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A key challenge in helium (He) exploration is determining the efficacy of surficial
soil gas surveys. While soil gas surveys can detect helium, the mechanisms
leading to these signals are often poorly understood, hindering reliable
interpretation for exploration purposes. Here we present the results of seven
new He soil gas surveys (n = 1974) at the Akah Nez Field, Beautiful Mountain
Field, Porcupine Dome area, Rattlesnake Field, Tom area, Tohache Wash area,
andWhite Rock area, on the Colorado Plateau, Four Corners area, United States.
Utilizing 2D seismic, well logs, and geophysical potential field data, structural
maps were constructed of potential He reservoirs at depth and relationships
were examined. Given geospatial relationships are being examined using the
soil gas survey data, it is important to understand the mechanism that allows
subsurface He to migrate upwards into the soil. In several fields interpreted
basement faults act as migration conduits from the basement to the surface
(i.e., leaky reservoir seals), and in other cases there is evidence for reservoir
flank/crest fracturing likely due to differential compaction. Based on the regional
geologic history, advective systems are likely responsible for the observed
He soil gas signatures. Additionally, based on the Tohache Wash data (most
prospective He area) an effective and risk-reducing novel technique is presented
that constructs a predictive He explorationmodel utilizing soil gas geochemistry,
high-resolution geophysical data, well data and seismic data using Bayesian
ANOVA techniques, which may be translated to areas outside of the Four
Corners area, United States.
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Highlights

• We find reservoir fracturing is likely due to differential
compaction and that Hemigration conduits can be linked from
depth to surface.

• We propose that advection-driven systems (migration via
faults/fractures) are likely responsible for the observed He soil
gas signatures.

• We present a risk reducing and novel technique to construct
a predictive He exploration model utilizing Bayesian ANOVA
techniques.

1 Introduction

The utility of soil gas geochemistry as an exploration tool to
distinguish geochemical anomalies is a cost-effective and relatively
rapid method to search for surficial gas seepages, quantify lateral
extent of anomalies, and obtain clues about potential subsurface
accumulations (Rice, 2022). Given the extremely cheap overall
cost of soil gas sampling, it can be employed on a large scale and
cover wide swathes of land. Despite the inability to differentiate
isotopes compared to more advanced isotope geochemical analysis
(which can be useful in determining information about sourcing,
mixing and migration of subsurface fluids, (Ballentine et al., 2002;
Macintosh and Ballentine, 2012), the utility of soil gas geochemistry
is more focused on geospatially marking the boundaries
of gas anomalies (areas with signatures above background)
and quantifying the lateral extent of a subsurface reservoir
(Andreason et al., 2022).

There are numerous models describing the migration
pathways of helium (He) from its predominately basement
source rock upwards into overlying sediments (Boreham et al.,
2018; Buttitta et al., 2020; Cheng et al., 2021; Karolyte et al.,
2022; Halford et al., 2022; Halford, 2023; Cheng et al., 2023),
but none focus specifically on the mechanism that can explain
mass transport of He from a reservoir to the surface given
realistic geologic timelines for a tectonically active area. This is
important because understanding the transport mechanism can
allow a deeper understanding of the migration and trapping
mechanisms of He-systems. Therefore, understanding the
migration of He from subsurface reservoirs to the surface can
aid in the refinement of pre-existing exploration models and
the creation of new approaches to obtain information about
reservoirs without costly drilling (Rice, 2022). In this study
we test the hypothesis that He soil gas geochemistry surveys
can be a cost-effective asset when combined with subsurface
geophysical and geological parameters to define/de-risk He-rich
regions (i.e., test overall He reservoir potential), which may
be translated to other areas beyond the immediate area of the
soil gas data.

2 Geologic background

Thefield area (i.e., Four Corners area) is located on the Colorado
Plateau, United States and despite the plateau’s relative stability

throughout geologic history, it has experienced neotectonism
associated with the subduction of the Farallon plate and the
subsequent Laramide orogeny (Davis and Bump, 2009). These
regional tectonic episodes have produced structural features
such as folds, faults, shear zones, and monoclines along with
igneous zones in and around the plateau (Craddock et al., 2017;
Gonzales and Lake, 2017; Re, 2017). The two major structural
features where the sampled fields are located are the Four
Corners Platform and the Defiance Uplift (Woodward and James,
1973). The Four Corners Platform, which is a structural high
trending northeast that has several anticlines and domes within
its boundaries, straddles the Blanding Basin to the northwest
and the San Juan Basin to the southeast (Woodward and James,
1973; Woodward et al., 1997). The Defiance Uplift, which is an
asymmetrical northern trending uplift marked with numerous folds
and some areas of high angle faulting, is bounded by several
prominent monoclines to the east and west (Woodward and James,
1973). Having established the regional tectonic background, a
more localized description of the field areas of interest is next
presented.

The Tohache Wash area, which has He concentrations by
volume of up to 6%, is located in north-eastern Arizona on
the southwest edge of the Four Corners Platform (Spencer,
1978) (Figure 1). The Rattlesnake Field, which has He up to
∼7%, is located in north-western New Mexico on the Four
Corners Platform (Baars, 1983). The White Rock area, which is
located 1.6 km east of the Arizona-New Mexico state border in
San Juan County, New Mexico, has nearby He shows of 7.8%
(Brennan et al., 2021). The Beautiful Mountain Field, which has
He up to 5.35%–7%, is a large north-south structurally closed
anticline located on the eastern flank of the Defiance Uplift in
New Mexico (Brown, 1978; Broadhead and Gillard, 2004). The
Porcupine Dome area, which is located on the Four Corners
Platform, is located 3.2 km south of the Beautiful Mountain Field
in San Juan County, New Mexico and its He % is unknown.
The Tom area, which is located 8 km south of the Porcupine
Dome area in San Juan County, New Mexico on the southernmost
portion of the Four Corners Platform, has He shows of up to 7%
(average 5%) (Malinowski, 1983). The Akah Nez Field, which is
located on the eastern portion of the Defiance Uplift, is located
14.5 km southwest of the Tom area in San Juan County, New
Mexico (Dawson 1983). There are no exact He data for Akah
Nez field, however there is a He show located ∼5 km to the
northwest of the area with He up to ∼6% (Brennan et al., 2021;
Andreason et al., 2022).

He-rich zones in the fields of interest are concentrated primarily
in Paleozoic lithologies. The two most prominent reservoirs in this
work are the 1) Mississippian Leadville Limestone that is likely
sealed by overlying shales of theMolas Formation (Chidsey, 2020) or
impermeable carbonate layers within the Leadville (Halford, 2018),
and 2) the Permian Organ Rock Formation which is likely sealed
by shales within the Organ Rock Formation (Allis et al., 2003).
Generalized San Juan structural province stratigraphy (Brister and
Price, 2002) is shown in the Supplementary Figure S1. Working
from north to south, the geology, reservoir information, and
production history of the areas of interest are described in
Supplementary Information S1.
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FIGURE 1
Field area showing the seven areas that soil gas surveys were collected in Arizona and New Mexico, United States (Brennan et al., 2021; Halford et al.,
2022; Andreason et al., 2022; Halford, 2023).

