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PROVEN AND HYPOTHETICAL HELIUM
RESOURCES IN UTAH

by Tyler J. Wiserman and Marc T. Eckels

ABSTRACT

For nearly 100 years the naturally occurring noble gas, he-
lium, has been documented in the gas stream of natural gas
wells in eastern Utah. Global demand for helium is outstrip-
ping production as proven helium-rich gas fields continue to
decline and the U.S. government moves to exit from atop its
dominant position in the global helium industry. This transi-
tion creates opportunity for focused exploration and produc-
tion of helium in eastern Utah and the Four Corners region of
the Colorado Plateau.

Helium occurrences in eastern Utah have been influenced
by a combination of mantle and crustal processes. Like a
petroleum system, an effective helium system is governed
by predictable processes that control generation, migration,
and entrapment. Helium migration initiates with the alpha
decay of uranium and thorium from mineral grains. Recrys-
tallization and diffusion concentrate helium into pore water
and groundwater over tens to hundreds of million years. Mi-
grating volcanogenic and thermogenic gases sweep helium
and nitrogen from old pore water. Recrystallization of acidic
gases into solid minerals over long migration distances helps
to concentrate helium and nitrogen in the gas phase. Thus,
the longer the migration duration, the more nitrogen- and he-
lium-rich the gas. Helium-rich gas migrates through carrier
beds and can become trapped beneath impermeable seals like
other natural gases.

Helium-rich gas in Utah is not limited to areas of proven oil
and gas production or reservoir rock of a particular age or
type. Due to significant helium dilution by methane gener-
ation, helium is not typically found in basin centers where
most hydrocarbons are produced. In general, Paleozoic rocks
typically have had more time to generate and collect more
helium than younger rocks, but this relationship is based on
the older (Paleozoic) helium- and nitrogen-rich groundwater
that fills the pore spaces rather than the age of the rock itself.
Thus, understanding the hydrodynamics of a prospective he-
lium play is critical.

In east-central Utah, significantly high helium gas con-
centrations have been found in Triassic-Jurassic reservoirs
along hydrodynamically complex basin-uplift transition ar-
eas and on the margins of proven petroleum fields. Helium-
rich gas streams in southeastern Utah have been document-
ed in Devonian-Mississippian reservoirs below thick cycles
of hydrocarbon-rich shale, salt, and anhydrite of the Penn-

sylvanian Paradox Formation. In some cases, helium-rich
gas has been documented in the gas cap of prolific Paleozoic
petroleum systems.

Over 400 wells drilled in Utah have been tested and ana-
lyzed for helium with ranges from trace amounts up to
7.31%, with the highest helium concentrations in Jurassic
sandstone reservoirs on the crest of the Harley Dome struc-
ture in east-central Utah. Although Utah helium prospects
have been documented since the early 20th century, recent
renewed interest of several upstream helium exploration
and production companies has brought attention back to the
helium potential of eastern Utah. With several high-helium
gas plays and natural gas wells with associated helium con-
centrations above the historical 0.30% economic threshold,
Utah deserves the consideration of those interested in ex-
ploring for and producing helium.

INTRODUCTION

Helium (He) is a colorless, odorless, chemically inert element
of the noble gas family with two stable isotopes: the lighter,
rarer primordial helium-3 (*He) and the heavier, more com-
mon radiogenic helium-4 (*He) that has historically been a
byproduct of natural gas production (figure 1) (Anderson,
1998; Gilfillan and others, 2008). The unique properties of
helium (e.g., inert, non-toxic, lighter-than-air, ultra-cool lig-
uid temperature, and small molecular size) make it an element
that can be used in a variety of high-tech commercial, indus-
trial, medical, defense, and research applications as both a
liquid and a gas (National Research Council, 2010). Demand
for helium is outstripping production (figure 2) and helium
prices will likely be high and demand strong for the fore-
seeable future. A sequence of global helium shortages over
the past decade has occurred as the manager of the single
most important depository of crude helium in the world, the
U.S. government (Pacheco and Ali, 2008), exits the helium
business. Shortages are also due to fragile overseas supply
lines and known depletion of U.S. helium-bearing natural
gas fields (Bahl, 2019; Brown, 2019), which have prompted
exploration companies to explore for helium-rich gas outside
of proven natural gas productive areas (plate 1). Such supply
and demand driven exploration activities, coupled with con-
tinuous declines in natural gas prices, challenge the notion
that production of helium is only driven by the demand for
natural gas (National Research Council, 2000, 2010).
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Figure 1. Helium trends and basin distribution in the contiguous United States and Canada. Graduated symbol map illustrating documented
helium-rich natural gas concentrations vs. sample depth.
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Figure 2. Estimated global helium supply vs. demand forecast modified from Bahl (2019). Currently operated by the BLM, the Federal Helium
Reserve was commissioned at the Bush Dome near Amarillo, Texas in 1967 following the 1960 amendments to the Helium Conservation Act
of 1925. The Act enabled the U.S. government to monopolize the helium industry by controlling production, refining, and storage of the gas.
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helium-rich natural gas fields, subeconomic natural gas prices, and fragile overseas supply lines. According to Bahl (2019) the less dramatic
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Proven and hypothetical helium resources in Utah

With low natural gas prices continuing for the foreseeable
future, the high value of helium ($210 average per Mcf for
grade-A gaseous helium as of federal fiscal year 2018) found
in the gas stream may offset the economic impact of low
natural gas prices and high operational cost (U.S. Geological
Survey, 2019, 2020). Therefore, the helium content of a gas
stream can be significant. Historically, a volume concentra-
tion of helium found in a gas stream in excess of 0.30 mol%
(hereafter referred to as %) has been considered a potential
helium resource (figure 1). Recent work by Grynia and Grif-
fin (2016) suggests that a gas stream helium concentration
greater than 0.50% is necessary for economic production
outside of federal helium pipeline access. Concentrations in
excess of 7.0% He are significantly rare yet have been discov-
ered and documented in the gas stream of wells drilled on the
northwestern flank of the Uncompahgre uplift on the Harley
Dome structure located in east-central Utah (plate 1).

WYOMING

& Riley
Ridge

Harley Dome

Beautiful Mountain —~
« Ute Dome

City
Panoma field underlies western two-thirds of
Hugoton field in Kansas

BLM helium pipeline

Helium-rich gas fields

COLORADO n

Greenwood

field v -
= | field
Dineh-bi-Keyah ) Keyes field
field Shiprock
- ; field Panhandle
ARIZONA | P9 Cifffside
NEW field
MEXICO

Since 1917, gas samples from oil and gas wells and natural
gas pipelines throughout the United States have been col-
lected for the Federal Helium Program by the U.S. Bureau
of Mines (USBM; now U.S. Bureau of Land Management
[BLM]) in a continuing search for helium occurrences.
This responsibility was charged to the USBM for ensuring
a continued supply of helium to meet essential government
needs and future demands (Rogers, 1921). In the 1930s, the
federal government monopolized the production of helium
after securing production facilities in eastern Colorado,
Kansas, and Texas. Since 1962, the BLM has maintained
the only significant long-term, large-scale storage facil-
ity and pipeline for crude helium in the world within the
Panhandle-Hugoton gas field complex spanning southwest
Kansas, northwest Oklahoma, and the panhandle of Texas
(figures 3 and 4) (National Research Council, 2000, 2010;
Anderson, 2017).
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Figure 3. Major helium-bearing natural gas fields in the United States. Modified from Grynia and Griffin (2016).
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Helium Migration

Although helium is the second-most abundant element in the
universe, it is extremely rare on Earth. Our atmosphere con-
tains ~5 ppm (Prinzhofer, 2013), and even though helium is
present in most natural gas reservoirs, most hydrocarbon gas-
es (natural gases) have low helium concentrations (Yurkows-
ki, 2016). Some natural gases have high helium concentra-
tions, and these are potential economic resources (figure 1).

Like a petroleum system, helium occurrence in natural gas is
governed by predictable processes of generation, migration,
and entrapment. The helium system differs from the petro-
leum system in terms of source rock, and hydrodynamics are
of much greater importance (figures 5 and 6) (Brown, 2010;
Prinzhofer, 2013). Helium is generated from all rocks at a
slow rate (Keevil, 1940, 1943), and generation of economic
quantities of helium typically requires tens to hundreds of
million years (figure 7) (Brown, 2010). Helium is roughly
half the size of a methane molecule and the lightest rare gas,

which means it can diffuse and move more easily than other
natural gases (Sugisaki, 1987). This requires a more effec-
tive seal to trap helium in a reservoir than is required for hy-
drocarbons (Yurkowski, 2016). The Colorado Plateau is fa-
vorable for occurrence of high-helium gas due to the old age
of the rocks, active hydrodynamics to help helium migrate
to gas, recent tectonic reactivation that may aid helium re-
lease by mineral recrystallization and faster diffusion, thick
deposits of salt and bedded anhydrite, and a large number of
potential migration pathways and trapping geometries (fig-
ures 8 and 9) (Rogers, 1921; Casey, 1983; Anderson, 2007;
Brown, 2010, 2019). In certain areas near the Four Corners of
the Colorado Plateau mantle degassing may concentrate high
helium gas (Brown, 2010).

Most helium on Earth is radiogenic (Zartman and others,
1961), although a small fraction may be of primordial origin
(Ballentine and Burnard, 2002). Most of Earth’s helium-3
(*He) is primordial, and it comes from the mantle (Anderson,
1998, 2007). Gases with unusually high 3He/*He ratios typi-
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Figure 5. Diagrammatic cross section of a generalized helium system highlighting potential source rocks, modes of migration, and an
effective conventional trap. In general, helium will have had more time to accumulate economic concentrations in older rocks, however,
the age of the rock itself is trivial compared to the age of the pore water. Typical generation rates are low for all rocks, especially in higher
porosity sandstones. Old (Paleozoic-age) shales have the highest potential to be helium source rocks, followed by granitic basement rock.
Their higher than average uranium and thorium content and low porosity favor a higher rate of helium generation. Regardless of source
rock, large rock volumes, favorable hydrodynamics, and long geological time is required to generate economic amounts of helium. Helium
fractionates into the gas phase easier in shallow, cooler, and underpressured reservoirs with higher salinity formation water.

cally have a lower total helium concentration below that which
is considered economic. Thus, most helium-3 is produced
along with helium-4 (*He) (Ballentine and Burnard, 2002).

Helium exploration means exploring for economic concen-
trations of radiogenic helium in natural gas. Generation of
radiogenic helium-4 occurs in the subsurface over significant
geological time as the alpha decay product of uranium (U)
and thorium (Th). Typical rocks enriched in uranium and
thorium include granites; other alkaline crystalline basement
rocks; mudrocks, specifically black shales with a predominant
humic component; arkoses; and granite wash (Rogers, 1921;
Bell and others, 1940; Keevil, 1943; Swanson, 1960; Zartman
and others, 1961; Brown, 2010; Craddock and others, 2017).
The source rocks with the largest potential for helium genera-
tion are crystalline basement rocks, including granites, and
old (Paleozoic) mudrocks, and granite washes (figure 5). Im-
purities from radioactive mineral grains in dirty carbonates

and sandstones can promote significant helium generation,
but clean limestones, dolomites, and sandstones are typically
low in radioactive material (Bell and others, 1940; Swanson,
1960), and are consequently low helium generators (figure
7). As U and Th decay to lead (Pb), each alpha particle pro-
duced becomes a stable helium atom (Keevil, 1943; Ward and
Pierce, 1973; Ballentine and Burnard, 2002):

238U — (8)*He + 20°Pb
235U — (7)4He + 207Pb
22Th — (6)*He + 2°%Pb

Long helium generation duration and large rock volumes are
necessary to generate potentially economic quantities of heli-
um, regardless of the type of helium source rock. Typically, Pa-
leozoic rocks are more likely to generate and accumulate eco-
nomic amounts of helium compared to younger rocks because
of the long generation rates for helium (figure 7). Porosity and
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Figure 6. Generalized helium system modified from Brown (2010).
Radiogenic helium-4 (‘He) is generated in solid mineral grains
enriched in uranium (U) and thorium (Th) and released through
alpha decay. Mineral recrystallization and diffusion transfers
helium into pore water where it concentrates given sufficient time
and a large source rock volume. Helium will partition from water
to a gas at initial contact. This could include migrating gas that
sweeps helium from old pore water, or helium-rich water migrating
via advection that contacts trapped gas. Once incorporated into
the gas phase, helium will migrate updip through carrier beds and
accumulate beneath effective trapping mechanisms the same way
as conventional natural gas.

water saturation controls on helium concentration may also
favor older source rocks because helium concentrates more
effectively in less water where total porosity is low (Brown,
2010). For accumulation of economic amounts of helium, the
age of the host rock is less important than the complex accu-
mulation history and age of the old (Paleozoic), helium-charged
water interacting with a gas phase (Zartman and others, 1961;
Brown, 2010). More helium will partition to gas in shallow,
underpressured reservoirs rather than deep reservoirs (Brown,
2010, 2019). Higher salinity and cooler temperatures also pro-
mote helium gas phase partitioning (Sugisaki, 1987, Brown,
2010; Yurkowski, 2016). Thus, younger (Mesozoic) reservoirs
may also accumulate economic amounts of helium through gas
migration given a favorable hydrodynamic system and effec-
tive shallow trapping mechanism.

