/a 0.11 1.04E-03 0.78 3.68E-03
DBK 88 2 b.d.l n/a b.d.l n/a b.d.l n/a 0.15 1.85E-03 0.78 3.27E-03
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Fig. 2. Bar chart showing average bulk gas composition (molar fraction) of the sampled wells for the hydrocarbon-rich fields (Ratherford and Tocito Dome) and

helium-rich fields (Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah).

dominated given the lack of strong mantle components in helium, neon
and argon isotopes, but instead is a signal from sedimentary organic
matter in the mature window (Zhu et al., 2000). A mature zone is
corroborated by hydrocarbon (gas wetness versus 513C (CHy)) data
(Fig. 7).

5.2.2. Helium-rich fields

High helium samples from the Dineh-Bi-Keyah, Pinta Dome, and
Navajo Springs fields plot in the areas predicted for denitrification of
post — mature organic sediments zone (+4%o to +18%q), ammonium-rich
clays (+1 to +4%o), and low temperature metamorphism of the crust
(0%o to +10%o) (Fig. 5) (Kreulen and Schuiling, 1982; Haendel et al.,
1986; Bebout and Fogel, 1992; Bebout et al., 1999; Zhu et al., 2000;
Cartigny and Marty, 2013; and Danabalan, 2017). Differentiation of
sources is challenging because both metamorphosed rocks (up to
greenschist) and modern sediments (44 to 18%o) are marked by similar &
5N ranges (Haendel et al., 1986; Zhu et al., 2000; Boyd, 2001; Cartigny
and Marty, 2013; and Danabalan, 2017).

In the case of the Dineh-Bi-Keyah Field, organic Ny may be partially
related to hydrocarbon maturity as the samples plot in the post — mature
gas window of carbon isotopes (Fig. 7). Although the Dineh-Bi-Keyah
samples fall in the organic range, we neglect this process as a domi-
nant mechanism due to the minute amounts of hydrocarbons measured
in the samples (~1% CHy) (Fig. 2). Furthermore, the influence of ni-
trogen derived from denitrification of post-mature organic matter is
assumed to be insignificant for the Navajo Springs and Pinta Dome
samples due to the lack of substantial hydrocarbon production and
average 0.5% CH, in the gas stream.

The influence of ammonium (NH4") ions held in clays can be sig-
nificant if the correct geologic conditions are present, which are extreme
temperature regimes (>500 °C) and/or fluid rock chemical interactions
with highly saline brines (Williams et al., 1995; Mingram et al., 2005;
Danabalan, 2017). Since there are documented intrusions in the Dineh-
Bi-Keyah Field, the ammonium release scenario should be considered
along with contributions from low temperature metamorphism of
crustal basement rocks. Given the lack of igneous activity with Navajo
Springs and Pinta Domes sampling areas, it is likely that the source of
nitrogen is from low temperature metamorphism (6'°N (N5) 0 to +10%o)
of the crustal basement rocks, such as nitrogen fixed in K feldspar and
biotite in the shallow crystalline basement rocks. Furthermore, given the
strong co-occurrence of “He—N, in Fig. 4, and the observation that “He
is mostly crustal sourced, it is reasonable to assume the Np must also be
derived from a crustal source, a crystalline basement or metasedi-
mentary endmember (Ballentine and Sherwood-Lollar, 2002; Jenden
et al., 1988).

Pursuing the plausibility of metasediment contribution from the
underlying basement, median distance from sampled reservoirs to the
basement top (for fields with helium >0.3%) was determined to be
~300 m, corroborating the basement as a highly plausible source based

on proximal location. The presence of large basement faults and shear
zones in the areas near high He/N, accumulations (Fig. 1) indicate that
primary migration of the He/N; could be initiated with the release of the
gas dissolved in solution from the source rocks via deep faulting, igneous
intrusions, or other mechanisms (possibly from regional tectonic uplift
and subsequent depressurization), which increase the permeability of
the granitic host body (Sorenson, 2005; Sims et al., 2008; Torgersen,
2010; Danabalan et al., 2022). With deep faults acting as migration
conduits, the basement sourced helium and nitrogen are subject to
advection vertically (i.e., primary migration) through the overlying
sedimentary packages followed by updip secondary lateral migration.

5.3. Groundwater derived noble gases (ZONe, 36Ar)

Atmosphere (air) derived noble gases (i.e., 20Ne, 36Ar, 8*Kr, and
130xe) are dissolved in groundwater according to their solubility co-
efficients. This process introduces noble gases in the form of air satu-
rated water (ASW), into the subsurface through aquifer recharge. If
groundwater comes into contact with a hydrocarbon phase, the noble
gases will partition into oil or gas (Barry et al., 2016, 2017, 2018a).
These noble gases can be harnessed as geochemical tracers and used as a
gauge to measure the degree of reservoir and groundwater interaction
(Ballentine and O’Nions, 1994; Pinti and Marty, 2000; Ozima and
Podosek, 2002; Gilfillan et al., 2008; Zhou et al., 2012; Prinzhofer, 2013;
and Byrne et al., 2017).