3 Methods

3.1 Soil data sample collection

Soil gas had been collected from multiple locations to represent
several potential He-systems (e.g., known, depleted, unknown)
(Andreason et al., 2022). To measure responses over known He
accumulations, the Tohache Wash area (6% He) was sampled.
To measure responses over partially depleted reservoirs, samples
were collected over the Rattlesnake Field (7% He). To measure
responses over relatively unknown and sparsely drilled areas
(i.e., 1-2 wells per area), the Akah Nez (6% He), Porcupine
Dome (He unknown), Tom (5% He), and White Rock 5% He)
areas were sampled. Also, gas samples were collected over the
Beautiful Mountain Field (5.5%–7% He) because it represents
an area with both a depleted reservoir (Leadville) and also a
potential undrained discontinuous Organ Rock sandstone reservoir
(Andreason et al., 2022).

Using a modified engine powered soil auger probe, He soil
gas had been collected at approximately 200 m intervals along
transects over seven natural gas fields of interest (Andreason et al.,
2022). Once the soil auger probe was at its desired depth
(∼0.5–1 m), 20 cc of soil gas was withdrawn with a syringe
and discarded which effectively flushed the previous samples
from the probe as the 20 cubic centimeters (cc) gas volume
is 1.5 times the internal sample volume of the probe. Next,

another 20 cc of new soil gas was collected with a syringe.
This sample was subsequently injected into an evacuated glass
sample bottle and stored for no more than 2 weeks before
measurements were made. General quality assurance tests included
testing for leaks to mitigate air contamination, replacing the
septum on the sample collection port, and conducting routine
background atmospheric gas measures to monitor background
He levels (Andreason et al., 2022).

3.2 Soil gas laboratory analysis

Geochemical analysis solely for He had been completed by
GeoFrontiers Corp. with a model 120SSA mass spectrometer
based on work completed by the United States Geological Survey
(Fridman and Denton, 1976; Reimer, 1976; Andreason et al., 2022).
Continuous measurement of 4He was made possible by the fixed
mass to charge ratio of the instrument. Using a modified inlet, an
aliquot of soil gas was injected. Impurities were separated with a
liquid nitrogen cooled trap, and the sample moved to the mass
spectrometer where the gas was ionized and components were
separated according to their mass/charge ratio. The system was
designed to only detect 4He via a specific selection slit which allowed
helium ions to pass through to a collector and which produced a
current that was proportional to the He concentration interacting
with the detector plate.The helium signal was converted to a voltage
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and amplified before undergoing integration (i.e., summation
of output peaks) to calculate peak areas. Known bracketed He
standards were run to establish a reference from which He soil
gas concentrations were calculated for each sample (Holland, 1984;
Andreason et al., 2022).

3.3 Geophysical mapping methods

Regional lineament density maps had been created by
Earthfield Technology LLC by overlaying different lineaments
from topographic data, gravity data, magnetic data, interpreted
basement faults and interpreted igneous bodies (Andreason et al.,
2022). As geomorphology based analyses of surface expressions can
often lead to insights about subsurface geology, a Shuttle Radar
Topography Mission 30 m digital elevation model was used to
generate topographic lineaments. Bouguer gravity lineaments,
which were generated using gridded Bouguer gravity data, used
subsurface density contrasts of lithologic units to infer information
about potential fracturing/faulting. Reduction to the pole (RTP)
magnetic lineaments, which were generated using gridded RTP
magnetic data, illustrated magnetic contrasts namely by the
concentrations of ferromagnetic minerals in the subsurface.
Basement faults/lineaments were generated by Earthfield’s depth
to basement mapping using Werner Deconvolution analysis of
gravity and magnetic data (Werner, 1953). Also, utilizing Werner
Deconvolution along with filters and derivative maps of magnetic
data, the locations and geometries of igneous bodies were derived
from magnetic data. Thus, to produce the linear density map,
which is a visualization of the number of predicted lineaments, a
variety of independent lineaments interpreted from geophysical
data were gridded and added via a Boolean gridding process. To
produce the intersection density map, areas of pervasive predicted
fractures were illustrated by filtering to only illustrate areas where
more than three datasets indicated possible fracturing. Directional
data were filtered to capture and to enhance structural trends
in a particular direction (i.e., N-S, E-W, NW-SE, and SW-NE).
More specifically, sharp and distinctive gradients were identified
and mapped because they often represent faulting and fracturing
that are key in constructing a regional lineament and intersection
density map (Andreason et al., 2022).

3.4 Preliminary geological mapping

In order to understand the localized role of structural geology
on He accumulations in the area of interest, structure and isopach
geological maps had been constructed focusing on a variety of
Paleozoic target intervals (Devonian-Cambrian, Mississippian,
Pennsylvanian, and Permian) (Andreason et al., 2022). Structural
contour maps were created by the Navajo Nation Oil and Gas Co.
with manual and automated techniques utilizing existing public
well log data from the New Mexico and Arizona state oil/gas
commissions and 2-D seismic data to determine the tops of He
bearing zones or potential He bearing zones (Andreason et al.,
2022). New He soil gas concentration point data were subsequently
added to the project (Andreason et al., 2022; Halford, 2023).
Building on initial manual He soil gas contours (Andreason et al.,

2022), new contours were generated via raster interpolation
(utilizing spline and spline with barriers methods) from He
concentrations after subtracting average He air values frommultiple
locations all over the field areas. Additionally, other geologic
structures (i.e., basement faults, surface faults, basement highs,
igneous bodies, and nodes of fracture intersection), which were
interpreted from high-resolution geophysical work completed in
the area by Earthfield Technology LLC (Andreason et al., 2022;
Halford et al., 2024), were digitized and overlain as shapefiles
on the structural maps in ArcGIS. Published He percentages
from geochemical well datasets from Brennan et al. (2021),
Halford et al. (2022) and Halford (2023) were incorporated into
the maps. Zones of known production (i.e., proven areas) and
known gas-water contact zones from the Navajo Nation Oil and
Gas Co. were also added as shapefiles to the geological maps
(Andreason et al., 2022).

3.5 Statistical modeling for Tohache Wash

Following on previous work (Halford et al., 2024), which argued
for the significance of regional structural features impacting
He-system migration and accumulation, a statistical approach
was utilized that examined the impact of locally controlled
structural features in relation to measured He values from surficial
soil gas surveys. More specifically, the soil gas survey data
were used to observe the effect of several structural features
with more precision (higher resolution) than previously possible
(Halford et al., 2022; Halford et al., 2024), which only had access to
a regional He % well dataset (Brennan et al., 2021; Halford et al.,
2022). Bayesian Analysis of Variance (ANOVA) models were
utilized in JASP (JASP Team, 2023) to assess the effects of which
geologic features (i.e., categorical-nominal independent variables)
were the most significant in explaining the He soil gas data
(i.e., dependent continuous variable) at Tohache Wash (most
He prospective area). Subsequently, the approach was tested on
the surrounding areas.