Distribution of helium-rich gas accumulations is the result of
a four-step process as described by Brown (2010). (1) Through
the alpha decay of uranium and thorium, helium is initially re-
leased from the mineral grains within which it was generated
(figure 6). (2) Following initial creation, helium transfers to and
accumulates within pore water by mineral recrystallization
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Figure 7. Typical generation rates for helium in average rocks
modified from Brown (2010). Black “hot” shales can contain
significantly higher concentrations of uranium than other typical
rock types (~8x higher than average shale), which can make them
potential helium source rocks given a large rock volume and
significant geological time. Average shales and granites have a
nearly linear generation rate vs. time, whereas average carbonates
and sandstones require significantly more time to generate the
same amount of helium in the subsurface. This graph from Brown
(2010) does not imply that unconventional shale plays should
target or expect helium to be a major component of the gas stream
because the hydrocarbon gases dilute helium to subeconomic
levels. Similarly, many of the shale plays in the United States are
too young to have generated significant concentrations of helium.
Under the right conditions, some sedimentary and basement rocks
may have a similar helium source potential.

and diffusion or becomes entrained within migrating ground-
water via advection. Given sufficient time and large enough
source rock volumes helium can become concentrated in the
water (figure 10, A). (3) As soon as the helium-enriched water
encounters a gas, either through migrating gas and stagnant
helium-rich pore water or migrating helium-rich groundwater
and trapped gas (figure 10, B), helium will partition out of the
liquid and into the gas. (4) Like conventional natural gas, the
helium-bearing gas migrates through carrier beds and perme-
able pathways until trapped by conventional mechanisms (Bal-
lentine and Burnard, 2002; Brown, 2010; Ellis, 2019).

Helium on the Colorado Plateau

Non-hydrocarbon gases on the Colorado Plateau have been
extensively researched (e.g., Dane, 1935; Zartman and oth-
ers, 1961; Picard and Holland, 1962; Cappa and Rice, 1995;
Allis and others, 2001, 2003; Rauzi, 2003; Broadhead, 2005;



Proven and hypothetical helium resources in Utah

% ;
& %_&.}J" "‘i; 1

x‘.l:

g Y N\ L ]
whom Ay ”PntEAw_:
UINTA x_ ¢ };‘

., .
ot ;
U BASN

“"&";' xx /

P

 GUNNISON
UPLIFT

{ Y / :
\ \ y’. .
100 Mies ~ ®

{o 50 3
| 1 1 | | &b . %
BB s o o T o BUTTES
i [0 50 100 Kilometers v/l .
* ém&t&dhﬂyu?ﬂsmm | Aprl 2020 HOLBROOK% _® A P | y
I I I -1125 I I I I I -141} I I I I I -'I'IU' I I I I I -'|U|Q" I I I I I 1UIE" I I I I I -1C|I?" I I I
EXPLANATION Structure contour of Cretaceous age rocks + \olcanic diatreme
® 1.0% Helium or greater 200~ Approximate elevation AMSL (ft.) Volcanic rock
°  0.3% Helium or greater Northern Paradox Fold-and-Fault Belt <7 Plutonic rock
*  Subeconomic helium show < Thickened or intrusive salt Basement outcrop
<2 Uranium NURE resource play Zone of steep dips along monocline Leading edge of Sevier Thrust Belt
WENeadmeITayDag k) <P Arrow points to downthrown side A_A Teeth on overthrust block

Figure 8. General area and structural contour map of Cretaceous age rocks on the Colorado Plateau. Modeled after Shoemaker (1955).
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Figure 9. Experimental simulation of the relationship of monoclines to faulted basement rock produced by compressional end-loading.
Modified from Davis and Bump (2009). Typical Laramide-style tectonics on the Colorado Plateau produced steep-sided fault-propagation
folds which resulted in multiple “uplifts” with a relatively gentle slope on one limb while the other limb underwent severe deformation in
both the basement and the sedimentary layers above.

Gilfillan, 2006; Gilfillan and others, 2008; Pacheco and Alj,
2008; Heath and others, 2009; Brown, 2010; Craddock and
others, 2017; Halford, 2018). Many authors note a strong
helium to nitrogen (N,) correlation. Compared to helium,
nitrogen may have many additional organic and inorganic
contributing sources including: the atmosphere, meteoric
water, ammonium released from clays by cation exchange
with formation water, terrestrial coal, organic marine, and
metasedimentary settings, as well as from nitrogen found
in weathered igneous rock (Chamberlin, 1908; Zartman and
others, 1961; Holloway and Dahlgren, 2002; Brown, 2017,
2019). Some nitrogen-rich gases may have a deep-crustal,
igneous and/or metasedimentary origin (Jenden and Kaplan,
1989). In contrast, Holloway and Dahlgren (2002) discuss a
significant increase in nitrogen concentration from granites
to sedimentary rocks, fundamentally due to large accumula-
tions of hydrocarbons.

The abundant carbon dioxide (CO,) gas found on and around
the Colorado Plateau (figure 11) and Rocky Mountain re-
gions (Allis and others, 2001, 2003; Gilfillan, 2006; Gilfillan
and others, 2008; Heath and others, 2009; Toner and others,
2019), specifically within Paleozoic reservoirs (Picard and
Holland, 1962; Cappa and Rice, 1995), may originate from
multiple sources including: Precambrian basement, inorganic

Laramide-induced magmatism (e.g., mantle degassing, diagen-
esis, and thermal decomposition of carbonate rock by contact
and regional metamorphism), and/or the product of organic
processes, such as hydrocarbon maturation or biodegradation
of organic matter, associated with the depositional environ-
ment (Chamberlin, 1908; Picard and Holland, 1962; Cappa
and Rice, 1995; Jenden and Kaplan, 1989; Gilfillan and oth-
ers 2008; Heath and others, 2009; Brown, 2010 ; Ellis, 2019).
Acidic gases found at depth within the central Colorado Pla-
teau have been largely generated by bacterial and thermal sul-
fate reduction (TSR) associated with maximum burial during
the Late Cretaceous and early Tertiary in the Paradox Basin
(Nuccio and Condon, 1996; Seneshen and others, 2010). TSR
can effectively destroy or significantly decrease hydrocarbon
concentrations through chemical reaction (Ellis, 2019). The
high concentrations of CO, in the gas stream of wells drilled
into the Mississippian Leadville Limestone reservoir near
more recent volcanic intrusions may favor a volcanic origin by
thermal decomposition of carbonate rock rather than a primary
mantle source (Brown, 2010), although mantle degassing may
be equally significant in certain areas around the Four Corners
(Gilfillan, 2006; Craddock and others, 2017).

Laramide-age upwarps, basement-involved monoclines, and
laccolithic intrusions are defining characteristics of southeast-
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Figure 10. Typical helium migration models from Brown (2010).
Model (A) illustrates that as gas migrates through a water-saturated
reservoir that has accumulated high helium concentrations from the
surrounding rocks it strips the helium from the immobile water. This
type of model has been suggested to account for the high-helium
gas found in Central Kansas. Alternatively, model (B) shows how
a stationary gas accumulation can gain helium by interacting with
moving water with a high dissolved helium content. The helium-
rich gas found in the Panhandle-Hugoton gas complex of Texas,
Oklahoma, and Kansas demonstrates this type of modeling. Model (C)
demonstrates how a carbon dioxide-rich gas strips helium and other
gases dissolved in pore water as it migrates. As migration continues,
the total gas volume decreases as carbon dioxide dissolves into pore
water and reacts with minerals, leaving a gas rich in inert gases, and
trace hydrocarbons. This model best represents the occurrence of
high-helium gas found throughout the Colorado Plateau.

ern Utah and much of the Colorado Plateau (figure 8) (Conley
and Giardina, 1979; Baars and Stevenson, 1981; Karlstrom and
Humphreys, 1998; Davis and Bump, 2009). The relationship of
Laramide-style monoclines to faulted basement rock (figure 9)
not only created multiple avenues for helium to migrate along
fracture planes, but also deformed the upper section of basement
so severely that the helium retained in the mineral grains (Kee-
vil, 1941; Zartman and others, 1961) was likely expelled. Reju-
venations of tectonic activity along major structures (figure 12)
influenced local and regional episodes of rapid uplift and erosion
(Baars, 1966; Condon, 1995, 1997), which caused changes in
reservoir pressure. As pressure dropped, gas expanded. Helium-
rich gas on the Colorado Plateau reaches its peak concentration
at a depth of ~1500 feet and decreases with increasing depth
(Brown, 2010). Rather than suggesting that high-helium gas is
correlated with age of the reservoir rock, Brown (2010) suggests
that the observed age effect is related to the age of the pore water
at the time of gas expansion and migration.

Short- and long-distance migration of both thermogenic and
volcanogenic gases on the Colorado Plateau has charged
many hydrocarbon reservoirs of different ages. Spillage from
conventional traps likely further enabled the migration, com-
mingling, and dilution of gases from distant source areas
(Jenden and Kaplan, 1989; Chidsey, 2016a). Thermogenic
gases migrating from source areas updip from adjacent hy-
drocarbon productive basins likely swept helium-bearing for-
mations on their way to structural traps in Devonian-Jurassic
reservoirs located along basin-uplift transition areas of east-
ern and southeastern Utah, respectively (plate 1). Although
sampling bias may be significant, the predominant factor for
negligible concentrations of helium found in Cretaceous-Eo-
cene hydrocarbon productive basin centers throughout east-
ern Utah and the Colorado Plateau region is not the young age
of the reservoir, but dilution of helium by methane generation
in nearby hydrocarbon source rocks (figure 13) (Prinzhofer
and Battani, 2003; Whidden and others, 2014).

According to Brown (2010), the most likely scenario for non-
flammable, helium-rich gas in southeastern Utah and the
Four Corners region of the Colorado Plateau is an original
carbon dioxide gas that was dominated by nitrogen and he-
lium. Generated either from degassing of the mantle or decar-
bonation from local hydrocarbon and carbonate source rocks
(Zartman and others, 1961), CO,-rich gas migrated updip and
through migration pathways just like other natural gases. As
CO,-rich gas migrates it picks up dissolved helium (figure
10, C), nitrogen, and methane in pore water, while fractions
of the CO, simultaneously dissolve into the water where they
chemically react and are incorporated into solid minerals
such as carbonates and sulfides (Brown, 2010). The farther
CO, gas migrates from its source, or the greater the volume
of the carrier bed, the less CO, is retained in the gas phase.
This can result in a predominantly nitrogen-rich gas with a
significant helium component, and only minor concentrations
of hydrocarbon and acidic gases remain after long-distance
migration (Cappa and Rice, 1995; Brown, 2010).
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Figure 11. Map showing natural carbon dioxide gas reservoirs and associated infrastructure from the Colorado Plateau and Rocky

Mountain provinces, USA. From Gilfillan and others (2008).
Helium Extraction and Production

At the time of this publication, only two gas processing plants
have transported economic amounts of helium in Utah: (1)
the 60 MMcfd Lisbon gas plant in San Juan County, and (2)
the 30 MMcfd Harley Dome plant in Grand County (plate 1).
Helium recovery from a natural gas stream typically involves
a combination of acid gas removal, dehydration, methane
liquefaction, and nitrogen rejection (figure 14) (Parker and
others, 2011; Grynia and Griffin, 2016). Large-scale helium
extraction and grade-A purification units (figure 15, top) are
capital-intensive and require sufficiently large volumes of
helium to remain economic (Anderson, 2017). Small-scale,
non-cryogenic helium recovery operations employ pressure
swing adsorption (PSA) units to economically extract up to
12 MMcfd of pure 99.995% He from natural gas (Grynia and

Griffin, 2016). PSA units utilize high pressures and ambient
temperatures, rather than low temperatures, to separate the
helium from the gas stream; this allows helium exploration
and production companies to pursue smaller, overlooked or
bypassed helium-rich gas fields where cryogenic processing
is uneconomic and pipeline access is restricted or non-exis-
tent. For this type of helium recovery unit, gas stream helium
concentrations of 0.50% or more are generally required to be
economic (Grynia and Griffin, 2016). The recovery and sale
of helium gas at the Harley Dome plant from 2013 to 2018 by
IACX Energy was made possible by the installation of a he-
lium PSA on the southern edge of the field (figure 15, bottom).

Initially operated by Union Oil/UNOCAL and now Paradox
Upstream, LLC., the Lisbon Plant (figure 16) came on-line in
1967 with substantial gas processing improvements, includ-
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Figure 12. General location of the Colorado Plateau with emphasis on the relationship to major orthogonal set of basement lineaments
and structural geometries from Baars and Stevenson (1981). Northwest-southeast lineaments are right-lateral, northeast-southwest

lineaments are left-lateral.

ing the addition of a cryogenic plant and helium-recovery unit
(HRU), in 1993 following a helium contract with the USBM
and amendments to the unit agreement to include helium as
a producible gas component (Utah Trust Lands Administra-
tion, 2019). The Lisbon plant processed, sold, and transported
helium extracted from surrounding oil and gas fields by truck
consistently from April 1994 to February 2011 when helium
extraction was no longer economic, and the HRU was shut
down. During those 17 years, the Lisbon gas plant produced
15,263,477 lbs. of helium as well as sulfur, propane, butane,
ethane, and gasoline in varying amounts (Utah Division of
Oil, Gas and Mining, 2020). Early 2020 press releases from
Paradox Resources, LLC indicate that the Lisbon plant, and
its associated HRU, is back online and selling purified helium
to market.