Moderate positive correlations are observed between 2°Ne and “He
(Fig. A.3). This agrees with the findings of previously published work by
Ballentine and Sherwood-Lollar, 2002, Danabalan (2017) and Danaba-
lan et al., (2022), which showed an inherent relationship of positive
correlations between “He and 2°Ne, (i.e., mixing before the groundwater
essentially degassed the noble gases into the subsurface reservoirs).
Moderate-weak positive correlations also exist between 3°Ar and “He
(ASW and radiogenically derived isotopic components), which suggests
mixing prior to degassing for the He-rich samples (Danabalan, 2017,
Danabalan et al., 2022; Fig. A.3). The first order observation is that the
highest “He is observed where there is the highest 3®Ar, indicating that
the same process could be influencing both, presumably gas migration
via groundwater or we may be observing decoupled systems.

5.4. Fractionation processes

Hydrocarbon and crustal gases acquire their initial atmospheric
noble gas signatures through interaction with groundwater. Because
each noble gas has a different solubility, the degree that ASW noble
gases have interacted with groundwater can be quantified based on their
respective fractionation ratios. Since the noble gases are geochemically
inert, any fractionation can be interpreted to be the result of physical
processes such as phase partitioning and migration (Ballentine et al.,
2002).
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Table 2
Isotopic gas values, R: Ratherford, TD: Tocito Dome, NS: Navajo Springs, PD: Pinta Dome, & DBK: Dineh-Bi-Keyah.
D 3he N *He pem®/em® N 2°3Ne \ N 208, 2l N 20Ne N 384 N
4y R 3 3 pem®/cm 3 3 22N, 22N, 364r 364r
R/R, a pem®/cm pem®/cm
R12-23 0.03 2.12E-03 326.61 2.34 0.20 1.80E-03 9.77 0.03 0.03 1.12E-04 0.36 3.41E-03 0.20 7.87E-04
R13-41 0.03 6.84E-04 437.35 2.83 0.08 8.86E-04 9.75 0.02 0.03 1.11E-04 0.19 2.16E-03 0.20 8.13E-04
R20-66 0.03 8.41E-04 441.25 3.69 0.12 1.05E-03 9.76 0.03 0.03 1.11E-04 0.22 1.91E-03 0.19 7.03E-04
R20-42 0.03 6.98E-04 302.04 2.23 0.04 4.36E-04 9.77 0.03 0.03 1.32E-04 0.12 1.30E-03 0.20 5.87E-04
R20-44 0.04 1.37E-03 375.23 3.26 0.05 5.45E-04 9.74 0.03 0.03 1.15E-04 0.13 2.43E-03 0.20 7.51E-04
R29-31 0.03 3.41E-03 312.00 1.15 0.13 1.18E-03 9.73 0.02 0.03 1.24E-04 0.23 2.15E-03 0.18 7.35E-04
R15-33 0.09 1.39E-03 1057.62 10.25 0.22 2.74E-03 9.77 0.03 0.03 1.18E-04 0.21 2.88E-03 0.19 7.09E-04
R16-41 0.03 4.76E-03 242.68 1.63 0.04 5.98E-04 9.67 0.03 0.03 1.15E-04 0.13 1.73E-03 0.20 6.99E-04
R10-14 0.05 5.25E-03 404.22 2.98 0.07 6.95E-04 9.72 0.03 0.03 1.09E-04 0.18 1.80E-03 0.19 7.70E-04
R10-32 0.03 2.47E-03 619.69 4.19 0.07 6.25E-04 9.80 0.03 0.04 1.48E-04 0.21 2.00E-03 0.20 7.69E-04
R9-34 0.02 1.72E-03 145.97 1.27 0.01 1.24E-04 9.77 0.03 0.05 1.69E-04 0.15 1.42E-03 0.20 7.14E-04
R17-13 0.03 1.71E-03 172.95 0.98 0.01 1.50E-04 9.76 0.03 0.03 1.32E-04 0.12 1.37E-03 0.20 7.69E-04
R17-11 0.02 5.25E-04 317.92 1.90 0.06 5.47E-04 9.76 0.03 0.03 1.11E-04 0.14 1.21E-03 0.20 7.95E-04
R17-22 0.02 1.24E-03 253.00 1.71 0.07 6.28E-04 9.76 0.03 0.04 1.49E-04 0.15 1.45E-03 0.20 7.87E-04
R13-12 0.06 3.56E-03 300.07 2.54 0.11 9.88E-04 9.72 0.03 0.03 1.07E-04 0.22 1.89E-03 0.20 1.02E-03
TODU9 0.07 2.21E-03 3572.48 12.75 0.10 7.86E-04 9.64 0.03 0.04 1.40E-04 0.37 2.99E-03 0.20 7.23E-04