Similar to traditional ANOVA models from the frequentist
framework, the Bayesian ANOVAmodel allows differences between
multiple group means to be analyzed. A key difference is that
Bayesian ANOVA allows for the predictive performance of multiple
competing models by looking at the model’s relative adequacy and
the inclusion probabilities of each component (Rouder et al., 2016;
Wagenmakers, et al., 2018).More specifically, the Bayesian approach
incorporates prior distributions to allow predictions to be made
before looking at the data. For thiswork, the beta binomial (α = β= 1)
prior was applied to the models, which allows uniform distribution
over the size of the model given the default hyperparameters
(i.e., equal probability) (Clyde, 2008), and a Cauchy prior (r=
0.5) was applied to the regression coefficients (Liang et al., 2008;
Bayarri et al., 2012; Wagenmakers, et al., 2018). For reproducible
results, a seed of 1 was set. Assumptions of homoscedasticity,
independence, and normality were considered and generally found
to have been met (van den Bergh et al., 2020). An assumption was
made that the soil gas He signatures are not being influenced by
lateral transport and are experiencing near vertical He migration.

Each of the soil gas points recorded Boolean dummy indicator
variables of either 1 or 0, to mark the presence/absence of a feature.
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FIGURE 2
(A) Ranges of He in parts by billion (ppb) by volume that have been air corrected (Andreason et al., 2022; Halford, 2023). Sample size and standard
deviations are: A, Akah Nez (n = 202, σ = 43.2); BMT, Beautiful Mountain (n = 644, σ = 59.7); P, Porcupine Dome (n = 262, σ = 54.2); R, Rattlesnake (n =
290, σ = 57.5); T, Tom (n = 221, σ = 59.8); T W, Tohache Wash (n = 88, σ = 162.9); and WR, White Rock (n = 267, σ = 56.6). The upper and lower whiskers
demarcate the range of data (excluding black point outliers). The upper box represents the 75th percentile, the lower box represents the 25th
percentile, and the thick black horizontal line represents the median. (B) Normal distribution of data is shown.

TABLE 1 Analysis of effects for coefficients for the Bayesian ANOVA models with He data (n = 88) for the Tohache Wash area.

Effects P (inclusion) P (exclusion) P
(inclusion|data)

P
(exclusion|data)

BFinclusion

Intrusion 0.500 0.500 0.998 0.002 414.711

Reservoir flank 0.500 0.500 0.982 0.018 54.230

Reservoir high 0.500 0.500 0.753 0.247 3.054

Previous He well 0.500 0.500 0.746 0.254 2.935

Basement fault 0.500 0.500 0.656 0.344 1.911

Fracture node 0.500 0.500 0.640 0.360 1.779

For igneous intrusions and fracture nodes, the polygon footprints
were used to determine the inclusion/exclusion of the feature. For
basement faults, a minimal 200 m buffer was constructed around
the feature to determine inclusion/exclusion. For zones demarcating
a structural high or flank of a high, approximations were made to
correspond to the highest complete structural contour representing
the structural high; whereas the flanks were represented by the
area from the base of the structural high to the upper most
contour (generally up to 1 km). For previous wells, a 200 m buffer
was constructed to determine inclusion/exclusion based on the
approximate distance of the highest He soil gas contour to the
previously drilled He well and to reflect the initial He soil gas
sampling 200 m grid.

3.6 Predictive mapping for Tohache Wash

To initiate the predictive model construction, a new fishnet
grid was created of equally spaced points every 200 m to reflect

the initial spacing of the soil gas survey. Concerning each of the
shapefiles and polygons representing the structures of interest,
a new field was added to each attribute table in ArcGIS with
the respective Bayes factor (BF) inclusion coefficient. For the
variables that were recorded as polygons (i.e., intrusions, fracture
intersection nodes), a spatial join tool was used to assign values
from the fishnet grid to polygons only in overlapping areas. For
basement faults, the buffer was increased to 200 m around the
feature followed by a spatial join to the new fishnet grid, because the
average fracture zone aroundbasement faults is∼200 m.Concerning
the reservoir highs, manual areas were still determined based
on the highest level of structural contour mapped at a 15 m
contour interval. Regarding reservoir flanks, areas were similarly
determined based on the structural geology of the Leadville
Limestone to distances ∼1 km from the crest of the reservoir
high. Additionally, areas around previous wells with recorded
He shows were drawn with a 200 m radius in each direction
surrounding previous wells as the exact drainage area for each well
is unknown.
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FIGURE 3
(A) Showing an orientation analysis conducted in NetworkGT (Nyberg et al., 2018) with red illustrating basement faults from 0°–90° and blue indicating
faults from 90°–180° (mod. From Andreason et al. (2022)) along with overlain He well values (Brennan et al., 2021; Halford et al., 2024); (B) Outline of
the Colorado Plateau with a dashed black line and red box showing the field area on a state of stress map illustrating maximum horizontal stress (SHmax)
orientations along with relative stress magnitudes (style of faulting) indicated by color (Lunderstern and Zoback, 2020); (C) Length weighted fault
orientation diagram exhibiting the dominant and longer fault orientation is to the NE and SW.

Next, the computed BF inclusion coefficients were utilized
to act as weighting factors for the predictive model and each
factor was added based on if a structure or feature was physically
present at a specific point. After normalizing the data, the
inverse distance weighted (IDW) interpolation method was used
to create a contour map of normalized inclusion factor values,
which represented a He occurrence prediction map. Therefore,
by using Bayesian inclusion coefficients, a prediction model was
computed, which was constructed with He data (Brennan et al.,
2021; Halford, 2023; Halford et al., 2022) and geologic structural
data (Andreason et al., 2022; Halford et al., 2024). The model
inputted the predicted variables and translated them into a visual
representation of areas where there are ranges of likelihoods of
subsurface He gas occurrences.

4 Results

4.1 Soil gas data for all fields

Here we report the He content of (n = 1974) soil gas samples
from seven different fields which were chosen to represent case
studies of prospective areas and depleted areas for He (Figure 2)
(Halford, 2023; Andreason et al., 2022). Data approximately follow
the normal distribution for all fields. In order to establish a robust
He background value, air samples (n = 30) had been taken which
provide a range of 5,240–5,400 ppb, with an average of 5,330 ppb. He
measurements were corrected for atmospheric contribution using
the established baseline air value of 5,330 ppb. Most areas had He
surface signals in the 40–70 s ppb above air range, with the one
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FIGURE 4
(A) Preliminary lineament density map before windowing and directionally filtering lineaments (mod. from Andreason et al. (2022) and (B) Interpreted
fracture network map and intersections (orange polygons) with He well data (purple circles, Brennan et al., 2021; Halford et al., 2022) showing a
complex network of predicted fracturing, courtesy of Earthfield Technology (mod. from Andreason et al. (2022).

exception of the Tohache Wash area with an average He surface
signal of 227 ppb above air (Andreason et al., 2022).