High helium market prices coupled with advances in helium-
rich natural gas extraction and purification technology will
likely promote an increase in exploration of proven and hy-
pothetical helium plays throughout the United States, primar-

ily in the helium play fairways of the Colorado Plateau and
Rocky Mountain region (U.S. Geological Survey, 2020). With
the development of portable, small-scale, non-cryogenic PSA
helium recovery equipment, exploitation of helium by both
large and small helium producers is now possible in areas
that would have otherwise been condemned. Processing of
helium can be done on location and is typically transported
to market as a liquid using multilayer insulated bulk liquid
tankers or by tube trailers in its gaseous state (figure 15, bot-
tom) (Reisch, 2017).

Historical Account of the Federal Helium Program

For strategic purposes, the Mineral Leasing Act of 1920 re-
served all helium contained in natural gas fields on federal
lands to the U.S. government (Moore, 1976). The Helium
Act, also known as the Helium Conservation Act (HCA), of
1925 transferred all government-related helium activities to
the USBM, enabling the federal government to dominate the
helium market by controlling the production and refining of

11
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Figure 14. Typical block diagram for nitrogen rejection and helium recovery from Mokhatab and others (2019). For most medium- to large-
scale midstream helium operations a cryogenic plant is complimentary to the larger gas processing plant. Feed gas to the nitrogen-rejection
unit (NRU) is the residue gas from the methane liquefaction (NGL) recovery unit and will typically contain ~25% N, and 0.5%—1.0% He,
depending on the original gas stream concentration. The NRU operates at -245°F and 350 psig. The crude helium and nitrogen gas mixture
is then chilled to -315°F, which effectively liquefies the nitrogen and produces a helium-rich gas stream with ~90% purity and a recovery level
of 99%. Further helium purification units comprised of membrane and adsorption-based processes can significantly upgrade the helium to
grade-A purity (grade 5, “five-nines,” or 99.999% purity).
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https://www.iacx.com/helium-projects/

Figure 15. (Top) Image from Wyoming Department of Environmental Quality shows an aerial view of ExxonMobil s Shute Creek gas plant
in the Riley Ridge area of southwestern Wyoming. At a depth of over 15,000 feet and with average gas compositions of 66% CO,, 21%
CH,, 7.0% N», 5.0% H,S, and 0.6% He, the LaBarge gas field project primarily captures carbon dioxide for enhanced oil recovery, but also
separates methane and refines helium for sale. (Bottom) Image showing IACX's Harley Dome field helium plant in Grand County, Utah,
during operations from 2013 to 2018. IACX utilized a proprietary, non-cryogenic helium recovery unit to economically extract and purify
helium from the helium-rich (over 7.0% He) natural gas stream, sourced from the Jurassic Entrada Sandstone at less than 1000 feet, to over
99% purity and with minimal helium loss.



http://deq.wyoming.gov/isd/application-permits/resources/labarge-carbon-capture-project/
https://www.iacx.com/helium-projects/
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Figure 16. The Lisbon gas plant processes pure helium from over 150 wells over ~98,000 net acres in the Paradox Basin. The gas processing
plant is made up of a 60 MMcfd treating plant with a 45 MMcfd cryogenic plant and a 7500 bpd fractionation train. The helium recovery
unit (HRU) is capable of 500 Mcfd at 90% recovery and purification of “‘five-nines” (99.999% He). The Lisbon plant is the only plant in the
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Resources company website.
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the gas. Following a significant loan from the U.S. Treasury
in 1960, amendments to the 1925 HCA enabled the federal
government to develop Federal Helium Reserve (FHR) stor-
age capabilities and a nearly 450-mile helium pipeline con-
necting central Kansas and Panhandle-Hugoton gas fields
with the Cliffside (Bush Dome) depleted natural gas reservoir
near Amarillo, Texas (figures 3 and 4) (National Research
Council, 2000). About 1975, the federal government ended
its stockpiling of helium, terminated their existing purchase
agreements, and opened the Bush Dome storage reservoir for
private helium storage (Massol and Rifaat, 2018).

Amid a large $1.4 billion and growing debt to the U.S. Trea-
sury, the Helium Privatization Act of 1996 ordered the BLM
to cease upgrading, refining, and marketing helium, as well
as to liquidate all but 0.6 Bcf of the FHR by January 1, 2015
(National Research Council, 2000; Hamak, 2017; Massol and
Rifaat, 2018). In 2013, the Federal Helium Program made a
final recompense to the U.S. Treasury. To mitigate a helium
shortage and industry monopolization, the Helium Steward-
ship Act (HSA) of 2013 mandated the federal helium stored in
the Bush Dome reservoir at Cliffside to be incrementally sold
at public auction until 3.0 Bef remained in storage. The HSA
also extended commercial operations of the FHR until Sep-
tember 30, 2021 (Anderson, 2017; Hamak, 2017). In August
of 2018, the BLM conducted its fifth and final auction of the
FHR (U.S. Geological Survey, 2019). In May 2018, the U.S.
Geological Survey (USGS) included helium in a published
report documenting the 35 most critical minerals to the na-
tion’s security and economic prosperity (Office of the Fed-
eral Register, 2018; U.S. Geological Survey, 2019, 2020). In
August 2019, NAH Utah LLC, an affiliate of Canadian firm
North American Helium, submitted applications to the BLM
for permits to drill four remote helium test wells in Devonian
and Mississippian reservoirs below the San Rafael Desert
area in Emery County, Utah (plate 1) (Rocky Mountain Oil
Journal, 2019).

Helium Leasing and Regulations in Utah

State of Utah oil and gas leases have always included helium
gas among the leased substances. Historically, federal oil and
gas leases have not. Helium produced from federal acreage is
reserved for the federal government and requires a helium lease,
which can be obtained through the BLM field office in Ama-
rillo, Texas. Currently, the BLM requires 10% lessor royalty for
gross sales of liquid helium and 12.5% royalty for gross sales
of crude to gaseous helium with no post-production expenses.

The Helium Extraction Act of 2017 amended the Mineral
Leasing Act of 1920 to include helium in a federal oil and
gas lease (H.R. 3279 — Helium Extraction Act of 2017). The
purpose of the bill was to ensure that extraction of helium
from gas produced under a federal mineral lease would also
maintain the lease as if the helium were oil or gas (Anderson,
2017; Reisch, 2017). Although privately-owned minerals do
not need a helium contract with the BLM, private or fee lands

commensurate with federal mineral acreage when in produc-
tion, meaning that a percentage of all helium produced is con-
sidered federal helium (BLM — Federal Leased Lands Pro-
gram). State-owned minerals were never subject to a federal
helium sales contract. As the landowner of over 4.3 million
mineral acres in Utah, the Utah School and Institutional Trust
Lands Administration (SITLA) includes helium in its current
oil and gas lease agreement and maintains the right to enter
“other business arrangements” (OBAs) with potential lessees.

Except for the 6,038.76-acre Lisbon (Mississippian) federal
unit in San Juan County, currently operated by Paradox Up-
stream, LLC. (figure 16), helium does not appear to be con-
sidered a “unitized substance” under the current BLM unit
lease agreement. Special provisions and amendments to the
federal unit agreement require BLM approval and can be ob-
tained similar to a federal helium lease.

Although helium is an inert gas that is largely found within a
nitrogen-rich, non-flammable gas stream, minor amounts of
acidic gas and hydrocarbons are commingled within the gas.
Methane in small concentrations (< 15% CH,) may provide
an upside in helium exploration and production because it can
be used on location for power generation. A higher methane
concentration would require pipelines, rights-of-way, and
connections to market the excess methane gas. Carbon diox-
ide and hydrogen sulfide are common but minor components
to a helium-rich gas stream and, following acid gas removal,
are typically reinjected down the well annulus.

A few of the helium plays in Utah are within or near envi-
ronmentally sensitive areas and may have little to no road
access. Explorationists must be aware that obtaining BLM or
private right-of-way access to certain helium prospects may
be difficult.

Helium Trends in Utah and Vicinity

The evolution of the western Cordillera in eastern Utah pro-
duced a thick, stable (Davis and Bump, 2009), relatively un-
deformed environment with enough of the necessary ingredi-
ents to generate and accumulate economic concentrations of
helium in the subsurface (figure 13). Complex hydrodynamic
(figure 17), thermogenic, and volcanogenic processes and
structural geometries (figure 18) within Paleozoic and Me-
sozoic formations at depth contribute greatly to the distribu-
tion and accumulation of helium in the subsurface (Zartman
and others, 1961; Brown, 2010). Well-documented regional
zones of weakness extending deep into fractured basement
rock (figure 9) may provide pathways for helium microseep-
age to the surface (Seneshen and others, 2010; Craddock and
others, 2017; Seneshen, 2018). Given tens to hundreds of mil-
lion years, a source charge, old sediment with old pore water,
long migration distance, an effective seal, and trap integrity,
economic amounts of helium can be captured in reservoir
rocks sealed by impermeable salt layers or in relatively shal-
low structural traps (figure 5).
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Figure 17. Generalized cross section of fluid sources and drives for paleofluid flow in the Paradox Basin. Modified from Barton and

others (2018).

Helium-rich gas is not limited to areas of proven oil and
gas production (figure 19) or reservoir rocks of a particular
type or age (see appendix). In eastern Utah, helium has been
predominantly documented within the northwest-trending
Paradox Basin or along its margins (figure 13). Helium-
bearing geologic units (figure 20) within the basin consist of
Devonian through Permian calcareous sandstones, shales,
and sandy carbonates below multiple layers of salt and an-
hydrite of the Pennsylvanian Paradox Formation (figure 18).
High-helium gas is well documented in east-central Utah
along the northeast margin of the Paradox Basin from shal-
low structural traps in underpressured Jurassic reservoirs
(figure 21). Shallow traps are important in helium explo-
ration because helium partitions into gas more efficiently
at cooler temperatures found at shallow depths. Brines or
higher salinity pore and groundwater may also aid in helium
partitioning into a gas via groundwater migration (figure
17) (Brown, 2010).

Non-flammable, helium-rich gas concentrations have been
documented in the San Rafael Desert, on the eastern flank of
the basement-involved San Rafael Swell in central Utah (fig-
ure 8), in shaly dolomite beds of the Upper Devonian Elbert
Formation (figure 20). High-helium gas has also been found
in the overlying carbonate rock of the Mississippian Lead-
ville Limestone. Combination trapping geometries, formed

by pre-Laramide intermittent episodes of uplift with differ-
ential episodes of folding in Pennsylvanian time (Bartsch-
Winkler and others, 1990), help to capture the migrating gas.
Cycles of Pennsylvanian Paradox Formation salt and bedded
anhydrite create an effective seal (figure 18).

In far southeastern Utah, the Boundary Butte field area on
the Four Corners Platform has significant helium shows from
samples taken within low-pressure, hydrodynamically com-
plex Pennsylvanian clastic reservoirs trapped between layers
of Paradox salt. In east-central Utah and western Colorado, in-
terfingering arkosic sandstone and shale beds of the Permian
Cutler Group and stratigraphically higher Mesozoic reservoirs
along the western and southwestern flank of the Uncompahgre
uplift have recorded similar helium concentrations, including
the significant helium shows at Harley Dome (plate 1).

Helium has not been found west of the Wasatch Plateau in cen-
tral Utah (figure 8), which locally recorded the eastern extent
of the Sevier thrust belt and the more recent eastern margin of
the Basin and Range (Wood and Chidsey, 2015). Due largely
to dilution from methane generation, helium concentrations are
negligible within young hydrocarbon productive basins such
as the Paleogene Uinta and Piceance Basins of northeastern
Utah and northwestern Colorado, respectively (figure 8). Trace
amounts of helium are common in natural gas wells penetrat-
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Figure 18. Southwest-to-northeast cross section of the Pennsylvanian lithofacies of the Paradox Basin modified from Chidsey (2016b) after
Baars and Stevenson (1981). The structurally complex evaporative basin consists of a series of depositional cycles of siliciclastic mudstones
and evaporites. Economic occurrences of helium have been recorded in proximal basin fill composed of arkosic sandstone and gravel of the
Permian Cutler Formation sourced from granite wash along the flanks of the Uncompahgre uplift, where the Cutler interfingers with salt
and anhydrite of the Pennsylvanian Paradox Formation. Significant helium shows are common in deeper calcareous shales, sandstones,
and carbonate reservoirs of the Devonian Elbert Formation and Mississippian Leadville Limestone as well as within clastic zones of the

Pennsylvanian Paradox Formation.

ing Paleozoic reservoirs with a higher Btu (British thermal unit)
content. This relationship is likely associated with helium dilu-
tion from methane generation within hydrocarbon-rich zones of
nearby petroleum source rocks (figure 13). Excessively higher
percentage helium-rich gas (0.5%—7.0% He) is typically found
in association with wells in which nitrogen and carbon dioxide
are the dominant gas constituents and are separated from oil-
and natural gas-producing formations by impermeable bound-
aries. Nitrogen-rich gases with a significant helium concentra-
tion are typically located at the margins of proven petroleum
fields, whereas carbon dioxide-rich gases are commonly found
near mid-Cenozoic volcanic intrusions (figure 8) at depths be-
low hydrocarbon-rich source rocks. Both nitrogen- and carbon
dioxide-rich gas streams seem to cluster near basement-cored
faults and on basin-uplift transitional areas.

