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Abstract Natural gas fields with economic helium (>0.3 He %) require the radioactive decay of crustal
uranium (U) and thorium (Th) to generate He and tectonic/structural regimes favorable to releasing and
concentrating He. An unknown is determining the role of faults and structural features in focusing deep-seated He
sources on shallow accumulations. We tested the correlation between high-He wells (n = 94) and structural
features using a new high-resolution aeromagnetic survey in the Four Corners area, USA. A depth-to-basement
map with basement lineaments/faults, an intrusion map, and a flattened basement structural high map were
created using Werner deconvolution algorithms by combining magnetic, gravity, and topography data with
magnetic and gravity depth profiles. We show quantitatively (via analysis of variance) that a non-random process
controls the relationship between He (>0.3%) and both basement faults and intrusions: 88% of high-He wells
occur <1 km of basement faults; and 85% of high-He wells occur <1 km of intrusions. As He % increases, the
distance to the structural features decreases. Strong spatial/statistical correlations of He wells to both basement
faults and intrusions suggest that advective transport via faults/intrusions facilitates He migration. The role of gas
phase buoyancy and structural trapping is confirmed: 88% of high-He occurs within basement structural highs,
and 91% of the remaining wells are <1 km from intrusions (potential structural high). We present a composite
figure to illustrate how a probabilistic approach can be used as a predictive model to improve He exploration
success by targeting zones of intersection of basement faults and intrusions within basement structural highs.

Plain Language Summary Helium, which is a colorless and odorless gas, is an important and
irreplaceable commodity that is used in a variety of modern applications. Helium is often found comingled with
natural gases in underground rocks. The exact importance of structural features in the accumulation of
significant amounts of helium underground is largely unknown. In this study, we utilize high resolution
geophysical techniques focused in the Four Corners Area, USA combined with geochemical data of helium
sampled from oil/gas wells to investigate the role of structural features on helium's occurrence. We show that
helium occurrences are not randomly related to structural features (basement faults and/or intrusions) using
statistical tests. In fact, we show that helium percentages in natural gas increase as one moves closer to basement
faults and/or intrusions. Furthermore, we suggest that these faults and intrusions likely help enable helium gas
migration from deeper areas to shallower areas underground based on the strong spatial and statistical
correlations of helium wells to basement faults and intrusions. We also construct a predictive composite figure
using structural elements that are likely favorable to helium accumulation to aid in exploring new areas of
undiscovered helium gas accumulations in the subsurface.

1. Introduction

Helium (He), a natural resource derived from the radioactive decay of subsurface uranium (U) and thorium (Th),
is irreplaceable in medical applications, low-carbon technologies, science and engineering, nuclear power, and
the aerospace industry (e.g., Anderson, 2018; Boreham et al., 2018; National Research Council, 2010). The Four
Corners area, USA, has natural gas with high He (>10%) in some areas (Brennan et al., 2021; Casey, 1983).
Originally, He was discovered serendipitously through hydrocarbon exploration, but now He is a primary
exploration target (Cheng et al., 2023; Danabalan et al., 2022). The shift of He to a primary exploration target is
crucial to support He's increased global demand and dwindling supply (Olafsdottir & Sverdrup, 2020).
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The helium system is defined as any subsurface natural gas system, and its associated geological processes and
elements that allow the accumulation of economic levels of He (>0.3% for direct and secondary extraction,
>0.04% for liquefied natural gas operations) in the gas stream beyond the ubiquitous trace amounts found
within Earth's mantle, atmosphere, hydrosphere, and crustal sources (Boreham et al., 2018; Danabalan
et al., 2022; Halford, 2018; Halford et al., 2022). In order to establish a significant He reservoir, there are
several major variables that must be considered: (a) source rocks, (b) heating and fluid interactions, (c)
migration pathways, (d) seals/traps, and (e) time (Boreham et al., 2018; Cheng et al., 2021, 2023; Danabalan
et al., 2022; Halford, 2018; Halford et al., 2022; Karolyté et al., 2022). The role of regional heat flow and
tectonics in enhancing helium release from regional sources has been established (Danabalan et al., 2022;
Lowenstern et al., 2014; Torgersen, 2010) and we focus here on developing our understanding of the transport
pathways.