4.2 Bayesian statistical models for Tohache
Wash

Utilizing the Tohache Wash He data (n = 88), the effects
of independent variables (i.e., structural features and historical
data – intrusions, basement faults, fracture nodes, reservoir highs,
reservoir flanks, and previous He wells) on the dependent variable
(i.e., He soil gas values) were examined. The null hypothesis
(H0) is that there is no relationship between the dependent
and independent variables. Conversely, the alternative hypothesis
(H1) is that there is a relationship between the dependent
He values and independent variables. Bayesian ANOVA models
were utilized to simultaneously examine the effects of multiple
predictors. The two main outputs from the JASP Bayesian ANOVA
module (JASP Team, 2023) are the model comparison charts
(Supplementary Tables S1, S2) and the analysis of effects table
(Table 1).

We are primarily interested in the Bayes Factors (BF10)
(Supplementary Tables S1, S2) and Bayes Factors inclusion
coefficients. Regarding the ordering, the Bayes factors (BF10) for
each model are shown in Supplementary Table S1 compared to
the best model and in Supplementary Table S2 compared to the

null model. The BF10 measures evidence for the alternative model
compared to the null model. Bayes Factors (BF10) of >30 indicate
strong evidence in support for the alternative hypothesis (H1), BF>3
indicate moderate evidence in support of H1, and BF values of 1–3
indicate weak evidence in support of H1 (van Doorn et al., 2021).
Given the majority of models generated a (BF10) of >30 (i.e., strong
evidence for H1), the observed data are >30 times more likely under
the majority of alternative models compared to the null model
(Supplementary Table S2).

Examining the analysis of effects table (Table 1), the prior
inclusion and exclusion probabilities for all variables are set
at 50%. The P (inclusion and exclusion | data) columns show
the summed posterior probability for the component of interest
averaged over all models. The intrusion and reservoir flank
have the highest probabilities of inclusion of 99% and 98%,
respectively, after analyzing the data. The BF inclusion factor
illustrates the relative change from prior inclusions odds to
posterior inclusion odds averaged by all models that include
the predictor of interest (van Doorn et al., 2021; JASP Team,
2023). BF inclusion values >1 indicate that the addition of a
predictor improves the model (Taouki et al., 2022). BF inclusion
factors for the intrusion and reservoir flank predictors are
414.71 and 54.23, respectively, indicating the inclusion of the
effects are strongly favored. For example, the observed data
are 414.71 times more likely in a model with the intrusion
predictor.
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FIGURE 5
Tohache Wash area map showing the He soil gas colored contours (via raster interpolation and manual techniques) of air corrected He soil gas values
along with structural elements, He data (Brennan et al., 2021; Halford, 2023) and structural contours (C.I. of 15 m) on top of the Leadville Limestone
(mod. from Andreason et al. (2022). There is strong correspondence between He soil gas anomalies and the reservoir structural flank and crest, which
could indicate apical (directly above) and halo (spill points) He microseepage.

5 Discussion

5.1 Regional fault and fracture patterns

Previous work (Halford, 2018; Halford et al., 2022;
Andreason et al., 2022; Halford et al., 2024) on the Colorado Plateau,
illustrates the importance of tectonics (i.e., basement faults and
igneous intrusions) in controlling He accumulations by providing
and accentuating fault networks (Koide and Bhattacharji, 1975),
which can serve as migration conduits for He transport via
advective fluid flow. Through examination of various transport
mechanisms, the role of faults and fracture networks has been
increasingly apparent as a limiting factor for the field area in terms
of migration conduits (Halford et al., 2024). To further explore the
nature of regional fault significance, regional stress field orientations
and fracture network connectivity are examined.

5.1.1 Regional stress field orientation
Using NetworkGT, an in-depth regional fault analysis is

completed to examine two-dimensional basement fault networks
(n = 644) looking at both geometry and topology attributes
(Nyberg et al., 2018). Two fault sets and their respective orientations
are presented (Figure 3A). The orientations of basement faults
are calculated from each individual fault segments (Nyberg et al.,
2018). The dominant orientation, which is from the NE to SW,
broadly aligns with the regional stress fields around the Colorado

Plateau (Lunderstern and Zoback, 2020) (Figure 3B). Additionally,
a maximum horizontal stress orientation of 35ᵒ was recorded
from a wellbore image log near the Hogback NW of Farmington
(Lorenz and Cooper, 2003). The dominant orientation hosts
longer faults, which is illustrated by the rose diagram normalized
to length (Figure 3C).

To understand the spatial component of historical He wells and
fault orientation, a 1 km buffer is created around each of the fault
legs (Halford et al., 2024). Over 85% of all economic He data lie
within these buffers, and the remaining were manually assigned to
the nearest basement fault.When looking at the distribution ofHe%
and fault orientation, two main groups are observed corresponding
to the dominant fault set (45ᵒ) and secondary set (150°) fracture
orientations. The dominant fault orientation hosts ∼60% of all the
economic He points, while the secondary fault orientation hosts
the remaining 40%. The orientation as well as fault length does not
correlate with high-He, however both have similar ranges of He data
from 0.3 to ∼8%He. One noticeable difference between the two data
groupings is the dominant fault orientation has a continuous range
from 0.3% to 8%He, while the secondary fault orientation group has
a data hole (i.e., lack of data) from ∼1.5–4 He %. This discrepancy
might be due to disparities/biases within the actual data itself or
patterns of chemical alteration, or it could be indicating increased
dilation of faults as a function of tectonic stress and lithostatic
pressures as well as fluid pressures (Lundstern and Zoback, 2020).
Theoretically, active He fluxes from basement via open fractures
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FIGURE 6
Beautiful Mountain Field map showing the He soil gas colored contours (via raster interpolation and manual techniques) of air corrected He soil gas
values along with structural elements, He data (Brennan et al., 2021; Halford, 2023), and structural contours (C.I. of 15 m) on top of the Permian Organ
Rock sandstone (mod. from Andreason et al. (2022). There is a correspondence between the He soil gas anomalies and a basement fault in the NE
portion of the field, which could indicate a pathway-driven microseepage event. The depleted/proven areas of the field are shown related to the Organ
Rock and Leadville proven areas, respectively. On the southern portion of the field, He soil gas anomalies occur over potentially undrained portions on
the structural flanks of the reservoir, which could indicate halo (spill points) He microseepage or non-produced pockets of gas.

and faults could be inferred in zones where the current regional
stress fields align with the interpreted basement fault orientation.
This could result in broader and fuller ranges of continuous He
anomalies.

5.1.2 High density fracture network
In addition to the basement faults, there is a pervasive fracture

network throughout the field area which could be helping or
hindering He accumulation potential. Fracture identification (i.e.,
areas of most pervasive fracturing) was made possible by a complex
lineament analysis by combining and integrating lineaments from
digital elevation models (topographic lineaments), well data and
seismic data (formation lineaments), potential field data (magnetic
and gravity lineaments), and basement faults/fractures (magnetic
and gravity lineaments), courtesy of Earthfield Technology, LLC
(Andreason et al., 2022). Ultimately a lineament and intersection
density map, which ties surficial and subsurface lineament
expression, was created by combining all the previously described
lineaments and shows the number of lineaments predicted in an
area (Figure 4A). The final product was produced by combining
directionally filtered lineament data and by illustrating the junction
of multiple fracture networks to highlight areas of potentially
increased natural porosity as a function of interpreted lineament
intersection (Figure 4B).