Helium shows in Utah range from negligible trace amounts
up to 7.31% He (figure 22), with the highest concentrations

on the crest of the Harley Dome structure from Jurassic
reservoirs at depths around 1000 feet. Other significant he-
lium shows (see appendix) have come from the relatively
unexplored nitrogen-rich gases of Devonian-Mississippian
carbonate and sandstone reservoirs primarily from the
northern Paradox Basin and on the northern edge of the
Four Corners platform in far southeastern Utah (plate 1).
Acidic and hydrocarbon-rich gases are commingled with
high-helium gas in the Lisbon area near the center of the
Paradox Basin. Since typical natural gas sampling tech-
niques do not measure for helium in the analysis, most
wells that have been drilled in prospective helium play
fairways were never tested specifically for helium (Grynia
and Griffin, 2016). Although some of these resources have
been documented since the early 20th century, recently
renewed economic interest on the part of several helium
exploration and production companies has brought atten-
tion back to Utah’s helium potential.
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Figure 19. Reference map illustrates the distribution of oil and gas fields and dominant structural elements specific to Utah. Modified
from Wood and Chidsey (2015). Note that this map depicts the Harley Dome gas field in far east-central Utah as a carbon dioxide
(CO,) field. Gas compositions indicate that CO, found at Harley Dome is comparatively minor but increases to the north-northeast

within the Bar X and San Arroyo gas fields that trend into Colorado.
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Figure 20. Generalized stratigraphic column for eastern Utah and the central Colorado Plateau showing evidence for an effective
helium system in both Mesozoic and Paleozoic strata. Helium source rocks are thought to be predominantly Paleozoic sedimentary
rocks (e.g., Cambrian-Devonian dirty sandstones and shales) and the Precambrian basement with additional input from younger
U- and Th-rich sediments. Degassing from the mantle may not play as large of a role here as in other areas of the Colorado Plateau
(e.g., northeastern Arizona). Carbon dioxide may act as a carrier gas for helium in the subsurface. Modified from Whidden and others
(2014) after Conley and Giardina (1979).
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Figure 21. Northeastern Grand County, Utah, stratigraphic column modified from Willis (1994). Formation thickness from Willis
(1994) is averaged over the area, whereas depth from surface was taken from the UDOGM well file drilling report from Daymon D.
Gililland's Lansdale Govt 13 well (API 43-019-30008), SENE section 4, T. 19 S., R. 25 E. (SLB&M), in Grand County, Utah. Note that
the Jurassic Entrada Sandstone is generally clean sand and a good carrier bed for fluids. Where present, the overlying dense shale
beds of the Summerville Formation and Tidwell Member of the Morrison Formation provide an effective seal to helium-rich gases at
Harley Dome. The uranium-bearing Salt Wash Member of the Morrison contains more channel sandstones with interbedded shales

that act as leaky seals to migrating fluids.
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CHEMICAL & GEOLOGICAL LABORATORIES
P. Q. Box 279
Casper, Wyoming

GAS ANALYSIS REPORT

Company... A, Lansdale = Dae  March 21, 1968 = . N, 24162
WellNo.___ Unit No. 4 |ocaticn. . Sectien 3-188-25e
Field_.__.__ Harley Dome . . Formation. Entrada B
County_. . _.Grand o Depth
State Utah Sampling point: o Wellhead, "1 Separator, T Treater
Line pressure, ___.___ psig; Sample pressure. a0 psig, Temperatyre F
Remarks. [N 0 e R
Mele % or Gallons
Component Volume % per MCF

Oxygen b S

Nitrogen 8_5 :10 S ————

Carbon digxide . 0.91 _ -

Hydrogen sulfide __0_ . — .

Helium 7,31 ¢

Methane __5.56
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Specific gravity (caluculated from analysis)
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Figure 22. Gas analysis report from the Jurassic Entrada Sandstone reservoir penetrated by the Lansdale Govt 4 well (API 43-019-
30003) located atop the Harley Dome structure in Grand County, Utah. This 1968 gas analysis was taken from the public well file

report from the Utah Division of Oil, Gas and Mining (UDOGM,).

PROSPECTIVE HELIUM PLAYS

The following sections describe potential helium plays in
Utah. Results are based on the compilation of a verifiable da-
tabase of economic helium analyses from 93 wells with he-
lium concentrations at or above 0.30% located throughout 12
proven and developed natural gas field areas and five helium-
prospective play areas (see appendix). Ten-digit API numbers
were used in this report for wells with ambiguous well names.

Like a petroleum system, the terms “play” and “play fair-
way” used throughout this report represent a geographic area
defined during the exploration phase that has the combined
source, seal, and reservoir components necessary for helium
to accumulate in the subsurface. The play fairway typically
consists of a group of geologically related prospects defined
by a general area. A play can be proven or hypothetical, but
the prospect is defined independently by an effective reser-
voir, source charge, and trap integrity evaluated by drilling a
well (Otis and Schneidermann, 1997).

The U.S. Energy Information Administration (EIA) defines
Mcf as the volume of one thousand standard cubic feet of
gas. Utah Administrative Code R746-320-1 4.c defines a le-
gal standard foot of gas as the volume of gas that occupies
one cubic foot at a temperature of 60 degrees Fahrenheit and
at absolute pressure. The Federal Helium Program (FHP)
defines a standard cubic foot (scf) as the volume of gas-
eous helium occupying one cubic foot at a pressure of 14.65
pounds per square inch absolute (psia) and a temperature of
60 degrees Fahrenheit (BLM — Federal Helium Operations).
Other volumetric measurements used in the following sec-
tions include: MMcf (one million cubic feet of gas), MMcfd
(one million cubic feet of gas per day), Bef (one billion cu-
bic feet of gas), bpd (barrels of oil equivalent per day), and
MMbbls (one million barrels of oil). Traditionally, 42 U.S.
gallons equal one barrel of oil. Pressure measurements for
this paper have been reported in psi (pounds of force per
square inch of area). The FHP has historically used psia
(pressure measured relative to a full vacuum) when refer-
ring to laboratory measurements and psig (gauge pressure)
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at the wellhead in relation to atmospheric pressure. Very di-
lute concentrations of substances use the abbreviation ppm
(parts per million), meaning “out of a million.”

“Helium-rich” gas is used throughout this report to represent
a helium concentration of 0.50% or more contained in the gas
stream. Similarly, the terms “carbon dioxide- and nitrogen-
rich” gas have been used to denote concentrations higher than
30% of the combined gas stream. Acidic gas refers to a gas
with significant concentrations of carbon dioxide (CO,) and
hydrogen sulfide (H,S); whereas sour gas refers to H,S spe-
cifically. Craddock and others (2017) express gas analyses as
molar percentages (mol %), while the FHP has historically
used volume concentration (vol %). This report follows the
ideal gas assumption that equates mol % to vol % at standard
temperature and pressure.

While the study objective has been to highlight Utah’s
documented helium potential resource plays as a guide for
explorationists, the field and well data in this report are by
no means the only areas where helium may be prospec-
tive in Utah. Many wells were drilled in potential helium
play fairways throughout Utah, but few were ever tested
or completed in proven helium-bearing formations. Most
wells completed in known helium gas reservoirs did not
document a helium test specified as part of a gas analy-
sis. Similarly, many prospective helium plays remain so
sparsely drilled that there is potential for entire helium ac-
cumulations to be discovered between dry holes. Also, the
USBM, BLM, and USGS helium data used in this report
are based on analyses of spot samples obtained from wells,
and as such they do not necessarily represent the concen-
tration of helium in the reservoir. In some instances, the
gas analysis may include commingled gas from two or
more potential helium-bearing horizons within the same
well (e.g., Jurassic Entrada Sandstone and Morrison For-
mation at Harley Dome).

Our search for possible helium plays in Utah began with a
survey of all known gas producing areas with documented
helium occurrences. Data presented in this report were
compiled from several publications (e.g., Preston, 1961;
Stowe, 1972; Campbell and Bacon, 1976; Moore, 1982;
Moore and Sigler, 1987; Jenden and Kaplan, 1989; Hamak
and Sigler, 1991; Hamak and Gage, 1992; Hill and Bere-
skin, 1993; Gage and Driskill, 1998, 2005; Driskill, 2008;
Craddock and others, 2017), including supporting docu-
mentation found in individual public well files from the
Utah Division of Oil, Gas and Mining (UDOGM). Each
helium-prospective play area in this report was subjected
to in-depth study and analysis to identify the most promis-
ing helium resources in Utah.

Application of Data

The most prolific aggregator of helium well data for this
report has been the USBM, succeeded by the BLM, which

Utah Geological Survey

since 1917 requested gas samples from production and
wildcat wells drilled in helium-prospective play areas as
part of the strategic Federal Helium Program (Rogers,
1921; Moore, 1976, 1982). In 2015, helium analyses ob-
tained by the USBM were digitized and included in the
publicly available USGS Energy Resources Program —
energy geochemistry database (EGDB) (U.S. Geological
Survey, 2015). In 2018, the USGS created a separate and
condensed database specifically for and limited to helium
analyses throughout the United States (Brennan and oth-
ers, 2018).

Historically, spot samples of the gas stream were collected by
the operator or USBM official at the wellhead using glass bot-
tles at atmospheric pressure or in pressurized steel cylinders
(Moore and Sigler, 1987). Using a variety of methods samples
were analyzed, tabulated, and published as Information Cir-
culars (figure 23) by the Section of Research and Analytical
Services branch of the USBM Federal Helium Program out of
Amarillo, Texas (Anderson and Hinson, 1951; Driskill, 2008;
Craddock and others, 2017).

Early gas sample analytical work used rudimentary technol-
ogy and has been considered “generally reliable” (Rogers,
1921; Anderson and Hinson, 1951), although the data may not
be as precise as analyses using modern gas chromatographic
techniques. In 1949, the more modern mass spectrometer
gradually replaced older analytical methods (Anderson and
Hinson, 1951; Craddock and others, 2017). In 1978, the he-
lium gas chromatograph was introduced by the USBM and
used in conjunction with the mass spectrometer and is still in
use today (Moore, 1982; Driskill, 2008).

The USBM reported the composition of natural gas streams
to the nearest 0.1%, except for helium, which was reported
to the nearest 0.01% by total volume. The word “trace” has
been used to represent helium quantities less than 0.005%
and quantities of other gas constituents less than 0.05%
(Moore, 1976; Driskill, 2008). Being highly soluble in water,
hydrogen sulfide (H,S) reported by the USBM prior to 1949
may not be entirely accurate due to the use of water during
laboratory analysis (Anderson and Hinson, 1951; Moore and
Sigler, 1987). A common indicator of sample contamination
due to cleanliness and handling issues is excessive amounts
of oxygen (O,) (Anderson and Hinson, 1951). Although sam-
ples containing over 1.0% O, have not been omitted from this
report, a note of caution is warranted for analyses containing
oxygen levels above this threshold.

From its inception in 1917 to the most recent 2008 publica-
tion, the Federal Helium Program has analyzed, documented,
and published 454 spot samples of helium occurrences in
Utah (e.g., Moore and Sigler, 1987; Hamak and Sigler, 1990;
Gage and Driskill, 1998, 2005; Driskill, 2008). Of these 454
samples, 94 have returned helium concentrations of 0.30%
He or greater, with one helium occurrence sourced from a
pipeline gas sample (see appendix).
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GRAND GRAND
HARLEY DOME HARLEY DOME
LANSDALE GOVERNMENT NO. 1 LANSDALE COVERNMENT NO. 4
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HEATING VALUE*........... 610 ===--cccscccerscsc=ca 529 ——— 50
SPECIFIC GRAVITY......... 0.714 0.747 2.897

Figure 23. Example of data gathered and published by the Section of Research and Analytical Services branch of the U.S. Bureau of
Mines (USBM). The sample index 192 on the far right is the same 1968 Lansdale Govt 4 well as shown in figure 22. Note the difference
in sample dates and helium concentration from 7.31% He in figure 22 to 6.99% He as reported by the USBM.

For oil and gas wells drilled in eastern Utah, documented
gas stream composition data is better preserved in the public
well file for older wells (figures 22 and 24), particularly those
drilled from the 1940s into the 1970s. This preservation may
originate because drill stem tests (DSTs) were commonly
used during the frontier exploration phase to obtain fluid and
pressure data from a geological formation during the drilling
of a well (figure 24) before more sophisticated wireline log-
ging tools were developed. This results in fewer gas stream
analyses in more recently drilled wells, especially within the
intervals most prospective for helium. A note of caution is
warranted here for documented gas analyses from a DST be-
cause of the increased potential for sample contamination by
oxygenated mud filtrate (Selley and Sonnenberg, 2015).

Big Flat Area, Grand County

The Big Flat field area (figure 25), located primarily within T.
23 S., R. 17 E. (Salt Lake Baseline and Meridian [SLB&M)]),
is composed of multiple fields of variable size (Wood and
Chidsey, 2015) and is geographically located on the north-
western flank of the Paradox Basin in the salt anticline area of
Grand County, adjacent to Canyonlands National Park to the
west and Arches National Park to the east (plate 1). Bounded
by basement-involved northwest to southeast-oriented high-
angle faults, these fields produce oil and associated gas pri-

marily from the Cane Creek shale zone within the structur-
ally complex, faulted anticlines and fractured reservoirs of
the Pennsylvanian Paradox Formation (Hill and Bereskin,
1993). Other significant oil and gas shows in the area are from
similar Paradox clastic zones as well as the deeper helium-
bearing Mississippian Leadville Limestone (figure 20). Geo-
physical 3-D data are useful in locating the deeper structures.