™DU7 0.09 8.04E-03 4255.31 20.29 0.10 9.89E-04 9.82 0.03 0.04 1.56E-04 0.37 3.63E-03 0.19 7.14E-04
TD U 12 0.08 7.94E-03 4120.84 24.19 0.03 3.47E-04 9.58 0.02 0.05 1.91E-04 0.10 1.17E-03 0.20 9.71E-04
TDN1 0.09 7.30E-03 5213.49 45.20 0.05 4.56E-04 9.70 0.03 0.04 1.77E-04 0.13 1.30E-03 0.20 7.45E-04
TDN 11 0.08 7.75E-03 6071.28 16.81 0.03 2.97E-04 9.74 0.03 0.06 2.22E-04 0.18 1.54E-03 0.20 5.86E-04
TDN 6 0.09 3.57E-03 3533.09 13.24 0.12 9.41E-04 9.48 0.02 0.05 1.31E-04 0.32 2.54E-03 0.19 6.89E-04
NS 31-1 0.18 6.25E-03 63,983.85 271.73 5.68 5.57E-02 9.34 0.02 0.04 1.49E-04 1.93 2.46E-02 0.19 6.81E-04
PD 33-1 0.20 8.24E-03 63,086.58 460.97 3.07 2.73E-02 9.21 0.02 0.04 1.42E-04 0.94 1.16E-02 0.19 6.92E-04
PD 34-1 0.22 3.44E-03 79,200.32 778.51 3.18 3.52E-02 9.72 0.02 0.05 1.88E-04 0.65 1.05E-02 0.19 1.02E-03
DBK B 2 0.05 3.19E-03 50,390.09 125.32 3.69 3.83E-02 9.38 0.02 0.06 1.97E-04 3.45 3.69E-02 0.19 7.33E-04
DBK C 2 0.06 8.88E-03 73,308.20 230.17 2.48 2.65E-02 9.21 0.02 0.08 3.07E-04 1.68 2.27E-02 0.19 8.49E-04
DBK 4 0.07 7.23E-03 55,001.97 193.44 1.12 1.13E-02 9.41 0.02 0.08 2.98E-04 2.50 2.65E-02 0.19 6.95E-04
DBK 24 0.06 1.70E-03 57,579.14 418.54 1.44 1.52E-02 9.30 0.02 0.08 2.96E-04 1.13 1.43E-02 0.20 7.39E-04
DBK 15 0.07 5.40E-03 54,990.64 257.91 2.85 3.56E-02 9.58 0.02 0.07 2.80E-04 1.75 2.29E-02 0.20 7.01E-04
DBK 88 3 0.07 2.41E-03 59,370.42 205.96 2.81 2.75E-02 9.46 0.02 0.07 2.81E-04 1.68 2.21E-02 0.18 6.73E-04
DBK 88 2 0.06 3.07E-03 61,397.38 513.09 0.29 2.72E-03 9.30 0.02 0.05 1.84E-04 0.52 5.12E-03 0.19 9.71E-04
D 40 84Kr 132%e 86 132 315N %o 3"3C %o
36:: = nem®/ ig nem®/ ig 84Z + 1302 + = CH,4 x
3 nem’/ 3 nem’/ Per mil Per mil
cem cm® cem cm®
R12-23 355.77 0.99 20.16 0.30 0.96 0.01 0.30 1.19E- 6.53 2.55E- —6.85 0.20 —49.74 0.09
03 02
R13-41 528.67 1.65 13.38 0.19 0.54 0.01 0.30 8.39E- 6.54 2.33E- —8.81 0.19 —48.47 0.09
04 02
R20-66 434.11 0.84 27.73 0.35 1.17 0.02 0.30 9.43E- 6.52 1.99E- —4.92 0.25 —49.12 0.08
04 02
R20-42 555.25 1.38 18.19 0.23 1.60 0.02 0.31 7.95E- 6.49 2.14E- -3.68 0.20 —51.67 0.08
04 02
R20-44 524.14 1.95 12.18 0.20 0.73 0.01 0.30 7.56E- 6.55 1.95E- —9.28 0.18 —46.24 0.08
04 02
R29-31 408.69 1.21 16.66 0.24 0.69 0.01 0.30 8.68E- 6.54 2.10E- —-3.54 0.16 —47.05 0.10
04 02
R15-33 823.85 2.17 48.35 0.69 2.80 0.03 0.30 8.53E- 6.46 1.88E- -7.30 0.28 —48.86 0.09
04 02
R16-41 550.22 1.48 18.40 0.25 1.00 0.01 0.30 8.03E- 6.54 1.90E- —6.54 0.29 —48.26 0.09
04 02
R10-14 513.11 1.19 18.19 0.28 0.90 0.01 0.31 8.72E- 6.52 2.18E- —11.68 0.19 —53.63 0.08
04 02
R10-32 694.54 1.94 10.12 0.13 0.04 0.00 0.30 7.78E- 6.49 2.61E- -7.17 0.17 —48.98 0.09
04 02
R9-34 529.83 1.59 1.25 0.02 0.12 0.00 0.31 9.10E- 6.52 2.11E- —8.64 0.18 —51.10 0.09
04 02
R17-13 505.54 1.15 2.45 0.03 0.23 0.00 0.30 7.51E- 6.38 2.14E- -7.09 0.20 —48.76 0.10
04 02
R17-11 493.22 1.17 20.70 0.27 0.79 0.01 0.30 6.28E- 6.58 2.24E- —3.48 0.20 —49.69 0.09
04 02
R17-22 454.44 1.94 5.95 0.09 0.87 0.01 0.30 8.78E- 6.56 2.55E- —4.60 0.15 —50.21 0.08
04 02
R13-12 465.53 1.20 8.01 0.19 0.47 0.00 0.31 8.12E- 6.57 2.20E- —2.48 0.19 —49.57 0.09
04 02
™D U9 2994.02 6.55 3.69 0.04 0.52 0.01 0.30 8.46E- 6.56 2.53E- —4.74 0.27 —45.77 0.08
04 02
T™DU7 2968.43 7.09 17.11 0.24 0.63 0.01 0.30 8.46E- 6.50 2.37E- -3.16 0.24 —44.74 0.08
04 02
TDU 12 2811.86 8.32 15.62 0.22 1.67 0.02 0.30 6.50 —5.74 0.17 —46.85 0.09