In the Four Corners area, He discoveries (n = 94) are often near structural features (i.e., Precambrian basement
sutures or mapped surface traces of structures) (Craddock et al., 2017; Halford et al., 2022). Previous work
observed little variance in “He/N » in the Four Corners gas fields to argue for fault controlled advective free-gas He
migration from the crystalline basement to trapping structures (Halford et al., 2022). While high-He gas has been
postulated to be correlated with structural features, such as faults and intrusions (Boles et al., 2015; Buttitta
et al., 2020; Craddock et al., 2017; Danabalan et al., 2022; Halford et al., 2022; Karolyte et al., 2022; Mtili
et al., 2021; Tardani et al., 2016) the data, until now, to quantifiably test this concept for high-He gas field
formation, has not been available. Using newly acquired high-resolution geophysical data (Figure 1) combined
with geochemical data sets within the Four Corners area, we test the hypothesis that faults and intrusions are
spatially correlated with high He, which may be translated to regions outside the Four Corners area. By comparing
observed He occurrences and synthetic data sets of randomly located points to investigate the spatial relationship
to structural features, we find their relative density distributions are statistically distinct, suggesting a non-random
and helium specific process is controlling their relationship.

2. Geologic Background

The Four Corner's area of the USA, where the states of Colorado, New Mexico, Utah and Arizona converge, has
experienced a complex geologic history pertaining to basement features and igneous activity. The larger Southern
Rocky Mountain region, which includes the Four Corners area, records lithospheric assembly during the Paleo-
Proterozoic time (1.8-1.6 Ga), intracratonic magmatism during the Meso-Proterozoic (1.44-1.35 Ga), incipient
rifting (1.1-0.5 Ga), ancestral Rocky Mountain development during the Paleozoic (350-290 Ma), Laramide
tectonism during the Cretaceous-Paleogene (75-45 Ma), and Paleogene-Neogene extension, magmatism, and
uplift (Gilfillan et al., 2008; Karlstrom & Humphreys, 1998).

The heterogeneous Paleoproterozoic and Mesoproterozoic crystalline basement underlying the Colorado Plateau
contains numerous basement suture zones, which are commonly marked by diffuse fault systems and/or discrete
shear zones (Craddock et al., 2017; Davis & Bump, 2009). Master shear zones are rooted in the deep seated zones
of weakness within the basement and most are presumably originating along reactivated deep-seated Neo-
proterozoic shear zones (Davis & Bump, 2009; Whitmeyer & Karlstrom, 2007). Thus, suture zones and shear
zones represent deformational boundaries that define the underlying Paleoproterozoic basement provinces in the
area (Mojave, Yavapai and Mazatzal) (Karlstrom & Humphreys, 1998).

The field area within the Four Corners region consists of intrusive plutons, and Paleogene-Neogene mafic and
ultra-mafic diatremes and lamprophyres that were emplaced along structurally weak crustal extension zones
(Gonzales & Lake, 2017; Re et al., 2015). Dikes and sills related to these diatremes and intrusive bodies intersect
and crosscut the sedimentary section (Danie, 1978; Masters, 2000). More specifically, the Navajo Volcanic Field
(NVF), which results from slab rollback of the Farallon plate (Gonzales & Lake, 2017; Hernandez-Uribe &
Palin, 2019), exists within the study area and comprises >80 mafic and ultra-mafic diatremes of Oligocene to
Miocene age (28—19 Ma) and hundreds of intrusive plutons (Bélanger & Ross, 2018; Semken, 2003). Despite the
volcanos of the NVF not being located along exposed faults, the magma ascent was likely aided by fractures at
depth (Delaney, 1987).
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Figure 1. (a) Location map with the study area (blue rectangle). Maps calculated from the high-resolution geophysical data (mod. from Andreason et al., 2022):

(b) Depth-to-basement map with interpreted basement faults/lineaments as black lines, (c) intrusions (red polygons) and dikes (red lines) map, (d) localized basement
structure map from flattened depth-to-basement map illustrates structural highs with an arbitrary scale from red (high) to blue (low). He molar % is overlain on all maps
as purple circles (Brennan et al., 2021; Halford et al., 2022).
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3. Methodology
3.1. Aeromagnetic Geophysical Data Collection

Aeromagnetic geophysical data was acquired by Earthfield Technology on behalf of the Navajo Nation Oil and
Gas Company in 2021 using an airborne magnetometer, which measures and records the total magnetic field
(Andreason et al., 2022). By flying a Cessna C-180 aircraft at 152 m with a fitted tail-stinger which housed a
Geometrics G823 A Cesium-vapor Magnetometer System, 20,761-line km of high-resolution aeromagnetic data
were collected. Flight lines and tie lines were spaced 400 and 1,600 m, respectively. Ancillary airborne equipment
and a ground-based magnetometer were also utilized (Andreason et al., 2022).

3.2. Geophysical Pre-Processing

Quality control checks were completed prior to the profile data processing and leveling procedures by Earthfield
Technology (Andreason et al., 2022). Pre-processing procedures include the following listed below:

Data Merging: Data traces (digital magnetic and ancillary) were recovered. The final position data from GPS time
and related fiducial time marks (0.1 s intervals) were then merged with digital magnetic and ancillary data traces.
Subsequently, a line location file and system log or lead time were produced from the conversion of the merged
data (Andreason et al., 2022).