The Big Flat, Long Canyon, and Bartlett Flat wells that com-
prise this play area were drilled in the 1950s and 1960s to
depths ranging from 7441 to 7954 feet (Preston, 1961; Hill
and Bereskin, 1993). The three helium-prospective wells
drilled at Big Flat and the former Bartlett Flat field have been
plugged and abandoned, but documented percentages for
these wells range from 0.30% to 1.70% He and up to 86.0%
N, (Stowe, 1972; Moore and Sigler, 1987). The Big Flat Unit 1
well recorded “non-flammable gas” with “black water” from
Mississippian DSTs #4 and #5 from a depth interval of 7486
to 7637 feet (Utah Division of Oil, Gas and Mining, 2020).
The UDOGM well file records a gas analysis in DST #4
showing 86.13% N, 5.77% CHy, 1.76% CO,, and 5.77% light
hydrocarbons. Although there were minor shows farther up
section in the Paradox Formation, the most promising helium
shows in these wells were sourced from nitrogen-rich reser-
voirs of the Leadville Limestone below the salt of the Para-
dox Formation. Consistent with the methane dilution concept
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GEOLOGICAL DATA AND: DRILLING AND COMPLETION. PROCEDURE
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Figure 24. Daily drilling report from Texaco's 1960 Temple Springs Unit 1 well (API 43-015-11324), section 14, T. 25 S., R. 13 E.
(SLB&M), Emery County, Utah, shows an inert gas stream was encountered during drill stem test #6 within a depth interval of 4670 to
4741 feet. The analyzed sample recorded 2.77% He and over 97% N, from the Devonian Elbert Formation beneath the San Rafael Desert
in central Utah. This well penetrated Precambrian basement rock at a depth of 6260 feet. Sourced from the Utah Division of Oil, Gas and

Mining public well file.

for control on high-helium gas, the most significant helium
concentrations were found below the hydrocarbon productive
Cane Creek shale (figure 20).

Like the Big Flat field, the more southerly positioned Long
Canyon field also has helium shows in the Leadville. Docu-
mented helium percentages for the two wells located in the
Long Canyon area are 1.30% and 1.48% He with significantly
high nitrogen concentrations of over 91% N, and exception-
ally low methane and carbon dioxide (Moore and Sigler,
1987). Well reports from two Mississippian DSTs taken from
a depth interval of 7606 to 7766 feet in the Long Canyon 1
well indicate that “5 MMcfd of inert gas” and “black sulfur
water” was encountered while drilling with a “trace of oil”
and orders were made to plug back and complete in the Para-
dox. The Long Canyon 2 well had mechanical issues down-
hole and was subsequently plugged and abandoned.

This area experienced drilling activity from the earliest days
of oil exploration in Utah. More recently, Fidelity Exploration
and Production Co. shot a 3-D seismic survey in this area
from which they based a successful directional and hori-
zontal drilling program in the Paradox Formation. In 2016,
Fidelity sold their interests to Wesco Operating Inc., which
has been actively drilling to further define the Paradox pe-
troleum play. Helium testing of gas samples from these wells
should be encouraged, especially wells that penetrate deeper
Devonian-Mississippian reservoirs.

Boundary Butte Area, San Juan County —
Navajo Nation

The Boundary Butte field area is located on the southern rim
of the Paradox Basin (figure 19), near the southeastern flank of
the Monument uplift, in the Four Corners region of Utah (plate
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1). Extending into northeastern Arizona (Conley and Giardina,
1979), the Boundary Butte area is composed of underpres-
sured, hydrodynamically driven oil and gas fields with historic
and current production primarily from structurally complex,
faulted anticlines of the Middle Pennsylvanian Ismay Zone
(figure 20) of the Paradox Formation (Preston, 1961; Stowe,
1972; Campbell and Bacon, 1976; Hill and Bereskin, 1993;
Wood and Chidsey, 2015). Additional productive units include
similar carbonate zones of the Middle Pennsylvanian Hermosa
Group as well as the Mississippian Leadville Limestone and
Devonian Ouray Limestone (Hill and Bereskin, 1993), all of
which are prospective for helium. Likely sourced from meta-
morphism of marine carbonates and black shales by nearby
igneous intrusive rocks from the southeast (figure 8), carbon
dioxide gas is common in hydrocarbon productive Paleozoic
reservoirs throughout the Four Corners region.

Thirteen gas wells reported economic amounts of helium in
the Boundary Butte field area (Stowe, 1972; Moore, 1982;
Moore and Sigler, 1987), located entirely on Navajo Tribal
Lands in extreme southeastern San Juan County. Also in-
cluded are analyses from wells in the Chinle Wash, Desert
Creek, Gothic Mesa, and White Mesa fields, similarly located
on Navajo land. The gas content of the Boundary Butte heli-
um play fairway has two stratigraphically distinct reservoirs.
Devonian reservoirs are carbon dioxide-rich (56%—78% CO,)
and have only minor amounts of methane, whereas shallower
Pennsylvanian reservoirs show negligible carbon dioxide and
increased methane content.

The Boundary Butte helium prospects tested from 0.44% to
1.58% He with the majority of sampled wells completed in the
Pennsylvanian Paradox Formation without testing the deeper
formations (Moore, 1982; Moore and Sigler, 1987). Although
Campbell and Bacon (1976) note a maximum helium concen-
tration of nearly 3.0% for the Desert Creek field, no specific
gas analysis with this high helium concentration could be tied
to a particular well in the USBM or UDOGM database. The
most promising 1.58% He test was from the Devonian Ouray
Limestone stratigraphically situated below the Paradox salt in
section 2, T. 42 S., R 22 E. (SLB&M). Two wells in the Chinle
Wash field tested 0.73% and 0.80% He from the Paradox. The
single prospect at Desert Creek had a helium show of 1.37%
from the Ouray Limestone. The White Mesa well tested 0.53%
He from the Pennsylvanian Hermosa Group and the Nav-An-
ido Creek 1 well tested 0.32% He from the Paradox. Although
nearly all the wells on Navajo lands in San Juan County that
produced economic helium analyses produced the inert gas
from Pennsylvanian reservoirs, the two highest results origi-
nated from deeper Devonian carbonate reservoirs.

Opposite the Utah state line on the Arizona side of the
Boundary Butte helium play fairway, gas analyses show a
significant increase in helium concentrations from Devonian-
Mississippian reservoirs towards the Defiance uplift farther
south (Conley and Giardina, 1979; Moore and Sigler, 1987).
Similar to the Big Flat helium play area of Grand County,
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the Boundary Butte area records low helium in hydrocarbon-
rich Pennsylvanian reservoirs, likely due to dilution and/or
reservoir baffles between Mississippian and Pennsylvanian
rocks. Helium exploration in the Boundary Butte helium play
fairway should focus on shallow structural traps within De-
vonian-Mississippian reservoirs.

Bowknot Prospect, Emery County

The Bowknot helium prospect is based on a 1.47% He gas
analysis from the known helium-bearing Mississippian Lead-
ville Limestone (figure 20) in a remote wildcat well drilled
by the Superior Oil Company in 1962 (Moore, 1982). After
identifying a prospect from a single-fold seismic survey in
the late 1950s, the Bow Knot Unit 14-5 well was drilled near
the crest of a north-oriented anticline in the SWSW section 5,
T. 26 S., R. 17 E. (SLB&M), 5 miles southwest of the Green
River feature known as Bowknot Bend in Emery County
(plate 1) (Doelling and others, 2015). The anticlinal structure
is truncated by a northwest- to southeast-oriented, high-angle
fault observable in well log correlation on the structural top
of the Leadville between the 14-5 well and the Federal 2-20
well drilled 3 miles to the south by Megadon Enterprises in
1981 (Utah Division of Oil, Gas and Mining, 2020).

The Davis Oil Company Pool Unit 1 well in section 17, T.
26 S., R. 17 E. (SLB&M) defines the southern boundary of
a major paleo-structure with a northwest-oriented, down-to-
the-southwest high-angle fault immediately north of the well.
Multiple 2-D seismic surveys were performed within the gen-
eral vicinity of the initial Unit 14-5 exploratory well through-
out the 1980s and early 1990s. In 2007, Samson Oil and Gas
completed a nearly 100-square-mile 3-D seismic survey in
the San Rafael Desert between the Bowknot prospect and
Temple Springs prospect farther to the west (plate 1). This
prospective helium play fairway averages only three wells
drilled per township with additional exploration necessary to
further define the geographic extent of the play.

Six DSTs were run while drilling the 14-5 well with “non-
flammable” gas encountered from DST #3 from a depth of
6350-6410 feet in a zone of “massive porosity.” Maximum gas
rate was 15,000 Mcfd from the lower dolomite section of the
Leadville Limestone, which also recorded significant residual
oil staining (Utah Division of Oil, Gas and Mining, 2020). The
gas analyzed from this well was recovered from DST #2 at a
depth of 6270 feet in the Leadville. This low-Btu gas included
significant amounts of nitrogen (79.1% N,) and hydrogen sul-
fide (0.20% H,S) with a minor methane component (12.6%
CH,). Despite the significant helium concentration of 1.47%
found within the gas stream, this well was drilled and aban-
doned as a dry hole. Based upon analysis of the 14-5 well and
shows in surrounding wells, the Leadville has seen a pervasive
and voluminous hydrocarbon charge in this area.

Hanshaw and Hill (1969) note significant groundwater changes
in Paleozoic reservoirs west of the Green River, likely due to



Proven and hypothetical helium resources in Utah

thinning of Pennsylvanian salt farther west. Public well file re-
ports from the Bow Knot Unit 14-5 well records nearly 1300
feet of Pennsylvanian salt penetrated while drilling the pros-
pect well (Utah Division of Oil, Gas and Mining, 2020). This
clearly demonstrates the existence of an effective seal for any
helium accumulations below the base of the salt in this area.

The remote and rugged nature of this prospect makes it chal-
lenging. Regardless, both SITLA and BLM leases have been
issued surrounding the original prospect well and much of
the San Rafael Desert. The challenges have been increased by
the inclusion of the acreage in the Emery County Wilderness
Study Area in early 2019, but a recent BLM initiative to in-
crease helium exploration on federal lands in Utah may make
this prospect a viable option for helium-specific operators.

Clay Basin Field, Daggett County

The helium prospect at the Clay Basin field (figure 19) is po-
sitioned along the north flank of the Uinta Mountains uplift
and on the extreme southern margin of the Green River Basin
in northeastern Utah. The Clay Basin field has produced pri-
marily from fluvial channel deposits of the Early Cretaceous
Dakota Sandstone (Preston, 1961; Hill and Bereskin, 1993).
The structure at Clay Basin consists of a predominantly east-
west oriented, elongate, closed anticline that parallels the
high-angle, north-dipping Uinta fault located a few miles
south of the field (Preston, 1961).

Over 60 wells have been drilled at Clay Basin since the 1927
discovery well drilled by Producers and Refiners Corp (Utah
Division of Oil, Gas and Mining, 2020). In the mid-1930s,
Mountain Fuel Supply (MFS) acquired and unitized the area,
drilling 10 more wells that produced natural gas from the
Dakota Sandstone and Frontier Formation before converting
part of the field to seasonal natural gas storage.

Only one of the early wells drilled at Clay Basin penetrated
the helium-prospective Permian- Pennsylvanian Weber Sand-
stone. The RD Murphy 6-W/Clay Basin Unit #11 well was
drilled and completed in 1946—47, to a depth of 9355 feet in the
SENW section 22, T. 3 N., R. 24 E. (SLB&M). Twenty DSTs
were performed during the drilling of this well, with four tests
in the Weber Sandstone interval producing significant quanti-
ties of “non-flammable” gas. An analysis of a gas sample from
the Dakota Sandstone noted 0.03% He, but the Weber DST
samples do not indicate a test for helium. The well was subse-
quently plugged back to and produced from the Dakota.

In 1969, MFS re-entered the well, renamed the Clay Basin
Unit #11, and deepened it to 11,778 feet in a transgressive
sandstone interval of the Cambrian Lodore Formation. Dur-
ing this operation, a DST in the Weber from a depth inter-
val of 9007-9358 feet produced 8500 Mcfd that “would not
burn.” Although there is no gas analysis in the well file, the
depth and date correspond to the USBM analysis document-

ed by Moore (1982). The test result indicated a nitrogen-rich
gas stream (80.1% N,) with 0.48% He and is the only Weber
Sandstone helium test at Clay Basin. The well was plugged
and abandoned in November 2016.

Between 2008 and 2013, a second Weber penetration was
made less than a mile southwest of the Clay Basin Unit 11
well, but no record of a gas analysis was found from this ef-
fort. Although there are many wells in the Clay Basin field
area in both Utah and Wyoming (Wood and Chidsey, 2015;
Toner and others, 2019), only one obtained a gas analysis
from the Weber Sandstone. The 0.48% He result is of enough
interest to warrant further helium exploration in the deeper
Weber Sandstone potential helium play.

Grassy Trail Area, Carbon & Emery County

The Grassy Trail helium play area straddles the Carbon-Em-
ery county line on the north-plunging end of the San Rafael
Swell (plate 1) (Preston, 1961). This potential helium play
includes the Farnham Dome, Sunnyside, and Grassy Trail
gas fields. Production in the area is primarily from faulted
plunging anticlines, with internal stratigraphic trapping
mechanisms (Hill and Bereskin, 1993). The producing zones
have historically been Jurassic-Triassic eolian deposits of the
Navajo Sandstone and deltaic horizons in the Moenkopi For-
mation (figure 20). Similarly, Hanshaw and Hill (1969) note
the hydrodynamic environment and intertonguing between
Permian-age strata in this area to be favorable for trapping
migrating oil and natural gas.