(continued on next page)
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Table 2 (continued)

D 404 84Kr 132%e 86k 132, 3"N %o 8'3C %o
36ar = nem®/ ig nem®/ i3 84y, + 130x. + = CHy4 =
3 nem’/ nem’/ Per mil Per mil
om em® o cm®
8.43E- 2.65E-

04 02

TDN1 2550.44 5.17 12.70 0.17 3.03 0.04 0.31 9.16E- 6.39 4.18E- —6.87 0.18 —45.13 0.09
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Fig. 3. Cross plots illustrating four unique groupings of
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Furthermore, if a migrating gas phase encounters a groundwater in pressure in the absence of a migrating carrier gas (Ballentine et al.,

with gases dissolved in solution, dissolved ASW gases can be effectively 2002; Danabalan et al., 2022).

exsolved from the solution back into the gas phase (Brown, 2010). This

might occur when gas dissolved in pore water begins to move laterally 5.4.1. Oil-water system

within the reservoir. Exsolution might also be plausible given a change To understand noble gas fractionation of hydrocarbon-rich systems,
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Fig. 5. Plot of 4He/N2 versus 5'°N (N5) %o showing crustal N, (metasediments/
clays) is the primary source of He-rich associated N5. High end-member, which
represents the highest “He/N, sample measured in the Hugoton Panhandle
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et al., (2020). 515N (N) ranges are from Cartigny and Marty (2013), Danabalan
(2017); and Danabalan et al., (2022). Error bars are smaller than symbols
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we present a two-stage equilibrium fractionation and air mixing model,
which shows the hydrocarbon-rich samples of the Ratherford and Tocito
Dome plotting between ASW and air endmembers (Fig. 8 A&B) (Barry
et al., 2016). A prior assumption is that oil is noble gas free before
equilibrating with water (Ballentine et al., 2002). For stage 1, oil and
water are assumed to equilibrate within a closed system (Egs. A.1 and
A.2). The oil equilibration with water curve (Fig. 8A&B) shows the
predicted evolution of the oil phase at different oil/water ratios (Barry
et al., 2018b). The predicted evolution of the oil phase at different oil/
water ratios (from infinitesimally small to large) is presented for two
temperatures of 325 K and 345 K corresponding to averages for the
Ratherford and Tocito Dome fields (Rutledge, 2010; Ballentine et al.,
2002). The binary mixing lines (purple — Ratherford; blue - Tocito
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Dome) represents stage 2, binary mixing with an atmospheric compo-
nent, showing ~1% air (Ratherford) and 0.5% air (Tocito Dome)
admixture into the subsurface system (Eq. A.3), which is likely the result
of secondary recovery waterfloods (Freeman, 1978; Spencer, 1978).
However, the model does not only apply to reservoirs impacted by
waterflooding.

Ratherford and Tocito Dome field parameters are shown in
Tables A.2, A.3, A.4, and A.5 in the appendix. Measured noble gas
concentrations in cm>STP/cm® (in the gas phase) are converted into the
oil phase in mol kg/mol using Eq. A.2 (Barry et al., 2018b). GOR metric
(gas to oil ratios) are incorporated from production reports and minimal
values are chosen to represent pristine reservoir conditions (Barry et al.,
2018b).

In Fig. 8 A&B, we observe 20Ne/3Ar and 2°Ne values above the oil-
water equilibration line for Ratherford and Tocito Dome samples. We
postulate that this signal is air derived. The retention of a gas phase
(either from degassing from production or secondary charging/mixing
episodes) is the opposite scenario to what was observed in Barry et al.
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ford (A) and Tocito Dome (B) fields. Dashed lines show mixing with air, percent
of air in the mixture is annotated.

(2018b). The gas addition/retention narrative conforms agreeably with
gas cap calculations for Ratherford and the Tocito Dome, which indicate
there is no initial gas cap using virgin GORs (i.e., minimum GOR), and
any significant gas volumes produced since initial drilling have resulted
from the decrease in reservoir pressure (Barry et al., 2018b) (Table A.8).
The lowest (virgin) GOR value was chosen as a best estimate due to a
lack of initial production (IP) values. Additionally, an average GOR that
is measured at the wellhead was not utilized as it will not necessarily be
the most characteristic sample of initial GOR conditions, and will change
over time with production fluctuations (Barry et al., 2018b).