Data Editing: Merged data traces (i.e., the base magnetometer trace) were edited both for completeness and data
spikes. The edited and merged data traces were then processed with profile-orientated data corrections
(Andreason et al., 2022).

The International Geomagnetic Reference Field (IGRF) Correction: The magnetic data trace was processed with
the IGRF correction (Andreason et al., 2022).

Diurnal Correction: The IGRF-corrected magnetic profile data were then processed with the IGRF-corrected
diurnal data as a correction (Andreason et al., 2022).

Profile Leveling: An analysis of the network of line crossings was the first stage of leveling undertaken. To ensure
that the sum of the square of the mis-tie errors in the network is minimized, the individual survey network lines
were systematically shifted down or up. Further constraints were enacted on the systematic corrections to ensure
that the sum of the systematic corrections was zero, which can eliminate DC shifts to the network. Virtual
Network Analysis (VNA) was used in the micro-leveling process. The VNA is essentially a recursive process
where a grid that has been based on the adjusted and edited data forms the starting point. Unadjusted and unedited
data were readjusted and reconsidered in the procedure. Ultimately, the recovery of short-wavelength and map-
coherent components in the data was made possible with VNA (Andreason et al., 2022).

3.3. Geophysical Data Processing

Here a brief explanation of the raw geophysical data used to create the three different types of maps is presented
below, divided by type: topographic, gravity and magnetic (Andreason et al., 2022).

A Shuttle Radar Topography Mission 30 m digital topography data set was utilized to define potential shallow
fracture zones in the survey area (NASA JPL, 2013).

Gravity maps, from Earthfield's proprietary North American Gravity Compilation, were used to define density
boundaries to illustrate sedimentary structures and fault zones at the basement surface. Bouguer gravity maps
processed with a 50, 25, and 25 thousand-feet (kft) wavelength high pass filters were used in enhancing subtle
anomalies from shallower sources by removing long wavelength anomalies from sources at depth. A tilt deri-
vation of the gravity data was compiled to enhance lithologic changes and/or fault zones (lateral boundary
anomalies) (Andreason et al., 2022). Tilt derivation and high pass filtered maps were used to define basement
faults and trends using Werner deconvolution (Werner, 1953).

High-resolution magnetic survey data were used to construct a total magnetic intensity map. Also, a Reduction-to-
the-Pole (RTP) map was constructed from the total magnetic intensity map, which shifts magnetic anomalies
directly over causative bodies by eliminating the Earth's magnetic inclination/declination effects. Various high
pass filters were then applied to the RTP data at 25, 10, 6, and 3 kilo-feet (kft) wavelength, which enhance subtle
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anomalies from shallower sources by removing long wavelength anomalies from sources at depth. Additionally,
using similar techniques to enhance magnetic anomalies from subtle sources, an RTP analytic signal map was
created from the high-resolution magnetic RTP data to better identify shallower intrusive bodies. A tilt derivation
of the magnetic data was compiled to enhance lithologic changes and/or fault zones (lateral boundary anomalies)
(Andreason et al., 2022). The tilt derivation and high pass filtered maps were useful to define basement faults and
trends using Werner deconvolution (Andreason et al., 2022).

3.4. Geophysical Mapping Methods

The creation of the depth-to-basement with basement lineaments, igneous bodies, and the structural high maps by
Earthfield Technology LLC is described in Text S1 in Supporting Information S1 (Andreason et al., 2022).
Additional processing information related to Werner Deconvolution depth-to-source generation is in Text S1 in
Supporting Information S1. In addition to the newly acquired high-resolution magnetic data, gravity data,
topography data, and magnetic and gravity depth profiles were incorporated into the depth-to-basement mapping.

Basement lineaments were generated during the depth-to-basement mapping using Werner Deconvolution
analysis of the gravity and magnetic data (Andreason et al., 2022). Basement faults were mapped in areas where
gradients in the gravity and magnetic data have been identified. Tilt derivative Bouguer gravity data and high-pass
filtered (50 and 25 kft) Bouguer gravity data along with tilt derivative RTP magnetic data, and high-pass filtered
(25, 10, 6, and 3 kft) RTP magnetic data were used to qualitatively aid in the definition of basement faults and
trends originally calculated using Werner deconvolution (Andreason et al., 2022).