Multiple wildcat wells were drilled in Carbon County by
Mountain Fuel Supply Co. from 1959 to 1970 near Sunnyside,
one of which had a significant helium show of 1.22% from
the Sunnyside Unit 1 well in a nitrogen-rich (60.1% N,) gas
stream from the Triassic Moenkopi Formation at a depth of
5092 feet (Moore, 1982). Craddock and others (2017) report a
methane-rich gas stream with a 0.30% He concentration from
the Wellington Flats 15-11-18E well drilled by Whiting Oil &
Gas Corporation in 2013, which is currently a shut-in oil and
gas well operated by Liberty Pioneer Energy Source, Inc.

In Emery County, there are two documented helium tests ap-
proximately 5 miles apart and a few hundred feet from the
county line. At a depth of 4258 feet, the Grassy Trail Fed 4-32
well (API 43-015-30121) had a helium show of 0.71% from a
similar nitrogen-rich (60.7% N,) gas stream sourced from the
Moenkopi Formation (Moore and Sigler, 1987). The comple-
tion report for the Fed 4-32 well recorded minor oil (Utah
Division of Oil, Gas and Mining, 2020), which may indicate
that the helium is dissolved in the oil resulting in the higher
helium concentration. Moore and Sigler (1987) show multiple
spot samples taken from the Federal Mounds 1 well in Feb-
ruary of 1965, which provided a range of 0.52%—0.55% He
analyses from the much deeper Mississippian Deseret Lime-
stone (Madison equivalent) at a depth of 8520 feet.
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Well file notes for the Federal Mounds 1 well indicate Cam-
brian rocks were penetrated at a total depth of 9425 feet
(Utah Division of Oil, Gas and Mining, 2020). Multiple
DSTs were run with significant “non-flammable” gas and
brackish water encountered in the Mississippian section
(figure 20). Notes indicate the well was plugged back and
another DST was run in the Pennsylvanian section, which
produced a 1.0% He test from a nitrogen-dominated (73%
N,) gas stream with a significant carbon dioxide (25% CO,)
component. Hill and Bereskin (1993) document a 0.59% He
test from the Federal 11-33 at Grassy Trail in a natural gas
stream noted in the well file as having 34.9% "non-combus-
tible" gas reported on the well completion report in 1984.
The analysis was taken from a shaly, calcareous sandstone
interval of the Triassic Moenkopi Formation. The Federal
11-33 remains an orphaned, shut-in oil well formerly oper-
ated by Genesis Petroleum US, Inc. and is contracted to be
plugged by the BLM in 2020 (Utah Division of Oil, Gas and
Mining, 2020).

Five miles to the north of the gas wells at Grassy Trail and
Sunnyside is the fault-bounded anticline known as the Farn-
ham Dome carbon dioxide field (Morgan, 2007), which has
produced almost 5 Bef of nearly pure carbon dioxide (~99%
CO,) (Zartman and others, 1961) from stacked reservoirs in
the Jurassic Navajo Sandstone and Permian Coconino Sand-
stone since the discovery well in 1924. This CO,-rich gas
supplied the dry ice plant in Wellington from 1931 to 1979
when the field was abandoned due to lack of a market (Hill
and Bereskin, 1993). The Pan American Petroleum Corpo-
ration drilled the USA Farnham Dome 1 well to basement
at a total depth of 8509 feet (Campbell, 1978). Well control
over the area from Campbell (1978) suggests basement-cored
faulting has provided significant migration pathways for
CO,-charged groundwater. More recent activity at Farnham
Dome occurred in 2007 when Savoy Energy, LLC drilled the
Savoy 1 carbon dioxide gas well on the crest of the structure.
No significant helium analysis has been recorded at Farnham
Dome, but the anomalously high carbon dioxide gas accumu-
lation may be an indicator for helium- and nitrogen-rich CO,
gas migration (Zartman and others, 1961).

Like other helium plays on basin-uplift transitional areas in
Utah, helium-bearing gas in Carbon and Emery Counties is
associated with high concentrations of carbon dioxide and
nitrogen, with minor amounts of methane. Helium concen-
tration generally decreases as carbon dioxide increases and
without an associated high concentration of hydrocarbon gas-
es to make extraction of helium economic, this helium play
has a low potential for exploration (Gloyn and others, 2003).
If supply and demand further helium exploration in this area,
explorationists should focus on hydrodynamics and fluid mi-
gration direction. Potential helium prospects must be updip
and far enough from CO, sources to allow for the CO, to be
removed from the gas (figure 10, C) by mineralization during
long migration (Brown, 2010).
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Greater Cisco Area, Grand County

Regionally located on the southwestern flank of the Un-
compahgre Uplift (plate 1), the Greater Cisco gas field
complex includes: Cisco Dome, Cisco Townsite, Cisco
Springs, Cisco Springs-North, Cisco Wash, Danish Wash,
and Seiber Nose fields (Preston, 1961; Hill and Bereskin,
1993). The area is situated along I-70, approximately 20
miles west of the Colorado state line. The Utah Division
of Oil, Gas and Mining also includes the Harley Dome
field as part of Greater Cisco, but, due to the high helium
concentrations characteristic of Harley Dome, it is treated
separately in this report.

More than 600 shallow wells have been drilled since 1925
(Stowe, 1972) in the Cisco area for oil and gas trapped in the
Late Cretaceous Castlegate Sandstone, Mancos Shale, Dako-
ta Sandstone, Cedar Mountain Formation, Jurassic Morrison
Formation and the Late Jurassic Entrada Sandstone (figure
21) (Wood and Chidsey, 2015; Utah Division of Oil, Gas and
Mining, 2020). Each of the small isolated fields produce from
shallow sandstone intervals with hydrocarbons and associat-
ed gas trapped by well-defined lateral and vertical seals along
the west-northwestern flank of the Uncompahgre mountain
front (Hill and Bereskin, 1993).

The highest helium shows were found in wells drilled
in the 1960s just north of I-70 along a 6-mile stretch
northeast of the old Cisco townsite with a range of he-
lium values from 0.50% to 1.47% (Stowe, 1972; Moore,
1982; Moore and Sigler, 1987). In June 1963, U-Tex Oil
Company penetrated the Jurassic Morrison Formation at
1308 feet with their Federal 5 (API 43-019-16259) well in
section 10, T. 20 S., R. 24 E. (SLB&M). A DST taken in
the Morrison at a depth of 1298 feet recorded 1.47% He
and 20.44% N, within a methane-rich (76.12% CH,) gas
stream (Utah Division of Oil, Gas and Mining, 2020). A
spot sample from the Cretaceous Buckhorn Conglomer-
ate at 842 feet resulted in a helium show of 0.66% from
the Pumpelly-Stava 30-81 well. The gas stream was pre-
dominantly methane (82.1% CH,) with a minor nitrogen
(13.1% N,) component. Most wells in this helium play are
methane-rich with a minor helium component of 0.30% or
less, indicating significant helium dilution from methane
generation in nearby source rocks.

Helium shows over 1.0% were all recorded from the Mor-
rison Formation, which also had higher nitrogen concentra-
tions in their gas stream and were sourced from wells near
the northeastern edge of the defined hydrocarbon field area.
Wells drilled and completed in shallower Cretaceous reser-
voirs recorded only trace amounts of helium (figure 20). He-
lium generated in too shallow of strata can lose helium to the
surface by diffusion and helium co-generated or associated
with hydrocarbon gases will be severely diluted to subeco-
nomic levels (Brown, 2010).
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Harley Dome Field, Grand County

Harley Dome, formerly known as Harley anticline (Dane,
1935), is the single, truly defined helium gas field in Utah (fig-
ure 3). Numerous wells have encountered significantly high
helium concentrations from combination traps in Jurassic res-
ervoirs at depths less than 1000 feet, mostly in nitrogen-dom-
inated (~85% N,) gas streams with a negligible methane and
carbon dioxide component (Moore, 1976, 1982; Moore and Si-
gler, 1987). In June of 1932, a small area on the crest of Harley
Dome, partly in T. 18 S., R. 25 E. (SLB&M) and partly in T. 19
S., R. 25 E. (SLB&M), was designated as the Federal Helium
Reserve #2 by executive order, which was later rescinded and
reopened for leasing in 1964 (Dane, 1935; Willis, 1994; Oil &
Gas Journal, 2013). Although Harley Dome was recognized as
a separate field for most of its history, UDOGM has included
it as the most northeasterly positioned field of several struc-
turally isolated fields that constitute the Greater Cisco Area
since 1978. It is treated separately in this report because it is
distinctly different from the Cisco helium play and singularly
important because of its high helium concentrations.

Harley Dome is geographically located on a basin-margin
transitional area between the Uinta and Piceance Basins to
the north and northeast, and the Paradox Basin to the south-
west (plate 1). The Harley Dome field is positioned on the
northwestern surficial flank of the Uncompahgre uplift, a
northwest-southeast oriented remnant of the Late Pennsyl-
vanian Ancestral Rocky Mountains (Case, 1991; Hill and
Bereskin, 1993; Willis, 1994). The Harley Dome field has
historically been difficult for hydrocarbon exploration and
production due to an underpressured reservoir, highly sa-
line formation water, and the nitrogen-rich (38.7%—86.1%
N,) gas stream with a significant helium component of more
than 7.0%. Production of natural gas has been minimal and
primarily in Cretaceous through Jurassic sandstone inter-
vals in the Dakota Sandstone, Morrison Formation, and the
helium-bearing Entrada Sandstone (Hill and Bereskin, 1993;
Seneshen, 2018). No public helium analyses are available for
the Cretaceous formations penetrated at Harley Dome.

The Harley Dome discovery well was drilled in 1925 in the
NENE section 4, T. 19 S., R. 25 E. (SLB&M), essentially on
the crest of the structure (Willis, 1994). The operator, H.H.
Bashor, initially drilled the Bashor 1 well (API 43-019-11513)
to 802 feet, which was later plugged back to roughly 600 feet.
The well was then acquired by Tom McGuire in 1926 and
subsequently tested 2.25% He from the Morrison in July of
1929 (Dane, 1935; Moore, 1982).

Spot samples of four wells at Harley Dome exhibit signifi-
cantly high helium concentrations between 6.47% and 7.31%
from the Entrada Sandstone (figure 22). Three additional
wells had helium shows between 2.25% and 2.51% either
from the porous and permeable Entrada or channel sandstone
beds within the Morrison Formation farther up section. All
seven significant helium-tested wells at Harley Dome are

clustered atop a northwest-trending structural dome with
roughly 100 feet of closure (Dane, 1935; Willis, 1994). The
wells are shallow with helium-bearing intervals in the Mor-
rison at 500 to 600 feet and the Entrada at ~800 to 950 feet.
Stowe (1972) documented a subeconomic helium sample
(0.2% He) from the Cretaceous Dakota Sandstone at a depth
of 930 feet from the Harley Govt 1 well (API 43-019-15046)
in section 30, T. 18 S., R. 25 E. (SLB&M). On the Colorado
side, marginally economic (< 1.0% He) helium shows are lo-
cated farther north-northeast, opposite the state line from the
Utah San Arroyo gas field (Smith and others, 1991) with a
significant drop in helium concentration due to dilution from
methane generation and migration from hydrocarbon source
rocks in the Uinta and Piceance Basins to the northwest and
northeast, respectively (figure 8).

The Harley Dome 2 well, formerly the Weightman-Fallgren
#1 well (API 43-019-11514), was drilled in 1926 by the same
Denver-based Tom McGuire who acquired the discovery well.
The well was sampled twice from the Entrada Sandstone and
once in the Morrison Formation in 1931 with significant heli-
um shows of 7.06% and 7.02% from the Entrada and 2.45% He
from the Morrison (Dane, 1935; Moore, 1982). In a strategic
conservation effort by the federal government in 1944, both
the Bashor 1 and Harley Dome 2 wells were ordered plugged
by the USGS with significant frustration from the operator.
In 1968, the Lansdale Govt. 4 (API 43-019-30003) well was
drilled to a depth of 972 feet in the Entrada and produced
the highest helium concentration recorded in Utah at 7.31%
He from a nitrogen-dominated (86.1% N,) gas stream (figure
22). The Lansdale Govt. 13 (API 43-019-30008) well was also
drilled in 1968 but to a greater depth and subsequently pen-
etrated through 35 feet of granite wash and into Precambrian
granitic basement rock (figure 21) at 1805 feet, which is sug-
gested to be a good potential source of U- and Th-rich mineral
grains necessary to generate helium (Brown, 2010; Craddock
and others, 2017). In east-central Utah, the basal member of
the Late Triassic Chinle Formation, a known target for ura-
nium ore exploration in Utah (figure 8) (Shoemaker, 1955;
Chenoweth, 1990), overlies basement rock forming a non-
conformity (Case, 1991), which may indicate a sedimentary
contribution to the high-helium gas at Harley Dome. Well file
reports for the Lansdale Govt. 13 well document a spot sample
of 10 MMcfd and 6.47% He from 946 feet in the Entrada with
commingled helium-rich natural gas from the Morrison at 635
feet (Utah Division of Oil, Gas and Mining, 2020).