By utilizing the natural gas isotope data to inform our field simula-
tions, we model these two fields as a two-component water-oil system
mixing with air. The two-phase oil fractionation model presents binary
mixing curves with end points chosen on the oil water equilibration line
to incorporate the largest number of data points. The model assumes oil
moves through water to acquire the noble gas signature in stage one.
Stage two assumes that equilibration of oil and dissolved noble gases
occur with air (Fig. 9). It is also important to note that for these oil
systems, hydrocarbons do not seem to contribute positively to consid-
erable high helium accumulations and are therefore potentially diluting
the helium content of the system.

5.4.2. Gas-water system

The He-rich samples of Navajo Springs, Pinta Dome, and Dineh-Bi-
Keyah fields display 2°Ne/36Ar ratios between 0.5 and 3.5, ranging to
significantly above the value of air (0.52) and the maximum values
possible through simple closed or open system equilibration with water
(Barry et al., 2016). High values of 2°Ne/3®Ar have been previously
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Fig. 9. Schematic illustrating the conceptual two-stage equilibration model
(closed batch system fractionation) devoid of an initial gas cap that explains the
Ratherford and Tocito Dome hydrocarbon-rich samples by a two-step approach
where 1) oil moves through water to acquire the ASW signatures and 2) binary
mixing with air occurs.

reported to result from gas dissolution in water in an open system
(Gilfillan et al., 2008; Darrah et al., 2014) due to the lower solubility of
20Ne relative to *Ar. We assume that atmospheric noble gases were fully
exsolved from water by a migrating Ny phase, resulting in a gas phase
with a 2°Ne/3CAr ratio equal to that of ASW. Subsequently, the gas phase
is redissolved into the noble gas free water in an open system, following
Eq. 1 (Ballentine et al., 2002). Noble gas concentrations are therefore
controlled by their solubility and the solubility of the carrier gas phase
(No).

In a simple system, where the gas phase re-equilibrates with a col-
umn of water that is controlled by N5 dissolution, we would expect the
measured 2°Ne/3®Ar and “He/N, ratios to plot on the open system
Rayleigh curves with Ny as a carrier gas (Eq. A.15) (Ballentine et al.,
2002; Barry et al., 2016) (Fig. 10A). The Rayleigh curves were modelled
using Ny solubility values from the IUPAC solubility data series vol. 10 —
Battino et al. (1982) and Gevantman (1992). The liquid phase activity
coefficient is derived from Table 6 in Valderrama et al. (2016). The gas
phase fugacity coefficient is derived by calculating the fugacity of Ny
divided by the pressure (¢ = f/p); the complete fugacity equation is
listed in the appendix (Eq. A.4) (Atkins and De Paula, 2006). Our data
plot significantly above and below the modelled N5 dissolution lines,
indicating that the 2°Ne/*°Ar and “He/N, are decoupled, the latter being
unaffected by high degrees of re-dissolution into shallow groundwater
systems.

()-() )

where i = 4He, 20Ne, and 36Ar, a is the fractionation coefficient = (yi/pi
x Ki 8roundwatery /(. o /g x Kyo8OUndWaler) where K = Henry’ s constant
Gpa, vi/¢; = (liquid phase activity coefficient)/(gas phase fugacity co-
efficient), ([i]/[N2])o = original ratio, and p = the fraction of Ny
remaining in the water phase.

([20Ne]) _ ([20Ne]) P()

[36Af] g [36/\7] og

where a is the fractionation coefficient = (y20ne/$P20ne X K2oNe
water)/(VBGAr/q)BSAr % K36Argroundwater)’ ([20Ne]/[36Ar] )og _ original
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Fig. 10. A&B: A) He-rich model showing 1) the green and gold curves repre-
sent Rayleigh open system fractionation models with N as the primary carrier
gas, which is dissolving back into a groundwater solution. The gold curve is
modelled with the Pinta Dome and Navajo Springs parameters (Tables A.2, A.3,
and A.6); the green curve is modelled with Dineh-Bi-Keyah parameters
(Tables A.2, A.3, and A.7). Horizontal black lines between the gold and green
curves indicate a potential range of the best fit data. Starting “He/N, values
were chosen to yield a best fit, and the starting 20Ne/3CAr value is 0.14 (ASW).
2) A black line representing an advection based model based on a constant ‘He/
N, ratio determined by the median value in Fig. 4B (0.075), and a Rayleigh
open system fractionation model in the *°Ne/3®Ar space. B) Histogram of He-
rich samples and previous data (Craddock et al., 2017; Gilfillan et al., 2008).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

groundwater phase ratio, and p = the fraction of Ar remaining in the
water phase.

Despite the large fractionation in the 2°Ne/*°Ar, the “He/Nj in He-
rich samples are nearly constant (Fig. 10A). The observed 4He/N2 are
consistent with median values observed in previous studies on the Col-
orado Plateau (Fig. 10B), indicating that the measured 4He/N2 likely
reflects an unfractionated production ratio likely influenced by an
advection-based basement flux (Zhou and Ballentine, 2006). The re-
dissolution process (Eq. 2 — Ballentine et al., 2002) therefore seems to
only affect the atmospheric noble gases and not the N3 and He contents
of the gas phase (solid black line, Fig. 10A).