By closely analyzing the distribution of He and the fracture
network map, a first order observation is that 94% of economic
He (>0.3%) (Brennan et al., 2021; Halford et al., 2022) wells lie on
the intersection fracture node (Figure 4B). Of the remaining 6%,
half lie on or nearly on a fracture lineament. Fracture intersection
nodes are likely zones of increased porosity and permeability, which
is why He is observed at these localities. Interestingly, fracture
node size does not correlation with higher amounts of He. When
analyzing these occurrences to be the result of a chance relationship,
a synthetic random point grid is created and compared to the
observed economic He data, which shows they are significantly
different distributions with only ∼7% of random points falling on
a fracture intersection node.

Given there are many localities that have fracture intersection
nodes but no He anomaly, this supports the statement that
fracture nodes are likely important in the He-system facilitating
advection based transport, but are not the most important
geologic feature in the transportation and accumulation of He
in the subsurface. Another observation is the intricate nature
of the predicated fracture network and fault intersection map.
The Colorado Plateau, which has experienced relatively little
to moderate deformation compared to more active geologic
regimes (i.e., Yellowstone), is likely extremely fractured in the
subsurface.
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FIGURE 7
The Rattlesnake Field map showing the He soil gas colored contours (via raster interpolation and manual techniques) of air corrected He soil gas values
along with structural elements, He data (Brennan et al., 2021; Halford, 2023), and structural contours (C.I. of 15 m) on top of the Mississippian Leadville
Limestone (mod. from Andreason et al. (2022). There is a correspondence between the He soil gas anomalies and basement faults on the SE portion of
the field, which could indicate pathway-driven advective He microseepage. The overall depleted nature of the field is shown along with the theorized
Leadville gas-water contact and tight Leadville areas.

Thus, by using high resolution geophysical data to examine
basement fault patterns and potential fracture network intersections,
it is observed that 1) basement faults aligned with the regional stress
fields are longer and have a more complete range of He anomalies
(Figure 3) and 2) there is a strong correlation with fracture network
intersections (94%) and economic He wells (>0.3 He%) (Figure 4B).
Therefore, understanding mechanisms (e.g., faults and fracture
patterns) that can influence He migration/accumulations is critical
in understanding the He-system.

5.2 Localized geologic reservoir controls

Transitioning from historic He data from previously published
works (Brennan et al., 2021; Halford et al., 2022) showing regional
trends and relationships between He and faults/fracture networks,
the focus shifts to newly reported soil gas data measured at a
localized field scale (Andreason et al., 2022; Halford, 2023). Soil
gas data measuring He concentrations were mapped to produce
contour maps through interpolation and manual techniques over
the fields of interest to identify high He zones. Upon conducting
preliminary assessments and reservoir structural mapping, a first
order observation is that anomalous He zones are aligned with
certain structural features or combinations of structural features
(e.g., faults, fracture nodes, intrusions, dikes, basement highs).

Reservoir structural maps were created to aid in the examination
of the role of subsurface reservoir architecture and positions (i.e.,
reservoir highs or flanks) and the effect on measured He soil
gas values.

As the role of regional faults and fracture networks becomes
more apparent, the localized structural controls/mechanisms that
influence these migration conduits have yet to be investigated. To
further explore the nature of structural geology’s significance, the
roles that differential compaction and fault leakage processes could
have on He surface gas signatures (i.e., explaining the geospatial He
dispersion patterns and trends) are examined.

5.2.1 Differential compaction
Differential compaction, which is the process of uneven settling

of sediments due to porosity loss, is critical in understanding
reservoir architecture and connectivity (Gay et al., 2006a; Gay et al.,
2006b; Rusciadelli and Di Simone, 2007; Corcoran, 2008;
Ireland et al., 2011; Meng and Hodgetts, 2020). Differential
compaction can occur either by dewatering episodes or by vertical
loading (i.e., sedimentation). The concept of differential compact
by sedimentation is relatively simple, in that after deposition of
sediments as more and more overburden is added, the sediments
will compact over the underlying rocks and form associated
faults and fractures (Williams, 1987; Bjorlykke and Hoeg, 1997;
Buczkowski and Cooke, 2004; Xu et al., 2015). More specifically,
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FIGURE 8
The Porcupine Dome area map showing the He soil gas colored contours (via raster interpolation and manual techniques) of air corrected He soil gas
values (Halford, 2023) along with structural elements and structural contours (C.I. of 15 m) on top of the Mississippian Leadville Limestone
(mod. from Andreason et al. (2022). There is a correspondence between the He soil gas anomalies and a high angle reverse fault on the eastern portion
of the field, which could indicate pathway-driven advective He microseepage. Slightly elevated He anomalies around the crest and flank of the
structure could also indicate a halo (spill point) He microseepage or fracturing along flanks of the structure.

if there are portions of the underlying geology that protrude
and create a circular feature, the weight of the sediments will
create an isometric stress field around the protrusions flanks
and ultimately lead to differential compaction radial fracturing
(Mehl, 1920; Blackwelder, 1920; Moore, 1920; Merriam, 1999;
Xu et al., 2015).

We are proposing this mechanism as a contributing reason
He anomalies are observed on structural crests and around the
flanks of highs. By examining the structure maps of the potential
He reservoirs at Tohache Wash (Figure 5), Beautiful Mountain
(Figure 6), White Rock (Supplementary Figure S2), Akah Nez
(Supplementary Figure S3) and Tom (Supplementary Figure S4), a
first-order observation is that there are He soil gas anomalies
overlying the flanks of reservoir highs along with several instances
of strong crest signatures (Figures 5, 6). In an ideal system, vertical
migration theory indicates that natural gas will migrate updip into
the crest of a structural high (Rice, 2022). Oftentimes in reality,
the natural gas accumulations can be offset from structural crest
highs by various features (i.e., gas-water contacts, tight lithologies,
tectonic events, fractures/faults, etc.). If the assumption is made
that the overlying fracture networks linking up the reservoir to
the crust are vertical with minor amounts of lateral offset, it can
be argued that this flank signature is derived from differential
compaction of sediments. Moreover, the resulting fault or induced
fracture pathways (from differential compaction) are either due

to a basement high, a rising igneous body, or other underlying
geologic features.

5.2.2 Fault leakage
It is well documented that surface hydrocarbon anomalies that

are associated with faults often signify a connection to subsurface
hydrocarbon reservoirs (Debnam, 1969; Ball and Snowdown, 1973;
Dyck, 1976). Translating the principle of microseepage from
hydrocarbons to He is a relatively straightforward step (Roberts
and Roen, 1985). Whether this association is indicative of a larger
accumulation or the tell-tale sign of a transient system with little
gas potential is an ongoing debate in the literature (Barry et al.,
2013; Mtili et al., 2021; Danabalan et al., 2022). As an aside, to
understand how harmful or beneficial a surficial fault seep is,
the surface flux of He should be monitored over an extended
period of time and not sampled at a singular point for the best
odds of success.