Multiple well reports from UDOGM in the vicinity of Har-
ley Dome document near-normal or underpressured Jurassic
reservoirs, and the production drive mechanism is by solution
gas expansion (Campbell and Bacon, 1976) rather than water
encroachment. Dense, laminated siltstones and mudrock of
the Jurassic Summerville Formation and impermeable shaly
members (e.g., basal Tidwell and upper Brushy Basin Mem-
bers) in the Morrison Formation provide an adequate seal over
most of the helium-bearing Entrada Sandstone in this area
(Willis, 1994). Uranium-enriched lenticular sandstone beds in
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the middle Salt Wash Member of the Morrison Formation are
more laterally extensive and contain brine water (Shoemaker,
1955; Barton and others, 2018) and nitrogen-rich gas (43.8%
N,) with a much higher methane component (50% CHy), in-
dicating a leaky seal. Migrating gas will pick up helium and
nitrogen from pore water as it sweeps through permeable for-
mations (figures 6 and 10), in addition to gases dissolved in
pore water of dense mudrock adjacent to the gas carrier beds
(Brown, 2010). This may help to explain the high-helium gas
concentrations found in the Entrada and only minor amounts
in stratigraphically higher formations (figure 20).

Anomalously high-salinity formation water (< 36,186 ppm),
specifically within the shallow Entrada reservoir, is common
in this area of far east-central Utah. Farther north, where the
Entrada dips gently (< 10°) northward toward the young Uinta
Basin in northeastern Utah (figure 8), water recovered from
the Entrada during production testing of a well in SWSW
section 24, T. 13 S., R. 22 E. (SLB&M) was analyzed and
found to contain average total dissolved solids (TDS) of over
80,000 ppm (Eisinger and Lowe, 1999). The impermeable
mudrock of the overlying Summerville and Morrison Forma-
tions concentrate the brine in the Entrada Sandstone below.
Thus, groundwater salinity increases vertically with depth
in the Entrada reservoir. According to Sugisaki (1987) and
Brown (2010), both pressure and salinity play a major role in
the distribution of helium-rich gas in the subsurface. Shallow,
underpressured reservoirs exsolve more helium and nitrogen
into the gas phase than in deep, higher-pressured reservoirs.
Additionally, formations with high salinity in pore water fa-
vor more helium in the gas phase (Brown, 2010).

At the time of this report, the source of the helium (granitic
basement vs. sedimentary source) at Harley Dome is unclear.
Further studies of inert gases at Harley Dome should focus on
hydrodynamics associated with helium charge, specifically:
(1) mapping the gas-water contact (GWC), (2) determining
the trapping mechanism, (3) determining flow direction and
source of water, and (4) determining if there is an active pe-
troleum system charging the Entrada carrier bed.

Despite the decades-long status as the Federal Helium Re-
serve #2, no commercial helium production took place at
Harley Dome until IACX Energy commissioned a propri-
etary, small-scale, non-cryogenic, helium extraction plant in
the area in late 2012 (figure 15, bottom) (Oil & Gas Journal,
2013). The Harley Dome plant enabled IACX and Flatirons
Resources to justify drilling the Flatirons Fed. 1-4 helium
well on the structure during the summer of 2013 (Utah Divi-
sion of Oil, Gas and Mining, 2020), by allowing the crude
helium to be trucked to market. Subsequently, the Flatirons
Fed. 1-4, Lansdale Govt. 4, and the Lansdale Govt. 1 became
the first and only wells specifically to produce and market the
sale of helium from Harley Dome.

Helium sales from nitrogen-rich gas at Harley Dome took
place between 2013 and 2018, when a drop in the price of
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helium caused the wells to be shut-in. Over the course of five
years, gas production from IACX’s three operational wells
at Harley Dome totaled 642,418 Mcf. Transported pure he-
lium gas totaled 42,120 Mcf (Utah Division of Oil, Gas and
Mining, 2020). Personal communication with the operator in
spring 2019 suggests that a 7.5% He test had been produced
from the Fed. 1-4 well prior to shut-in operations, but without
formal documentation this analysis cannot be verified and has
been left out of this report. In the spring of 2019, operatorship
of the currently shut-in Flatirons wells transferred to TACX.

Lisbon Area, San Juan County

The Lisbon oil and gas field area (figure 16) is a proven
(Stowe, 1972), but underdeveloped helium play positioned
near the center of the Paradox Basin (figure 25), a Paleozoic
feature that encompasses much of the Four Corners region on
the Colorado Plateau (Parker and Roberts, 1966), specifically
southeastern Utah and southwestern Colorado (figures 8, 12,
and 13). The Paradox Basin is a hydrodynamically and struc-
turally complex depression created by periods of surface up-
lift, folding and faulting, and by episodes of salt flowage and
coeval subsidence (figure 17) (Hill and Bereskin, 1993; Nuc-
cio and Condon, 1996). Growth of the salt anticlines initiated
in Pennsylvanian time, with intermittent growth continuing
today (Bradley, 1975; Condon, 1997). Due to extensive salt
flowage and the structural complexity of the area, 3-D geo-
physical exploration is often necessary in locating the deeper
structures. Such issues create difficulties for independents
that may have limited exploration resources.

Aside from oil and natural gas, economic resources within
the Paradox Basin include: Pennsylvanian potash and other
salts and brines (e.g., potassium [K] and lithium [Li]), numer-
ous Triassic-Jurassic sandstone-hosted metallic ore deposits
(e.g., radium [Ra], uranium [U], and vanadium [V]) (figure
8), and some of the world’s largest accumulations of acidic
gas (Shoemaker, 1955; Barton and others, 2018).

The helium-bearing Mississippian Leadville Limestone was
an attractive target for early petroleum explorers within the
Lisbon field area and remains one of many oil and gas plays in
the Paradox Basin (figures 19 and 20) (Seneshen and others,
2010; Chidsey, 2016a,b), the more active plays targeting hy-
drocarbon-rich zones of the Pennsylvanian Hermosa Group,
which includes the upper and lower Paradox Formation (figure
18) (Hill and Bereskin, 1993; Cappa and Rice, 1995; Whidden
and others, 2012). The Devonian Ouray Limestone underlies
the Leadville in the Lisbon field area (Condon, 1995), which
straddles Utah and Colorado (figures 26 and 27). The Ouray
has produced only minor amounts of oil and gas from the Lis-
bon field in Utah and is known to lack effective porosity and
permeability for hydrocarbons elsewhere in the basin (Parker
and Roberts, 1966).

Although the Mississippian hydrocarbon play fairway is ex-
tensive (figure 25), only roughly 100 wells have penetrated the
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Figure 26. Generalized area map for the Four Corners region with emphasis on structure and major petroleum fields within the
Paradox Basin from Chidsey (2016 b). The northern part of the basin is known as the “Paradox fold and fault belt,” and is composed of
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Leadville from the Utah side (Utah Division of Oil, Gas and
Mining, 2020), with production primarily from the northwest-
southeast trending northern Paradox Basin fold-and-fault belt
(Cappa and Rice, 1995; Seneshen and others, 2010). The Lead-
ville has produced over 53 MMbbls of condensate and 854
Bcf of relatively wet natural gas from seven fields in the area
with most hydrocarbon production from carbonate reservoirs
bounded by basement-involved structural traps within the Lis-
bon field (Hill and Bereskin, 1993; Seneshen and others, 2010).

Predominantly located in T. 30 S., R. 24 E. (SLB&M), the
Lisbon field area is situated on a large, faulted anticlinal pa-
leo-structure that encompasses eight geographically defined
oil and gas fields over ~50,000 acres in San Juan County.
The Lisbon anticline is fully encased by Paradox salt and has
structural closure of nearly 2000 feet with a high-angle re-
verse fault bordering the northeast boundary (Bradley, 1975).
The oil and associated gas field was discovered in 1960 by the
Pure Oil Company with their No. | NW Lisbon (A) well using
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extensive subsurface (figure 27) and seismic exploration (Pres-
ton, 1961; Stowe, 1972). At a depth of 8000 to 9000 feet, the
folded and faulted porous zones in the basal McCracken Sand-
stone Member of the Devonian Elbert Formation and Missis-
sippian Leadville Limestone dolomite beds form the primary
reservoirs (Baars, 1966; Hill and Bereskin, 1993), and both
are prospective for helium. An expanding gas cap and gravity
drainage are the primary drive mechanisms (Seneshen and
others, 2010). Campbell and Bacon (1976) report that the gas
cap over the Mississippian section of the Lisbon field contains
significant amounts of helium and acidic gas.

The high gamma-ray signatures in Devonian-age rocks found
in well logs around the Lisbon area and across eastern Utah
indicate that the shaly mudrock and dirty carbonate beds of
the Devonian Upper Member of the Elbert Formation have a
higher radioactive content than the Mississippian section above
(figure 28) (Condon, 1995, Utah Division of Oil, Gas and Min-
ing, 2020). A long generation duration is required to generate

significant amounts of radiogenic helium per volume of rock
(Brown, 2010). Thus, a large volume of source rock is required.
Although overall rates of helium generation are low for average
carbonates and sandstones, significantly higher generation rates
can occur in old shales, granites, and some dirty limestones and
dolomites (figure 7) (Bell and others, 1940; Zartman and others,
1961; Brown, 2010). It is likely that the extensive and thick Pa-
leozoic sedimentary section on the Colorado Plateau (Campbell
and U.S. Geological Survey, 1981; Condon, 1995; Nuccio and
Condon, 1996) has a similar, if not the same, helium genera-
tion potential as the underlying crystalline and granitic base-
ment rock. It should also be noted here that petroleum source
rocks are not helium source rocks (Swanson, 1960; Brown,
2010). Only a small amount of thermogenic methane from hy-
drocarbon-rich rocks can significantly dilute a high-helium gas
to subeconomic amounts (Brown, 2010, 2019).

Many of the wells in the Lisbon field area have been plugged
back or re-completed in the hydrocarbon-rich Paradox For-
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ache Federal #1 (API 43-037-10047). NESE section 13, T. 30 S., R.

23 E. (SLB&M). Wildcat well drilled in 1960 just outside of the Lisbon oil and gas field within the Mississippian Leadville Limestone
play fairway in San Juan County, Utah. The well was drilled and abandoned as a dry hole. Sourced from the well file from the Utah

Division of Oil, Gas and Mining (2020).

mation farther up section. Produced gas from Lisbon is pre-
dominantly methane (~30%—70% CH,) and carbon dioxide
(18%—-36% CO,) with nitrogen (< 21% N,), hydrogen sulfide
(< 1.7% H,S), and helium (~1.0% He) making up the remain-
der of the gas stream (Moore and Sigler, 1987; Cappa and
Rice, 1995; Craddock and others, 2017). Acidic gas (CO, and
H,S) is plentiful throughout the Lisbon area and may be re-
lated to bacterial sulfate reduction by hydrocarbons or other
organic material (Jenden and Kaplan, 1989; Barton and oth-
ers, 2018). Although long migration of acidic gases may help
to concentrate helium and nitrogen in the gas through min-

eralization into solids (figure 10, C), sour gas is deadly and
extreme caution must be used during exploration and produc-
tion in this potential helium play fairway.

The helium percentages within the Lisbon field area reach
a high of 1.28% He from the Leadville Limestone in the
unitized Husky Fed 15-25/Hook and Ladder well located in
section 25, T. 29 S., R. 23 E. (SLB&M) (Gage and Driskill,
2003), which is currently a shut-in gas well operated by Para-
dox Resources, LLC. Most of the wells identified within the
Lisbon field have a 1.0% He or lower helium concentration
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(see appendix) and most of the original wells drilled are cur-
rently producing natural gas (Utah Division of Oil, Gas and
Mining, 2020). Paradox Resources has infrastructure in place
capable of recovering and processing helium at their Paradox
Midstream (Lisbon) gas plant located in San Juan County,
with a maximum capacity of 60 MMcf per day (figure 16).

Seneshen and others (2010) conducted surface geochemical
surveys to evaluate the effectiveness of low-cost, non-inva-
sive methods to identify areas of poorly drained or by-passed
oil throughout both the Lisbon and Lightning Draw SE fields.
The study suggests that helium and carbon dioxide anomalies
in free soil gas at the margins of producing reservoirs could
be the most diagnostic indicators of underlying Leadville res-
ervoirs (Seneshen and others, 2010). Produced gas composi-
tions indicate that, in comparison with the Lisbon field, the
Lightning Draw SE field contains a lower concentration of
hydrocarbons and more nitrogen and helium. The Lightning
Draw SE field, located primarily in section 31, T. 30 S., R.
24 E. (SLB&M), currently has two shut-in gas/condensate
wells operated by Genesis ST Operating, LLC. Gas stream
helium weight percentages from both the Federal 1-31 and
Evelyn Chambers Gov. 1 wells report a 1.42 and 1.40 wt %
He, respectively (Seneshen and others, 2010). The two gas
analyses noted from Seneshen and others (2010) do not reflect
reservoir gas, therefore they have been excluded from the as-
sociated appendix for this report. However, the analyses may
show a correlation to high-helium gas trends in the area. No
gas wells from the Lightning Draw SE field were ever tested
for helium by the USBM.

Although numerous wells with economic helium shows indi-
cate a potential helium prospect, sour gas is found through-
out the Lisbon area (Cappa and Rice, 1995), typically in res-
ervoirs within the Leadville Limestone below the salt and
hydrocarbon-productive Paradox Formation (figure 20). Sour
gas generally forms where hydrocarbon is exposed to large
accumulations of evaporites and from thermal sulfate reduc-
tion at depth during maximum burial (Cappa and Rice, 1995;
Nuccio and Condon, 1996). Not only is H,S a poisonous gas,
it is capital-intensive to remove from the gas stream and is
also highly corrosive to steel equipment, causing operational
problems during production (Parker and others, 2011). With-
out significant helium concentrations, above those document-
ed in this report to make extraction of helium economic, this
play has a low potential for direct helium exploration. The
helium gas found at Lisbon will remain a potentially profit-
able component to the carbon dioxide-rich natural gas stream
for regional operators connected to the Lisbon gas processing
plant (figure 16).