Fig. 11 presents a four-stage box model, which incorporates a
decoupled dynamic gas phase migration of *He and N, from the
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basement (primarily through advection processes) along with a sec-
ondary lateral 2°Ne and *®Ar migration controlled by groundwater and
gas movement. The presence of local high angle basement faults and
basement shear zones in the vicinity of high helium fields (Fig. 1) sup-
ports the hypothesis of faults acting as migration conduits (i.e., linking
the basement source rock to the reservoir) and transporting “He and Ny
via advective fluid flow. The observed “He/Nj ratios likely reflect pro-
duction ratios in the basement prior to mobilization (Karolyte et al.,
2022).

Stage 1 represents the initial conditions where groundwater 2°Ne and
36Ar ASW contents are in equilibrium with the atmosphere during the
initial recharge conditions, and crustal N and “He are dissolved in
basement groundwater. The acquired concentrations of He and Ny at
atmospheric pressure are low and considered negligible relative to the
concentrations acquired during the secondary equilibration at depth (N5
carrier gas with He enrichment). Stage 2 signifies a period where the
basement has been faulted and uplifted (as a result of inversion tectonics
on the Colorado Plateau) (Davis and Bump, 2009) and a subsequent flux
of Ny and *He (advective fluid flow) is introduced into the overlying
sedimentary column. N, and *He are degassed due to decompression,
before migrating into the reservoir where the groundwater is stripped of
its atmospheric noble gases, forming a gas cap above the water column
(Sorenson, 2005; Torgersen, 2010; Danabalan et al., 2022). Gas cap
calculations are in the appendix (section 6). The gases continue to
exsolve into the gas cap in the reservoir and eventually all ASW-derived
noble gases are stripped and the groundwater is saturated with respect
to N5 and “He (Stage 3). Finally, the gas cap begins re-equilibrating with
the degassed water, likely through lateral gas migration or pressure
change, and ASW-derived noble gases re-dissolve into groundwater,
however “He and Nj, dissolution is prevented by oversaturation through
continuous flux from the basement. The re-dissolution process only af-
fects the atmospheric noble gases because their total budget in the
subsurface is determined by equilibration with the atmosphere during
water recharge (crustal fluids have no additional sources of 20Ne and
36Ar, therefore water will not be saturated in respect to these gases),
while basement-sourced N3 and He may occur in much higher volumes
(depending on the volume of basement where fluids are liberated from)
and therefore fully saturate the water column.

Several alternative mechanisms of 2°Ne/30Ar fractionation are dis-
cussed (and ultimately discounted) in the appendix (section 5). These
involve (1-2) oil contributions, (3) non-equilibrium diffusion, (4) multi-
stage phase equilibrium fractionation, and (5) partial ASW redissolution
with nitrogen as the carrier gas. Regarding option (3), there is little
evidence for diffusion controlled isotopic fractionation in our samples
(appendix section 5) (Fig. A.4), and thus we treat these subsurface sys-
tems as primarily advection-controlled systems (Caracausi and Pater-
noster, 2015; Buttitta et al., 2020; Lowenstern et al., 2014; Brown, 2010;
and Tolstikhin et al., 2010).

5.5. Helium mass balance

To understand a regional helium system, we need to account for the
amount of helium formed in different regions of the crust: 1) reservoir,
2) reservoir + underlying sediments, and 3) basement down to 10 km
depth, as ~90% of the Earth’s *He is generated in this interval (Bal-
lentine and Burnard, 2002) (Fig. 12).

In order to better constrain the volume of helium that could be
sourced internally from the reservoir or externally, helium mass balance
calculations were made for the area directly under the field. By utilizing
the average crustal occurrences of uranium (U) and thorium (Th) over
discrete time intervals, we postulate the volume of the source rock
required to generate the observed helium accumulations in the
reservoirs.

5.5.1. In-situ helium production
To investigate the volumes of rock required to produce crustal gases
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Fig. 11. Schematic illustrating the conceptual four-stage
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Fig. 12. Simplified illustration showing volumes of rock beneath the field,
which were utilized for the mass balance calculations: 1.) reservoir, 2.) reser-
voir + underlying sediments, and 3.) basement. Figure not to scale.

that are needed to saturate the water and explain the observed helium
signatures, we calculate the possible contribution of helium from the
reservoir itself. As an aside, to supplement these calculations, additional
hybrid models tying the in-situ mass balance models back to the multi-
phase fractionation models to investigate required volumes of rock and
required reservoir water are presented in the appendix for the
hydrocarbon-rich fields (Tables A.9 and A.10).