The interpreted intrusive bodies and dikes map was produced from various filters and derivative maps of the
magnetic data, and by using Werner Deconvolution depth estimation profiles (Andreason et al., 2022). Shallow
intrusive bodies were identified using an RTP analytic signal map, which enhances shallow magnetic anomalies at
the expense of longer wavelength magnetic anomalies (deeper sources). The new smaller grid spacing allowed
delineation of more discrete igneous bodies compared to regional magnetic data (Andreason et al., 2022).

First, using Werner Deconvolution depth analysis, a depth-to-basement map was created (Andreason et al., 2022).
This map was subsequently used to create a residual basement map. More specifically, the residual flattened
basement map was created via frequency filtering to remove regional dip for the purpose of isolating the local
basement high features, and enhancing subtle basement structures. Subsequently, we windowed local high areas
at the steepest gradients in the flattened surface to keep only the local highs. Since this residual basement was
created using a high pass filter of the original depth-to-basement surface, the units are arbitrary (Andreason
et al., 2022).

3.5. Probability Density Mapping

Statistical tests were used to determine whether the spatial relationship between basement faults and intrusions, to
observed economic He gas (>0.3%) (n = 138) (Brennan et al., 2021; Halford et al., 2022), is significant. Several of
the 138 economic He producing wells have multiple He measured values at the same well location. To mitigate
data duplication causing confirmation bias, we condensed the original 138 entries into 94 by averaging He values
at the same location and within the same formation/substage. To determine whether the distribution of economic
He wells (n = 94) and structural features (basement faults/intrusions) are spatially correlated, five synthetic grids
of randomly generated points (n = 94) were created in the study area. Distances to structural features were
calculated for each of the synthetic and observed (He-rich gas) data grids. One-way analysis of variance
(ANOVA) tests were conducted on the observed and synthetic data grid distances to He occurrences (McKillup &
Dyar, 2010) (further discussed in Section 3.6 and Text S2 in Supporting Information S1).

Probability density figures, which represent the relative probability of He occurrences in relation to a structural
feature, were created based on the horizontal distance from observed economic He wells to basement lineaments/
faults, and intrusions. To create the figures, the distance from all wells containing economic He to the nearest
structure was determined. Igneous body locations were calculated from an intermediate depth to produce a simple
polygon footprint, when in reality an igneous body can be complex (i.e., interleaved contact zone). Similarly,
faults are seldom single linear features and often complex fracture zone systems. To represent these complexities,
half-normal distributions were chosen to resemble geological conditions. When examining the possibility that the
relationship between the observed economic data and the synthetic data has arisen from chance or not, we
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observed that the synthetic data broadly fits a half normal distribution. Thus, in order to compare the synthetic
data with the observed economic data, we also utilized a half normal distribution approach when constructing our
probability density models with the observed economic data. Thus, a normalized histogram of the distances with a
half-normal distribution fit for faults and intrusions was then constructed.

A blank grid of 20,000 equally spaced points (i.e., a finer grid than the original flight and tie line spacing) was
created for the study area. The distance from each of the grid points to the different structural features (e.g., fault
or intrusion) was determined. Using a Gaussian equation fit to the half normal curve generated for the observed
data, the distance to the structural features was input as the X variable value, and the Y variable was calculated
(relative probability), which is a value from O to 1. Points were then assigned a O—1 probability value and contour
maps with an inverse distance weighted (IDW) interpolation were created.

3.6. Statistical Tests

Pearson's and Kendall's correlations were used to determine the first order relationship concerning the distances
between (n = 94) economic He wells (>0.3 He %) and basement faults and igneous intrusions (Kendall, 1938;
McKillup & Dyar, 2010). The Pearson correlation coefficient () examines the extent that two variables are
linearly related (McKillup & Dyar, 2010). General assumptions of Pearson's correlation are that the data is
generally normally distributed, a linear relationship is present, variables should be continuous, and there should be
no significant outliers (McKillup & Dyar, 2010). Kendall's (7) correlation is a non-parametric measure of the
correlation between ranked data that operates under the assumptions of a monotonic relationship and continuous
scale or ordinal scale data (Kendall, 1938). The coefficients and their respective p-values comparing economic He
and basement faults are: » = —0.41lp < 0.001; and 7 = —0.19Ip < 0.006. The coefficients and their respective p-
values comparing economic He and igneous bodies are: » = —0.53Ip < 0.001; and 7 = —0.34 Ip < 0.001.

The generalized linear model (GLM), which is a type of general class of linear model for independent data, is
made up of three components: random, systematic, and a link function (McCullagh & Nelder, 1989). Regarding
the residuals, the GLM allows distributions from the exponential family to be permissible (McCullagh &
Nelder, 1989). Regarding the relationship between the response and explanatory variables, a linear relationship is
required via the link function (McCullagh & Nelder, 1989). Utilizing a Gaussian family distribution and an
identity link function, a GLM with the dependent variable as He % and covariates as distance to faults and distance
to intrusions showed that basement faults (p < 0.001) and igneous bodies (p < 0.001) were statistically significant
predicator variables concerning He % (Table S1 in Supporting Information S1).