By examining the soil gas He signatures, a first-order
observation is that the surficial He anomalies generally follow
the outline of underlying basement lineaments/faults in the
Rattlesnake Field (Figure 7) and to a lesser extent in the Tom
area (Supplementary Figure S4). Higher He soil signatures are also
observed where a thrust fault cross cuts the Leadville Limestone in
the Porcupine Dome area (Figure 8). The presence of He anomalies
at the surface indicate that these faults are relatively open and are
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FIGURE 9
The top part of the schematic shows the locally measured He soil gas signatures (red dashed line) relative to a regional background He level (black
dashed line) along with the main groupings of observable surface expressions of He gas: 1) pathway-driven, 2) halo, 3) and apical. The bottom of the
figure indicates a geologic cross section showing the faults/fractures that are likely responsible for the transport of He gas (red circles), which
ultimately influence the observed surficial He soil gas signatures. Advection is the likely transport mechanism for vertical migration related to faults and
fractures in and around the reservoir crest/flanks. The size of each anomaly relates to relative flux speed. The pathway-driven seepage example
indicates a scenario of an active fault zone from depth to surface where advection dominates transport (modified from Abrams, 2020b; Rice, 2022).

acting as migration conduits (i.e., potential leaky seal). This is a
pathway-drivenmechanismwhere the seepage acts to focusHe from
the reservoir resulting in higher concentrations than surrounding
areas. Therefore, He surface gas anomalies that closely resemble
lineaments in conjunction with weak and disperse He surface
signatures are likely experiencing some degree of rapid advective
loss of subsurface He accumulations through faults that are cross-
cutting reservoirs. However, it should be noted that if gas loss doesn’t
outpace the gas sourcing, He accumulations won’t be significantly
diminished.

5.3 Vertical helium migration from
reservoir to surface

As general observations have been discussed of broad
mechanisms influencing the geospatial distribution of He
concentrations from soil gas data in relation to structural features,
next the more detailed processes involved in the mass transport of
subsurface He to the surface are discussed.

Vertical migration is an umbrella term describing the mass
transport processes that facilitate the movement of gas from
subsurface reservoirs to the surface (Rice, 2022). The idea of

methodically tracing back surficial seeps to underground reservoirs
has been a core approach from the beginnings of hydrocarbon
exploration to the present day. More recently, this approach been
adapted to He exploration (Barry et al., 2013; Danabalan et al.,
2022). The transportation of natural gas that feeds seeps can
be broken down into a slow and steady continuous diffusive
flux (dissolved in water) (Marschall et al., 2005; Cheng et al., 2021;
Cheng et al., 2023), a rapid potentially episodic phase buoyancy-
driven flow dependent on tectonic history (Brown, 2000; Rice, 2022)
or a combination of both. Episodic seepage describes systems that
are sporadic and advective in nature such as instances of venting or
enhanced tectonic activity versus those that are continuous such as
a steady diffusive flux (Araktingi et al., 1984; Abrams, 1992; Arp,
1992a, 1992b; Jones and Burtell, 1996; Klusman and Saeed, 1996;
Brown, 2000; Brown, 2000; Abrams, 2020a; Rice, 2022). Various
authors have advocated against the importance of diffusion as a
significant transport method for natural gases citing insufficient
fluxes and extremely long charging periods (i.e., hundreds of
millions of years) (Davis, 1967; Smith et al., 1971; Hunt, 1979; Rice,
2022). It is important to note that migration will follow the zones of
least resistance based onpressure drive, buoyancy drive and capillary
resistance; and observed seeps do not have to occur directly over
subsurface gas accumulations (Abrams, 2020b).
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FIGURE 10
Predictive model derived from Bayesian ANOVA inclusion factors shows He-potential in extended areas mapped around Tohache Wash on the
Mississippian Leadville Limestone (C.I. 15 m). The model highlights two hot zones colored bright red (the highest predicted likelihood of encountering
subsurface He-rich gas).

Based on the soil gas mapping, the Tohache Wash area is likely
a combination of both types of fluxes (advective and diffusive).
Regarding indications for advective buoyancy-driven fluxes, there
is evidence for differential compaction controlled faulting/fluid flow
in the geospatial distribution of He soil gas signatures around the
flanks of the structure (Figure 5). In this scenario, the reservoir
pressure exceeds the capillary pressures in the seal and He escapes
the reservoir. This means the gas would be forced through limited
pathways in a seal (effusion zones) and be subjected to subsequent
advection in the overlying sediments. Indications for diffusion
are the spherical dispersion patterns observed on the surface at
Tohache Wash (Figure 5) and the Tom and Akah Nez areas as well
(Supplementary Figures S3, S4) (Price, 1986). Thus, the Tohache
Wash area, which shows higher He signatures on the flanks of
structures and semi-spherical surface He signatures in Figure 5, a
high reservoir He% (Supplementary Table S3), and the strongest He
soil gas survey signatures, can be a prime example of an advection-
diffusion based system where the reservoir pressure is greater than
the capillary pressure. Given it has the highest He soil gas values
measured, coupled with the fact that it has had consistent He % well
tests over decades (1969 and 2016) despite having been produced
(∼13% of original gas), shows that there must still be a significant
reservoir of He at depth and that it is not subjected to an extremely
rapid loss mechanism, otherwise the accumulation would not exist
with such high He values (Supplementary Table S4).

Examining the He soil gas mapping, the Porcupine Dome area,
Beautiful Mountain and Rattlesnake fields are likely the result of

advection-driven fluxes with minimal contributions from diffusion.
A characteristic of diffusion dominated processes is that generally
diffusion has nearly spherical dispersion pattern that can’t be
focused into localized anomalies (Price, 1986), which is not what
is observed from the soil gas surveys (i.e., more linear trends
demarcating basement fault zones) for parts of the Porcupine Dome
area, Beautiful Mountain Field and Rattlesnake Field. The strong
linear pattern of soil signatures at the Porcupine Dome area and
the depleted nature of the Beautiful Mountain and Rattlesnake
fields suggests there is a rapid process (likely advective buoyancy-
driven flow) controlling gas migration from reservoir to surface
(Figures 6–8). Although diffusion is likely occurring, there is not
strong evidence that diffusion alone for the depleted fields is a
significant mechanism.

Specifically, for the Beautiful Mountain and Rattlesnake fields,
the soil gas surveys indicate large gaps or depletion zones (i.e.,
lack of He signal greater than air) where there should be higher
He anomalies if there was a substantial amount of He remaining
in the reservoir (Figures 6, 7). Plausible reasons explaining the
lack of surface signatures for depleted fields (either through gas
cap depletion, production/movement of groundwater, inadequate
reservoir pressure or some other factor) are presented in Section 5.4.