Initial volumetric calculations, original gas in place (OGIP) and
original helium in place (OHIP), are calculated for each field (Eq. 3;

12

Tables A.11 and A.12). OGIP is defined as:

Ahg(1 —Sy)  TsPi

0GIP =
I “PsTf Zi

3

where OGIP cubic feet [metersg], A is the reservoir area ft> [mz], his the
net pay thickness ft. [m], ¢ is the porosity, Sy, is the water saturation, Ts
is the base temperature standard condition Rankine [Kelvin], P; is the
initial reservoir pressure psia [kPaa], Pg is the base pressure standard
conditions 14.65 psia [101.35 kPaa], Tf is the formation temperature
Rankine [Kelvin], Z; is the compressibility at reservoir pressure and
temperature of the dominant gas (Robinson and Peng, 1976), and (T Pi
/ Ps T¢ Z;) = By, which is the initial conditions gas formation volume
factor (Mireault et al., 2007). We assume that the volumes are at
ambient temperature of 15 °C/ 60 °F and convert them to 0 °C/32 °F STP
(based on the Ideal Gas Law).

In order to determine the in-situ helium contribution of each reser-
voir, the in-situ “He production is calculated based on the work of Bal-
lentine and Burnard, 2002; Zhou and Ballentine, 2006; Danabalan,
2017; Karolyte et al., 2019; and Buttitta et al., 2020 (Egs. 4 and 5). The
amount of “He produced in atoms/g for a specified time interval is
defined as:

4., atoms
He

4

grams R

= X [R] (ZX—A) x 1075 (" — 1) x yield,
where Xg is the fractional natural abundance of isotope R, R is the
concentration of R in ppm, Nj is the Avagadro’s number (6.023 x 1023),
Ag is the molar mass of R (g), A is the decay constant of R per year, t is the
age in years, and yield, is the number of alpha particles emitted (Bal-
lentine and Burnard, 2002). The amount of *He produced in-situ is
defined as:
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*He atoms in situ =p x Aa x (1 —¢) x V 5)
where *He in-situ is the “He atoms, p is the average crustal rock density
2.7 g/em®, a is the *He atoms grams ™!, )\ is the efficiency of release,
assumed to be 1, ¢ is the porosity, and V is the volume em® (Buttitta
et al., 2020).

Average crustal U and Th concentrations of 2.8 and 10.7 ppm are
assumed (Burwash and Cumming, 1976; Danabalan et al., 2022). The
residence time of all the fields, which is assumed to correlate with the
time period after when the seal was deposited (+ several million years),
is assumed to be 300 Mya for the Ratherford, Tocito Dome, and Dineh-
Bi-Keyah Barker Creek, 235 Mya for the Navajo Springs and Pinta Dome
fields, 370 Mya for the Dineh-Bi-Keyah McCracken interval, and 30 Mya
for the Dineh-Bi-Keyah sill. We assume a 100% efficiency in the release
(e.g., Holland et al., 2013; Warr et al., 2018), migration, and trapping of
helium in the reservoirs; this generates a minimum area value to source
helium.

Helium production in-situ contributes ~12% of the helium in the
Ratherford Field, and for the remaining fields the contribution is <1%
(Table A.12). Therefore, externally sourced helium (i.e., from sediments
outside the field area or from the basement beneath the field area) must
account for nearly 88% for Ratherford helium and ~ 99% for the
remaining helium. Based on rock volumes beneath the field area, the
factor by which the volume area is required to be increased to source
100% of its helium from in-situ production is summarized in Table A.12
(Ratherford 8x; Tocito Dome 107 x; Navajo Springs 145x; Pinta Dome
116x; DBK Barker Creek 325x; DBK McCracken 700i, and DBK sill
3275x).

Based off these initial calculations concerning the helium production
from within the reservoir and known field boundaries, coupled with the
fact that it is geologically unlikely to achieve 100% release, migration,
and trapping even in the most fortuitous scenarios (especially when
considering closure temperatures and thermal gradients), leads us to
conclude that in-situ reservoir helium production is insufficient to
explain the observed reservoir helium occurrences.

5.5.2. External helium production

Examining helium production from external sources consists of
calculating the helium generating potential of the underlying sedimen-
tary column and the basement at specific time intervals (Tables A.13-
A.15). The Precambrian time interval (540 Mya) represents the litho-
logic interval immediately on top of the Precambrian granitic basement
and we consider it to be impermeable to significant helium escape. The
timing intervals of the sedimentary reservoirs correlate to sealing hori-
zons that are stated in section 5.5.1.

Regarding the calculation of helium generated externally, Egs. 4 and
6 were utilized to determine the helium generated from the entire
sedimentary column and basement section up to 32,808 ft (10 km)
beneath the respective fields. The external flux of “He atoms is defined
as:

“He atoms external = (‘IZHe) xS 6)
where q° *He is the average external crustal “He flux (atoms) / (cm?) =
(p x a x Hx (1-¢)), where p is the average crustal rock density 2.7 g/
crn3, « is the *He atoms grams’l (Eq. 4), H s the crust thickness in cm, ¢
is the porosity, and S is the gas bearing or field area cm? (Buttitta et al.,
2020).

As the basement porosity is largely unknown in this region, we have
retained the average porosity of the reservoirs for the entire sedimentary
column and have assumed an average porosity of 1% for the basement
with granite as the dominant lithology (Flawn, 1956; Bickford et al.,
1981; Sherwood-Lollar et al., 2014).