A one-way ANOVA test for significant differences between multiple independent groups. Although the ANOVA
test relies on assumptions of independence, normality, and similar variance, it is nonetheless robust with respect to
violations of its normality and variance assumptions, especially with larger sample sizes and equal sample sizes
(Blancaetal., 2017; Glass et al., 1972; Harwell et al., 1992). The initial hypothesis of the test states that the means
are always equal according to the null hypothesis and that at least one mean is different according to the alternative
hypothesis. Essentially, the ANOVA test examines between group and within group variation to calculate the F
statistic. The calculated F statistic is compared to a critical F statistic. When the calculated F statistic is greater than
the critical value (critical F statistic), the null hypothesis is rejected (the sample populations are different, i.e., they
do not have the same mean), and the alternative hypotheses are adopted (McKillup & Dyar, 2010).

The synthetic data set represents randomly distributed pseudo-wells, while the observed data points are observed
economic He wells. To keep sample sizes similar to the economic data (n = 94), 94 locations were randomly
selected from each of the synthetic grids. The ANOVA single factor statistical tests were conducted to check for
any significant variations when comparing the synthetic grids (n = 94) and no significant differences were found
(Tables S2 and S5 in Supporting Information S1). Additionally, ANOVA tests were conducted with the five
synthetic grids and the economic data sets. This second ANOVA test showed that there was a significant dif-
ference present in the economic and synthetic data sets for both faults and intrusions (F statistic > F critical value;
p <0.001). A Games-Howell post hoc test, which is a non-parametric approach that does not rely on homogeneity
of variances, was used to examine combinations of group differences (McKillup & Dyar, 2010; Ruxton &
Beauchamp, 2008). Comparing the economic data to the synthetic data for both faults and intrusions produced a
Games-Howell post hoc test p value of <0.001, which can be interpreted as the economic He data being
significantly different from the synthetic data and thus the economic He data are not randomly distributed (Tables
S3, S4, S6, and S7 in Supporting Information S1). Despite heteroscedasticity (non-homogenous variances) in our
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data sets reducing the statistical power of the one way ANOVA test, the ANOVA tests still produced a significant
effect, showing that any heterogeneity of variance does not skew the results.

4. Results
4.1. Spatial Correlations Between Structural Features and High-He Occurrences

Statistically significant relationships between high-He fields and structural features (basement faults, igneous
intrusions, and basement structural highs) are observed in coupled high-resolution geophysical and geochemical
data sets (Figure 1). These correlations were not observed utilizing proprietary interpretations of low-resolution
geophysical data due to the significantly larger line spacing (i.e., 4.8 km by 14.5 km spacing lines) in relation to
the structures of interest (EG & G GeoMetrics, Inc, 1979; U.S. Geological Survey, 1980).

Within the Four Corners area, all economic He observations occur within 0 to ~2.5 and ~4.5 km of faults and
intrusions, respectively. In contrast, synthetically generated data points occur within 0—-6 km of these features
(Figures 2 and 3). Figures 2 and 3 were constructed to test the assumption that the geospatial distributions of
basement faults and intrusions are the dominant contributors to economic (<0.3 He %) He plays. Histograms
(Figures 2b and 3b) illustrate the striking inverse relationship between wells with observed economic He gas
values and the lateral distance to basement faults and intrusions. As He molar % increases, the distance to the
structural feature decreases, indicating that higher He concentration is correlated with shorter distances to
basement faults and intrusions, consistent with the hypothesis that they provide a linkage from source rocks at
depth to a shallower reservoir, which has an adequate trapping/sealing mechanism.

Examining distances to structural features, the data of the economic He wells shows that 88% are <1 km from
basement faults, and 85% of economic He wells (>0.3 He %) are <1 km from intrusions (Figures 2b and 3b). The
observed economic He wells are left skewed with most data points restricted to <1 km from both faults and
intrusions, while the synthetic data are evenly distributed (Figures 2c and 3c). ANOVA F statistics (F-faults 7.11,
p < 0.001; F-intrusions 17.48, p < 0.001) > F critical values (2.23 for both) and post hoc tests (Text S2 in
Supporting Information S1) show the spatial relationships between economic He and faults and intrusions are not
controlled by random processes (Tables S2—S7 in Supporting Information S1). Thus, by comparing observed and
synthetic data sets, we find that their relative density distributions are statistically different, suggesting that a non-
random process is controlling their relationship.