Using original helium in place (OHIP) and external and
internal flux calculations (Robinson and Peng, 1976; Mireault
et al., 2007; Buttitta et al., 2020), the average age of all the
accumulations is calculated to be ∼30 Ma, which corresponds to
documented Oligocene volcanism in the region (Gonzales and
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Lake, 2017; Halford et al., 2022) (Supplementary Table S4). This
volcanism/tectonic activity likely served as the catalyst in the
creation of these gas accumulations, (i.e., pressure differences
driving He exsolution from a dissolved state in groundwater).
Therefore, given the regional tectonic history of the Colorado
Plateau which has provided prevalent fracture and fault pathways,
it seems unreasonable to assume diffusion loss would be a dominant
process to explain vertical migration for any systems in the
area, and other mechanisms such as buoyancy-driven advective
mass transport should be considered as the dominant transport
mechanism (Brown, 2000; Huitt, 1956; Happel and Brenner, 1965;
Brodkey, 1967; Horwitz, 1969; MacElvain, 1969; Allen, 1984;
Churchill, 1988; Rice, 2022) (Supplementary Information S5).

5.3.1 Near surface migration microseepage
model

Upon analyzing the structural and geochemical data, a
schematic (Figure 9) is presented, which highlights the main
elements impacting vertical microseepage of He migration from
a gas reservoir to the surface. Patterns observed on the surface
(quantified with soil gas He surveys) can be used to distinguish
characteristic geometries related to apical anomalies (immediately
above a subsurface gas body) and halo anomalies (spill points
around a subsurface gas body) (Abrams, 2020b). Apical and halo
anomalies can provide useful information about the trapping
potential and subsurface architecture of the reservoir. Additionally,
geologic migration pathways (basement faults, thrust faults, diapirs,
fractured basin carrier beds, etc.) can act as advection-driven
pathways allowing higher concentrations of He seepage on the
surface. Regarding the most notable interpretations, there is
evidence for pathway-driven migration in the Beautiful Mountain
Field (Figure 6), Rattlesnake Field (Figure 7), and Porcupine
Dome area (Figure 8); partial vertical halos are observed in the
Tohache Wash area (Figure 5) and Beautiful Mountain Field
(Figure 6); and vertical apical anomalies are observed in the Tohache
Wash area (Figure 5).

5.4 Applications for helium exploration

Below several scenarios are presented to be used as a guide (not
all inclusive) when interpreting He concentration measurements
from soil gas data forHe exploration.While the labeling ofHe values
is subjective and will vary for different geographic regions, for the
purpose of this study and to explore different plausible mechanisms
for gas migration, high He signals are those >300 ppb above
the background air level, moderate He signals are those between
100–300 ppb, and low He signals are those between 40–100 ppb.

It is important to note that the presence of a He signature in
the soil does not definitely indicate an economic accumulation of
He in the subsurface as have been documented in the literature in
active volcanic areas (Barberi and Carapezza, 1994; D'Alessandro
and Parello, 1997; Padron et al., 2012; Padron et al., 2013). Simply
observing He is not enough to identify a resource and in fact may
indicate a failed resource, or it may not be conclusive. However,
utilizing soil gas geochemistry within the context of knowing the
geology (e.g., trapping structures and seals at depth) combined
with other factors such as the spatial relationship of structures can

be helpful to identify the reason for the He migration. In certain
contexts the soil gas signals can be useful, but may also provide
overlapping signatures that need to be differentiated. Therefore, soil
gas geochemistry is only a tool, and should be used with other
techniques to help reduce risk in exploration for underground
resources.

5.4.1 High He surface signals
Regarding exploration frameworks, the presence of strong

halo signatures with high He concentrations (advective transport
controlled) could indicate an economically viable He accumulation
at depth. The higher the soil He signal is, the more likely a robust
He accumulation could be present in the subsurface. This approach
coupled with data from historical He reservoir tests can provide
information regarding He accumulations at depth. Although all
reservoirs in this study are leaking to some degree for there to
be a recordable He soil surface signature (Rice, 2022), it is likely
these leakage rates are too minor/slow to deplete most fields if there
are no active/open fault zones cross-cutting the reservoir and if
there was an adequate initial amount of gas in the reservoir. This
supposition can be strengthened with repeated high He tests (e.g.,
Tohache Wash) over a prolonged period of time (several decades).
Thus, this scenario of high He signals observed at the surface could
indicate a He-rich subsurface reservoir and therefore be ideal for He
prospecting.

5.4.2 Moderate-low He surface signals
The moderate-low He concentrations measured at the surface

could be indicative of a reservoir that has lost significant amounts
of gas due to initial production and subsequent gas has been lost
(i.e., gas leakage due to faults) meaning it is no longer economically
viable. We consider a scenario of rapid He loss (e.g., Rattlesnake
and Beautiful Mountain fields) involving the depletion of a natural
gas cap and initial liquids. In this scenario, the initial gas cap was
extensively produced, and remaining initial liquids that could have
been acting as a buffer slowing down He loss were additionally
lost. A proposed mechanism for this buffering is liquid blocking
or impeding pore throats, which effectively lowers permeability at
the gas cap – reservoir seal boundary (Lin et al., 2022; Rice, 2022).
However, once the liquid barrier was removed, pore throat pathways
were left open, which resulted in an increase in permeability (i.e.,
increased migration through fractures/faults). This process could
explain why despite such high initial He % tests, there are no He-
rich zones where the pilot wells were drilled and produced as the
He flux (e.g., vertical migration) leaving the reservoir exceeded that
which was entering it.

Another scenario to explain a moderate-low He concentration
surface signal involves the production and/or movement of
groundwater to permeable zones (e.g., Rattlesnake Field and
Porcupine Dome, respectively). Excess reservoir water production
indicates that that a water cone or water fingering can develop
due to pressure differentials (Arthur, 1944). More specifically, the
water that is drawn upwards from underlying/adjacent wet rock
to the wellbore, can push the remaining unproduced reservoir gas
to the fractured edges of the structural uplift (e.g., Rattlesnake
Field). Additionally, regarding groundwater movement, gas can be
transported via advection of subsurface fluids along open fault
zones (e.g., Porcupine Dome’s thrust fault). Once gas encounters
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these zones of higher permeability, the capillary pressure in the
seal will be lower than the underlying reservoir, and the gas and
adjacent fluid can migrate upwards via advection/buoyancy out
of the reservoir (Rice, 2022). This scenario, which could result in
He gas depletion depending on the influence of the groundwater
pressure drive, is plausible as there are observed He soil gas
signatures at the edge of the Rattlesnake structure where there
are likely (micro)fractures due to high stress (point of maximum
curvature) and where there is a mapped thrust fault in the
Porcupine Dome area.

Thus, these scenarios of observed moderate-low surface signals
could indicate a leaky seal and be unideal for He prospecting.
Caution should be given to such systems to mitigate risk.

5.4.3 Low-no He signals
An additional explanation for the lack of a strong or moderate

surface He signal is due to the lack of adequate reservoir pressure.
Because in theory if a well was produced for a short amount of
time (e.g., parts of the Rattlesnake Field, Porcupine Dome, and
Beautiful Mountain Field), the reservoir pressure would fall below
the capillary pressure and no significant amounts of He would be
escaping the reservoir. This means the gas would not be forced
through limited pathways in a seal (effusion zones) and not be
subjected to subsequent diffusion or advection in the overlying
sediments. This scenario could in theory describe reservoirs that
have good potential, but would require further mass balance models
to estimate reservoir potential for He.