Regarding the mineralogy within the basement, we consider several
minerals (apatite, zircon, and titanite), which are known to contain
helium within their structure (Ballentine and Burnard, 2002; Danabalan,
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2017; Halford, 2018; Danabalan et al., 2022). For our study we only
assume: 1) the minimum threshold of helium release of 55 °C of apatite
and 2) that temperatures above 55 °C will yield 100% of helium flux
from minerals (Ballentine et al., 1994; Wolf et al., 1996; Ballentine and
Sherwood-Lollar, 2002; Shuster et al., 2006; Reich et al., 2007; Hunt
et al., 2012; Danabalan, 2017, Danabalan et al., 2022). Utilizing apatite
represents a conservative approach, while other minerals would result in
even higher helium estimates. Based on the reservoir temperatures in
Table A.2, and an average gradient of 1.4 °F/100 ft. (~25 °C/km)
(Reiter et al., 1979), the sedimentary columns and basement portions
have been adjusted for the intervals that lie within the proper closure
temperature interval (i.e., > 55 °C) (Table A.13). Helium amounts have
not been affected for the Tocito Dome Field as it is above the closure
temperature release interval for apatite. Based on the proximity to
basement faults, we also assume that there are mechanisms that will
allow helium flux from the basement as granitic rocks are relatively
impermeable to helium (i.e., helium released remains trapped within the
basement without release mechanisms).

Examining the mass balance model of “He from sedimentary external
sources (reservoir + underlying sedimentary column), we observe the
low helium producing Ratherford Field is the only area which can be
reasonably explained by sedimentary contribution alone at a timescale
of 300 Ma (which represents the assumed sealing horizon), requiring
12% of “He generation from the sediments needed to fill the reservoir
volume of the field (i.e., to account for the OHIP) (Table A.14). Addi-
tionally, for the Tocito Dome, Navajo Springs, Pinta Dome, and Dineh-
Bi-Keyah fields, we conclude that *He cannot be derived solely from
the entire sedimentary column beneath the field outline as the potential
helium producing zones are largely outside of the closure temperature
interval.

Examining the mass balance model of “He from basement external
sources with an assumed sealing horizon of ~540 Ma and within the
proper helium release temperature interval, we observe much more
realistic percentages of “He generation needed from basement required
to fill the reservoir volume (to account for OHIP) for the hydrocarbon-
rich fields (Ratherford: 0.3%, and Tocito Dome: 3.6%). Regarding the
helium-rich fields in the proper helium release temperature window, we
also calculate more reasonable percentages of “He generation needed
from the basement to fill the reservoir with Navajo Springs at 5.98%,
Pinta Dome at 9.38%, and the Barker Creek, McCracken and sill intervals
of the Dineh-Bi-Keyah Field at 47.63%, 91.32%, and 47.05% respec-
tively (Table A.15). It is important to note, these calculations are only for
the volume of rock directly underneath the field area.

An observation from the mass balance model is that the sedimentary
column cannot supply adequate volumes of helium to match OHIP cal-
culations given shorter time scales, thus suggesting long stable intervals
that could allow the helium to be generated from the basement. This
basement generated helium is ultimately released due to tectonic ac-
tivity (i.e., uplift of the Colorado Plateau and activation of associated
basement faults/shear zones) and then subsequently migrates and is
trapped in a reservoir. Therefore, the most plausible explanation sug-
gests either an old dominant basement source with a helium flux due to
tectonic activity or various episodes of extensive migration from areas
several orders of magnitude larger than the fields of interest, consistent
with the degree of water contact required.

6. Conclusion

Helium is a valuable economic resource, which is in increasing de-
mand and of short supply. Here we investigate the nature of He-rich
systems on the Colorado Plateau by combining bulk gas analyses and
isotopic analyses of noble gases, hydrocarbons, and non-hydrocarbons.
This approach allows us to classify different helium systems. Nitrogen
and helium ratios indicate similar transport mechanisms and sources.
Integrating 8!°N isotopes with noble gas isotopes and bulk nitrogen
suggests a crustal origin for He and N3 gases in He-rich samples.
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Hydrocarbon-rich samples are explained by oil/water equilibrium
models with air admixture. Utilizing a decoupled advective transport
model, the highly unfractionated *He/N, signatures (i.e., the crustal
“He/N, production ratio that has not been diluted by hydrocarbons) of
high-helium samples are explained by primary gas migration from the
basement via active tectonics. A multi-phase water gas model (open
system Rayleigh fractionation), which indicates migration transport
over large distances, accounts for the extremely fractionated 2°Ne/36Ar
values of the helium-rich samples, but does not affect “He/N, due to
water saturation with crustal gases released from the basement. Quan-
titative helium mass balance models examining helium production from
various lithological intervals and time periods of the field area reveal
that: 1) external (non-reservoir) helium sources are required, 2) long
stable periods are favorable for helium accumulations, and 3) the pre-
dominant helium source in the Four Corners area is likely to be from the
shallow crust (i.e., Precambrian granitic basement) utilizing a large area
beneath the field (i.e., crustal gas mobilization and transport via fracture
zones), consistent with the degree of water contact.
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