We found no observed correlation between high-He occurrence and other structural features, including basement
depth, dike cluster locations, reservoir depth compared to basement depth, position on structural basement
structure, distance to basement structural highs, and sealing intervals. Additionally, it was not possible to test any
intrusion depth correlation with He occurrence due to low data density. A topological analysis was completed to
examine the relationship between He occurrence and fault connectivity/geometry; however, we found that He is
not strongly correlated with basement fault connectivity compared to the relationship with He and basement faults
shown in Figure 1, and as such we do not pursue further 2-D connectivity mapping (Text S3 in Supporting
Information S1).

To summarize, using a spatial and statistical analysis of He occurrence with faults and intrusions from high-
resolution geophysics, our results demonstrate that a non-random process indeed controls the relationship be-
tween He and faults and intrusions. Additionally, there is a strong relationship between He and faults/intrusions
that can be quantified and utilized for He exploration as a primary target.

5. Discussion
5.1. He-System Processes Related to Faults and Intrusions

Migration of He from its source to the surface is likely enhanced by a thermal perturbation (i.e., geothermal
setting) of the crust (Cheng et al., 2021, 2023; Danabalan et al., 2022; Lowenstern et al., 2014; Torgersen, 2010).
This has an effect on multiple scales. An increase in thermal gradient will enhance He release from minerals by
exceeding the closure temperature, and promote the release of related gases such as nitrogen (N,) by low-grade
metamorphism (e.g., Ballentine & Lollar, 2002). While heat flow in facilitating helium release from basement
rocks plays a role in the regional mobilization of He into the overlying sedimentary column, we observe no
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Figure 2. (a) Probability density figure for He occurrence with basement faults (b) Histogram with a half normal distribution (black curve) showing distances from
basement faults to economic He wells (n = 94). Economic He data (n = 94) is overlain (red diamonds) (Brennan et al., 2021; Halford et al., 2022). (c) Synthetic grid data,
which is shown with a half normal distribution (black curve), has a statistically different distribution (¥ value 7.11 > F critical value 2.23 in Text S2 in Supporting
Information S1) when compared to the economic data (b) shows a non-random process controlling the relationship between He and basement faults (mod. from

Andreason et al., 2022).

significant trends between calculated modern heat flow and He % in the localized area of interest (Text S4 in
Supporting Information S1).

Regarding subsurface faulting, interconnected fractures and pore space, perhaps enhanced by the He- and N,-rich
fluid pressure exceeding the lithostatic confining pressure, promote advective movement of He from the source
rock (Danabalan et al., 2022; Warr et al., 2018). Zones of enhanced porosity and permeability such as faults
reasonably act to focus the fluids released. Basement faults act as migration conduits, allowing the He- and
nitrogen-rich fluids to migrate updip to a structural or stratigraphic trap driven by gas buoyancy or pressure
differentials (Danabalan et al., 2022; Halford et al., 2022). Whether the deep-seated basement faults propagate all
the way to the reservoir is unknown, but due to their interpreted dimensions at depth, their presence remains
critical. Thus, basement faults are interpreted to be the controlling agent aiding in primary migration (i.e., He
advective transport) from the source rock into the overlying sedimentary column as well as in secondary
migration (Danabalan et al., 2022; Halford et al., 2022).

HALFORD ET AL.

8 of 14

85U801 SUOLILIOD BAIea1D) 8|eol(dde 8y Aq pausenob a1e SoILe WO ‘8N J0 S9|NJ Joj A%eiq1 8UIIUO /8|1 UO (SUO 3 IPUOD-PUR-SLLBILI A3 1M AReJq 1 jBull|Uo//:Sd1Y) SUORIPUOD Pue S | 3Ly 88S *[7202/90/52] Uo A1 8uljuo A8|IM ‘8 L Ad Z2GTT0ODYZ02/620T OT/I0p/wod’ A | 1w Axelq jeutjuo'sgndnfe//:sdny wou papeolumoq ‘9 ‘v20e ‘£20252ST



Asu g
Geochemistry, Geophysics, Geosystems 10.1029/2024GC011522
AND SPACE SCIENCES

109°15'0"W 108°45'0"W 108°30'0"W
a ko JoAR . b 06 10
| 2,0.5 r
‘ Loy @ 43 Observed Economic Data X
‘ y 04 T
q o e
\ & 203 =
- :
So2: 2
‘ z 9 T
z © o
a4l o 0.1
< ©
B | .. = 0
\ Distance to Intrusions Km
c 0.6
2,0.5
‘@ Synthetic Data
z 004
= =3 )]
o S
29 g £03
3 °
So2
2
@4
o | e
0 2 4 6
Distance to Intrusions Km
il
z 5 Legend
=4 M= Helium % Intrusion Probability
b 3 ® 0.01-0.30 m0-0.025
ed @ 031-1.90 @m0.026 - 0.05
@ 191-440 £20.051 - 0.075
£30.076 - 0.1
.4.41 -6.40 —90.11-013
‘6.41 -9.90 £90.14 - 0.15
ntrusive Bodies Eg':g ig_;g
——— L 4 DI0il and Gas Fields gy 21 -0.23
109°15'0"W 109°00"W 108°45'0"W 108°30'0"W (=R SiEEs