5.4.4 No He signals
Another plausible explanation for the lack of He surface

signals, is that there were simply never any substantial amounts
of He in the subsurface reservoirs to begin with or it was not
concentrated to reach economic levels. This scenario of no He
signals above background air values could indicate zones that have
relatively nonexistent He potential and thus be unideal for He
exploration efforts.

5.5 Case study of Tohache Wash: predictive
framework model

In addition to the Tohache Wash area being considered a prime
target for exploration by having the highest He surface signatures,
the area is chosen for further statistical modeling because of the
availability of geological data, high He % well tests (1969 and
2016), and likely slow He leakage in some areas (i.e., greater
He preservation). The primary objective of building a predictive
framework model is to identify key He-system criteria, understand
the relative importance of theHe-systemvariables, and subsequently
search for He-potential in extended areas mapped around Tohache
Wash in the Mississippian Leadville Limestone reservoir. More
specifically, the goal is to observe if a Bayesian ANOVA statistical
analysis, given suitable training data, could effectively aid in the
interpretation of soil gas data in the context of He exploration.
Building on He probability predictive modeling (Halford et al.,
2024), a similar approach to determine He-gas rich areas is
utilized by constructing a predictive framework, but with the
addition of He soil gas data, high density fracture networks, and

localized structural mapping of reservoirs (from 2D seismic and
well control).

Ultimately, the Bayesian ANOVA model examines the effects
of independent variables (i.e., structural features and historical
data) on the dependent variable (i.e., He soil gas values) and
observes the effects of multiple predictors. Based on Bayesian
ANOVA statistical models, the most critical migration element
of the He-system in the Tohache Wash area are intrusive bodies
(Table 1). These bodies can behave similar to basement faults as
they act as migration conduits that support advective buoyancy-
driven transport from basement granitic source rocks into
overlying sediments (Danabalan et al., 2022; Halford et al., 2022;
Halford et al., 2024). Regarding the most critical trapping variable,
reservoir flank, the presence of He surface anomalies on reservoir
flanks suggest that there are likely faults and associated fractures
as a result of differential compaction of the reservoir (Table 1).
This has implications in understanding the role that subsurface
structural architecture has on trapping/accumulation potential
of the reservoir and deciphering potential He prospectivity
of an area.

By examining real world geological data, often the elements of a
He-system are not standalone (Craddock et al., 2017; Brennan et al.,
2021; Halford et al., 2022; Danabalan et al., 2022), rather they
build on each other similar to those in a petroleum system
(Selley and Sonnenberg, 2015). Namely, the presence of an
intrusion as a migration conduit/pathway, and a reservoir flank
structure to aid in trapping is often not enough to produce a
He anomaly. Thus, in order to construct an updated predictive
model from the Bayesian ANOVA statistical models using
Tohache Wash area variables and data, the computed BF inclusion
coefficients (Table 1) are utilized for all variables from the
initial Bayesian ANOVA model to act as the weighting factors
(quantitatively rank each variable) for the updated predictive
model (Figure 10).

Upon examining the predictive model (Figure 10), there are two
areas with the highest likelihood of encountered He based on the
BF inclusion coefficients. The highest predicted region corresponds
directly with the area of theNavajo Z-1 well (API: 02001053090001),
which has produced 6% He. This indicates that the model is well
calibrated with real world data producing a He hot zone where
it would be expected. The model indicates a new area of high-
He potential that is ∼2.5 km immediately west of the Navajo Z-
1 well. Concerning the flexibility of themodel, the exact buffer zones
around each variable can be adjusted and updated (e.g., when more
data are acquired), which allows the model to be highly versatile
and adaptable. Thus, given suitable training data, Bayesian ANOVA
statistical analysis, can help interpret soil gas data in the context
of He exploration. Additionally, the model represents a significant
development from the initial observations of Andreason et al.
(2022), by producing quantitative interpretations of sampled field
areas and by utilizing model predictions to extrapolate patterns in
field areas which were not sampled.

This model is significant in that it essentially generates target
areas for new/further He exploration and development. Another
important aspect of this approach is that it allows a site by
site specific model that can be constructed with real world data
in order to extrapolate subsurface He gas plays. This approach
is beneficial where there is well and seismic data to produce
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reservoir structure maps plus geochemical and geophysical data
to integrate/tie data from the surface to the basement and to
assess the viability of a He-system. The utility of this predictive
model in areas outside of the Four Corners Plateau is great
especially in areas that have experienced some level of geologic
and tectonic activity. An important note is that the model is
not the only solution/approach to represent data and create
quantitative statistical predictions, but we hope it will be used as
a starting point to allow further development of He exploration
modeling.

6 Conclusion

The importance of structural features influencing advective
basedmigration pathways for subsurfaceHe accumulations has been
established (Halford et al., 2024), but these observations were drawn
from a widely scattered database of historical He % in subsurface
reservoir gas. Until now, the He data to determine exactly how
vital these features and their relevant processes are in controlling
a He accumulation was not available. Fortunately, there are new
data from soil gas surveys to examine geospatial relationships and
test the efficacy of surficial soil surveys in He exploration. By
combining historical geochemical data, well log data, 2-D seismic
data and potential field geophysical data, structural features and
their relationships to closely spacedmeasuredHe soil concentrations
were identified and subsequently tested.

As geospatial relationships are being examined within the soil
gas survey data, it is important to understand the mechanisms that
allow the He in the subsurface reservoir to migrate into the soil. In
several fields interpreted basement faults act as migration conduits
from the basement to the surface (i.e., leaky reservoirs) producing
He microseepages, and in other cases there is evidence that He
surface signatures are controlled by reservoir flank/crest fracturing
likely due to differential compaction. Based on the regional geologic
history, advection-driven systems are likely responsible for the
observed He soil gas signatures.

To examine the relative importance of geologic elements
and their relevant processes, the most prospective area (i.e.,
Tohache Wash) is modeled. Prospectivity at Tohache Wash is
based on the area’s highest soil gas measurements, multiple high
He well tests, high He retention potential, and the availability
of geological data. Bayesian ANOVA models predict the most
significant variables controlling He occurrences are intrusions
and flanks of the reservoir, which provide additional information
related to the migration and trapping of He. Using Bayesian
inclusion coefficients, a predictive model is computed using
weighted variables, which is constructed with historical data that
inputs predicted variables and translates them into a visualization
of areas where there are likelihoods of high and low He. This
model produces an output that matches historical records of an
anomalous zone and also highlights an additional area of interest for
future exploration.

Thus, in order to more effectively explore for subsurface He
accumulations at a finer scale, surficial soil gas surveys can be
used to provide a closer examination of helium’s response to
structural features in hopes of finding and developing future He
plays when combined with other techniques such as well data,

seismic data, geochemical data, and potential field geophysical
data. The significance of this approach is that it ties geological
data throughout various depths of the crust (basement, reservoir,
and surface) to examine He-systems. Translating this predictive
model into other areas where there is sufficient well and seismic
data to map reservoirs can be a powerful tool to mitigate
exploration risk.
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