Figure 3. (a) Probability density figure for He occurrence with intrusions (b) Histogram with a half normal distribution (black curve) showing distances from intrusions
to economic He wells (n = 94). Economic He data (n = 94) is overlain (red diamonds) (Brennan et al., 2021; Halford et al., 2022) (c) Synthetic grid data, which is shown
with a half normal distribution (black curve), has a statistically different distribution (F value 17.48 > F critical value 2.23 in Text S2 in Supporting Information S1)
when compared with the economic data (b) shows a non-random process controlling the relationship between He and intrusions (mod. from Andreason et al., 2022).

In principle, intrusions may provide local heating and some He release from minerals. Intrusions will also enhance
any fracture network by increasing hydrothermal fluid and magma pressures, likely following pre-existing zones
of weaknesses as well as providing supplemental shallow radial and concentric fracturing (Gonzales &
Lake, 2017; Halford, 2018; Koide & Bhattacharji, 1975; Re et al., 2015). Like faults, intrusions also provide a
focus for He- and N,-rich fluid collection at depth in the crust and a transport pathway to the near surface
(Ballentine et al., 2002; Broadhead & Gillard, 2004; Halford, 2018). Additionally, given that intrusions likely
transport other volatiles (such as CO,), the potential for dilution or lack thereof of He from volatiles associated
with the intrusions should be considered. Similarly, whether the intrusion invades the reservoir or breaches the
basement is yet to be determined based on the inherent challenges (i.e., processing costs, different igneous body
geometries, different mineral compositions, etc.) of calculating exact intrusion depth. Since most He occurrences
lie <1 km of an intrusion, we interpret this as evidence to support a strong component of primary and secondary
vertical migration (depending on how far the intrusion invades) coupled with a weak component of lateral
secondary migration (Halford et al., 2022).
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Figure 4. Schematic illustrating the conceptual model showing the activation

of deep basement lineaments/faults, and continued igneous activity, which
equates to an increased supplemental shallow fracturing followed by He
migration upwards along the zones of weakness, and He migration updip to
structural highs. Regarding shallow fracturing, when hydrothermal fluid and
magma pressures are lower (but higher than lithostatic stress), there is the
formation of predominant radial fractures. Additionally, when there is an
increase in hydrothermal fluid and magma pressures, we predict an increase
in peripheral radial fractures and concentric fracture patterns (not shown)
surrounding intrusions (mod. from Halford et al., 2022; Koide &
Bhattacharji, 1975; Van Zalinge et al., 2022).

In summary, to update the role of faults and intrusions in relation to helium's
migration and trapping, a schematic is presented that describes how basement
faults and igneous intrusions or a combination of both can act as migration/
focusing conduits (Figure 4). Intrusions can also provide local heating to
release He from minerals as well as provide supplemental fracturing, which
likely enhances fluid flow. Thus, the strong spatial statistical correlation of He
wells to both basement faults and intrusions suggests that advective transport
via faults/intrusions facilitates He flow/transport (primary and secondary
migration) of basement derived He into the overlying sediments where the He
can accumulate over time in a structural or stratigraphic trap (Figure 4).

5.2. Combined Predictive Probability Mapping for Helium Occurrence

The close proximity of economic He wells and structural features is reflected
in the relative probability density figures, which show areas of higher prob-
abilities (colored as red intervals) of encountering economic subsurface He
based on basement fault and intrusion data (Figures 2 and 3). Figures 2 and 3
show that both faults and intrusions correlate with high-He, and to a similar
magnitude. We created a composite figure to consider the combined relative
probabilities of both faults and intrusions (Figure 5). Because there is no a
priori reason to differentially weight these features, we use the multiplication
rule with faults and intrusions equally weighted as independent variables. The
composite figure, with an IDW interpolation and normalized to 1, illustrates
low (blue) to high (red) areas of inferred probability of high-He occurrences
(Figure 5).

Of all the identified economic He wells, 88% lie within the basement
structural high zones (Figure 1d), with 91% of the remaining He points
plotting near (<1 km) igneous bodies, which are likely creating subsurface
domes as the igneous body moves through the subsurface enhancing
structural trapping. Regarding basement structural highs, we make the
simplifying assumption that basement highs should correlate to domal
deformation of the overlying sedimentary cover that could produce ideal

conditions to form an economic structural trap for He. Local structural maps, which highlight the strong

relationship of He to relative structural highs, are presented in Text S4 in Supporting Information S1 for the He-

rich Dineh-Bi-Keyah, Tocito Dome and Teec Nos Pos fields (Figures S2-S6 in Supporting Information S1).

While structural highs are an essential component of the trapping mechanism, we do not consider them a
feature that enhances He migration via transport from the crystalline basement. Therefore, to visualize where
the He (focused via faults and intrusions) could be trapped, we overlay the structural basement high boundaries
(Section 3.4) onto the composite figure (Figure 5) rather than including these structural highs within the
combined He occurrence probability.

The highest likelihood of an economic He accumulation is where the combined probability of the influence of
basement faults and intrusions is closest to 1 (the intersections of the red colored intervals), providing proximity to
both the pathways that would appear to promote He transport to the near surface. The presented combined
probability figure (Figure 5) treats faults and intrusions as independent events; however, there is a natural pro-

pensity of both to exploit zones of crustal weakness. Both faults and intrusions play a part in He release,

mobilization, and transport, and some of the effects may overlap—and are provided an equal weighting.

To summarize, by constructing a probabilistic relationship as a function of distance from basement faults and
intrusions, we have developed a predictive model for high-He gas field occurrence. The probability analysis

highlights the importance of targeting zones at the intersection of basement faults and intrusions, as well as

provides confirmation of the role of gas phase buoyancy and structural trapping. With regard to He exploration,

the predictive exploration model can be translated to other areas to generate He prospects, especially near
regional/local thermal perturbations and active tectonics.

HALFORD ET AL.

10 of 14

BSUBD1T SLOWLLOD A 8.0 3|ealjdde 8y Aq paueAob afe SSPIe YO ‘8N JO s3I 10} AkeiqiT8uluO 8|1 UO (SUORIPUOD-pUR-SWLRI/LI0D B |1 Ae1q 1 PU1|UO//STRY) SUORIPUOD PUe SWIS | 8U) 89S *[202/90/5¢] uo AreidiTauluo AJIm 189 L Ad 22STT00OK202/620T OT/I10p/Li0d A8 1M Arelq puljuosgndnBe//sdny wouy papeojumod ‘9 ‘v20z ‘22025eST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011522

109°15'0"W

36°4:5'0“N

36°39‘0"N

36°1 :":'0"N
|

109°15'0"W

109°0'0"W 108°45'0"W 108°30'0"W

= Legend
{

z Helium %

|& e 001-0.30
T @031-190
< © @ 191-4.40

@:41-640
.6.41 -9.90

raFlattened Basement Highs
—Basement Faults
EA|ntrusive Bodies

80il and Gas Fields
EJUSA States

T
36°30'0"N

Probability Combination
ENO0-0.11

mm0.12-0.22

£10.23-0.34

[10.35-0.45

[10.46-0.56

10.57 -0.67

£10.68-0.78

Em0.79-0.9

N0.91-1

T
36°15'0"N

108°30'0"W

109°0'0"W 108°45'0"W

Figure 5. Composite probability figure combining the basement fault and the intrusion He occurrence probabilities along with an outline of localized basement structural
highs. The predictive exploration model shows that the intersection of faults/intrusions (He transport mechanism) and basement highs (He trapping mechanism) are the
zones of interest (mod. from Andreason et al., 2022; Brennan et al., 2021; Halford et al., 2022).

6. Conclusion

The importance of dominant structural mechanisms such as basement faults and intrusions in the transport of He
from a deep crustal source to reservoir has been speculated before (Danabalan et al., 2022; Halford et al., 2022;
Karolyte et al., 2022), together with circumstantial evidence of basement fault control (Boles et al., 2015; Buttitta
et al., 2020; Craddock et al., 2017; Mtili et al., 2021; Tardani et al., 2016). Using a spatial analysis of He
occurrence with faults and intrusions from high-resolution geophysics, we show that a non-random process
indeed controls the relationship between He and faults and intrusions and that there is a strong relationship be-
tween He and faults/intrusions that can be quantified and utilized.

By constructing a probabilistic relationship as a function of distance from these features, we have developed a
predictive model. The probability analysis highlights the importance of targeting zones at the intersection of
basement faults and intrusions. The significance of this study is threefold. It (a) provides a quantitative spatial
analysis of basement faults and intrusions for He exploration, (b) presents a predictive exploration model that can
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be translated to other areas to generate He prospects, especially near regional/local thermal perturbations and
active tectonics, and (c) updates geologic elements and processes of the He-system (migration and structural
trapping of He).
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