Salt Wash Area, Grand County

The Salt Wash helium play is located a few miles east of the
Green River and about 15 miles south of the town of Green
River in the northern Paradox Basin, regionally known as the
Paradox fold-and-fault belt (figures 25 and 26). Incorporat-
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ing the Greentown field to the north and Ten Mile field to
the south, the Salt Wash field area has documented petroleum
production from the Mississippian Leadville Limestone with
significant hydrocarbon shows in clastic zones of the Penn-
sylvanian Paradox Formation farther up section (figure 20)
(Preston, 1963; Hill and Bereskin, 1993). Campbell and Ba-
con (1976) note the Salt Wash field as being a faulted anti-
cline with a free gas-cap reservoir drive mechanism. Helium
prospects at Salt Wash are geographically located within the
helium play fairway of the Leadville Limestone (figure 25).
Westwardly thinning cycles of Paradox salt (Hanshaw and
Hill, 1969) form an effective seal to helium-rich gas reser-
voirs deep in the thick carbonate rock of the Leadville.

The structurally controlled condensate and associated gas
accumulations in limestone and dolomite reservoirs of the
Mississippian Leadville Limestone was discovered in 1961
using seismic data to define the salt-induced anticlinal struc-
tures (Hill and Bereskin, 1993). The discovery well was the
Pan American Salt Wash 1, which produced high API grav-
ity oil (55°) and heavy gas-cut brine from the Leadville at
8693-8707 feet (Preston, 1963). The completion report also
documented good porosity with hydrocarbon-stained vugs
and vertical fractures throughout the Mississippian section
(Utah Division of Oil, Gas and Mining, 2020). Moore (1982)
include a 1.80% He analysis taken from a DST during drilling
through the Leadville at 8553 feet in their published report.
The completed Mississippian interval located a few hundred
feet below the 1.80% He DST sample was also tested with a
note that the DST gauged 7000 Mcf of gas per day of “non-
flammable gas.” Typical of many wells drilled through the
salt and anhydrite zones of the Paradox, the casing collapsed
in the Paradox section of this well because of pressure from
salt flowage. The well produced 55,961 barrels and 1.2 Bef of
natural gas during its three-year producing life (Utah Divi-
sion of Oil, Gas and Mining, 2020). Efforts to re-complete
in pursuit of shallower shows were unsuccessful and the well
was subsequently plugged and abandoned. Although the high
helium concentration recorded here may be encouraging, the
helium is likely dissolved in the oil, which may be respon-
sible for the high-helium gas percentage and may not be an
adequate representation of the reservoir potential.

Five wells at Salt Wash, all located within the center of T.
23 S., R. 17 E. (SLB&M)), recorded helium-rich gas ranging
from a high of 1.80% to 0.78% He. All the helium tests were
from nitrogen-dominated (~78% N,) low-Btu gas streams
(Stowe, 1972; Moore and Sigler, 1987).

The Marland Oil Co. well #1 was drilled in 1926 in section
35, T. 21 S., R. 16 E. (SLB&M) 3 miles south of the town of
Green River in an area known for carbon dioxide leaks to
the surface through low-temperature springs, seeps, geysers,
and abandoned oil wells (Heath and others, 2009). The Mar-
land well recorded “several flows of a non-flammable gas”
on submitted drilling reports (Utah Division of Oil, Gas and
Mining, 2020). The operator reported that samples of the gas
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were sent to the “Ft. Worth plant of the Helium Division for
analysis,” though no documented helium test could be found
for this well. The U.S. Helium Production Plant No. 1 in Ft.
Worth, Texas, was designed by the Linde Air Products Com-
pany in 1918 and completed in 1921 by the U.S. Department
of the Navy (National Research Council, 2000). The plant
consisted of a laboratory, a separation and compression fa-
cility, a helium cylinder storage facility, a pressure reducer
house, and a pumphouse. This early 20th century helium
plant was the second helium-extraction facility in the United
States and a key component of the United States Strategic
Materials Program.

San Arroyo Area, Grand County

The San Arroyo area is geographically located along the
Book Cliffs escarpment, which forms the topographic and
structural boundary between the Uinta and Paradox Basin
(figure 8) (Hill and Bereskin, 1993). The San Arroyo play
fairway has a northeast orientation that extends from the
northeast corner of Grand County, Utah, into Mesa, Gar-
field, and Rio Blanco Counties of Colorado before an abrupt
end on the southern edge of the Douglas Creek Arch near
Rangely, Colorado (plate 1). On the Utah side, the San Ar-
royo helium play includes helium spot samples analyzed
from five contiguous, northerly plunging natural gas fields:
San Arroyo, Bar X, Bryson Canyon, Stateline, and Westwa-
ter (Wood and Chidsey, 2015). Historically, the San Arroyo
field has been the most successful with 174.6 Bcf cumula-
tive gas production through 2018. Together the group has
produced 319.4 Bef of natural gas (Utah Division of Oil, Gas
and Mining, 2020).

These fields produce non-associated gas from sandstone in-
tervals in the Cretaceous Dakota Sandstone and Buckhorn
Conglomerate Member of the Cedar Mountain Formation,
the Late Jurassic Brushy Basin and Salt Wash Members of
the Morrison Formation, and the Middle Jurassic Entrada
Sandstone (figure 21). Small quantities of oil have been pro-
duced from the Cretaceous Mancos Shale from several wells
(Utah Division of Oil, Gas and Mining, 2020), and minor
amounts of natural gas have been produced from the Cre-
taceous Castlegate Sandstone farther up section. Of these
stratigraphic intervals, the Jurassic Morrison and Entrada
are the primary helium-bearing reservoir rocks in the San
Arroyo play fairway, with the Salt Wash Member a well-
known source of uranium throughout the Colorado Plateau
(figure 8) (Shoemaker, 1955; Gloyn and others, 2003; Barton
and others, 2018).

Eleven wells are on the Utah side in the San Arroyo play
fairway with economic helium concentrations ranging
from 0.30% to 1.0% He (Stowe, 1972; Moore and Sigler,
1987; Gage and Driskill, 2005). Nine of these helium tests
came from the Entrada Sandstone in low-Btu gas streams
with significant nitrogen (~25% N,) and carbon dioxide
(~20% CO,) shows. The other two documented helium

analyses were from the Morrison Formation. Many sub-
economic (< 0.30% He) helium samples have been record-
ed in the stratigraphically higher Cretaceous Dakota Sand-
stone throughout the San Arroyo field area from both Utah
and Colorado (figure 1). Most of the wells that sourced and
documented spot samples of helium have been plugged and
abandoned (Utah Division of Oil, Gas and Mining, 2020).

Utah Gas Corp (UGC) currently recovers crude and purified
helium from over 700 natural gas wells across 250,000 acres
of mineral leasehold within the San Arroyo field area along
the western margin of the Piceance Basin between Utah and
Colorado (figure 8) (Utah Division of Oil, Gas and Mining,
2020; Colorado Oil and Gas Conservation Commission,
2020). Helium is processed, along with crude oil, field con-
densate, and natural gas at UGC’s processing plants located
near Rangely and Mack, Colorado (plate 1).

Temple Springs Prospect, Emery County

The San Rafael Swell (figure 8) in Emery County is a
Laramide-age basement-involved structure (figure 9) that
consists of over 11,000 feet of sedimentary strata ranging in
age from Cambrian to Cretaceous and includes marine, fluvi-
al, eolian, and continental deposits overlying the basal Cam-
brian Tintic Quartzite and Precambrian granite and schist
(Bartsch-Winkler and others, 1990; Condon, 1995; Allis and
others, 2001). The northeast-oriented San Rafael Swell is
part of an older anticlinal feature known as the Emery uplift
(figure 12), a buried, northwest-trending Paleozoic structure
that transects the northern and central part of the San Rafael
Swell (Baars and Stevenson, 1981; Bartsch-Winkler and oth-
ers, 1990). The San Rafael Desert on the eastern flank of the
San Rafael uplift includes ~1080 square miles of sparsely ex-
plored lands with roughly one dry hole per 15 square miles.
The area is bisected by at least two major high-angle faults
(plate 1) with a northwest-southeast orientation observable
in both well log correlation and publicly available, regional
aeromagnetic surveys (Sims and others, 2008). Much of the
exploration work was done in the 1950s and 1960s by ma-
jor oil companies (e.g., Chevron, Humble, Mobil, Shell, and
Texaco) and a variety of independents (Doelling and others,
2015; Utah Division of Oil, Gas and Mining, 2020). Many of
these wells were cored, and it was common for multiple drill
stem tests to be run while drilling (figure 24).

Uranium-vanadium ore deposits (figure 8) and fault-bound-
ed uraniferous breccia pipe structures are well documented
within the nearby Temple Mountain district of Emery County
(Shoemaker, 1955; Hawley and others, 1965, 1968; Bartsch-
Winkler and others, 1990; Chenoweth, 1990). The presence
of large volumes of uraniferous ore deposits, asphaltic resi-
due and dead oil staining in the gas column (Utah Division
of Oil, Gas and Mining, 2020), and low-temperature springs
with associated mineralization along northwest-oriented, sur-
face fault ruptures (Heath and others, 2009) within proxim-
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ity to the Texaco helium discovery well indicate a significant
interplay of volcanogenic, thermogenic, and hydrodynamic
controls of several kinds.

According to Hawley and others (1965, 1968), the most likely
source of mineralization and economic roll-front ore deposits
in the San Rafael Swell and surrounding area is from hydro-
thermal solution or formational water derived from magmatic
sources, coeval with the Laramide orogeny. Hawley and oth-
ers (1968) postulate that the same ore-forming solutions are
responsible for the collapse structures that act as conduits for
mineral-rich groundwater to permeate deeper formations.
It seems reasonable that the helium-rich gas found at depth
in the San Rafael Desert is at least partially influenced by
near-surface, uranium-charged groundwater sourced from
the breakdown of ore bodies within thick accumulations of
Permian- and Triassic-age sedimentary rock. Further geo-
chemical analysis beyond the scope of this paper would be
required to test this hypothesis.

The Texaco Temple Springs Unit 1 well drilled in late 1959
and early 1960, in section 14, T. 25 S., R. 13 E. (SLB&M),
found predominantly nitrogen (97.2% N,) gas with a helium
component of 2.77% from DST #6 at a depth of 4670 feet
(figure 24) in a shaly dolomite interval of the Upper Devo-
nian Elbert Formation (figure 20). The test flowed at 90 psi
through a l-inch choke and recorded a “very strong blow”
with a recovery of 2387 Mcf of inert gas that “would not
burn” and 220 feet of brackish groundwater (Utah Division
of Oil, Gas and Mining, 2020). Ammonium in clays can be
released by interaction with brines, and when groundwater
with dissolved ammonium becomes oxidized it generates ni-
trogen gas (Brown, 2017). The helium-bearing nitrogen-rich
gas and uraniferous petroleum residue described by Hawley
and others (1965, 1968) may indicate that the disintegration of
nitrogenous organic compounds by alpha radiation (Bell and
others, 1940) plays a part in the high-helium gas found below
the San Rafael Desert.

Although the Temple Springs helium discovery well was
drilled and abandoned as a dry hole, this result and the 1.47%
He test from the overlying Mississippian Leadville Limestone
prospect 20 miles to the east at Bowknot, have piqued the inter-
est of helium pure play explorers such as Tacitus Corporation,
Twin Bridges Resources, and North American Helium (NAH
Utah, LLC). Much of state trust lands and BLM acreage in
this area is currently leased by these operators. In August 2019,
four applications for permits to drill on BLM lands surround-
ing the 1959 discovery well were recorded by the Utah Divi-
sion of Oil, Gas and Mining and the Moab BLM field office.

Temple Springs is a significant helium prospect with further
exploration needed to define the geographic extent of the
play. The negligible carbon dioxide and low methane content
found in the gas stream at Temple Springs is encouraging for
further helium exploration and development in the area. The
Devonian-Mississippian Emery County helium play fairway
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is an intriguing target at a time when pure play helium explo-
ration is gaining economic interest.

Woodside Dome Field, Emery County

Woodside gas field, also known as Woodside Dome or Wood-
side Anticline (Campbell and Bacon, 1976), is geographically
located in T. 18—19 S. and R. 13—14 E. (SLB&M), between the
north end of the San Rafael Swell to the west and the Book
Cliffs escarpment to the east (plate 1). The field is immediate-
ly west of U.S. Highway 6 between the towns of Green River
and Wellington. The Woodside helium play has historically
recorded low-methane, carbon dioxide- and nitrogen-rich gas
primarily from the Permian Black Box Dolomite (formerly
named the Kaibab Limestone in the San Rafael Swell areca)
(Preston, 1961; Stowe, 1972; Welsh and others, 1979; Hill
and Bereskin, 1993; Condon, 1997). Moore (1982) documents
additional significant nitrogen and carbon dioxide shows in
the Pennsylvanian Hermosa Group, the Triassic Chinle and
Moenkopi Formations, and the Jurassic Entrada Formation
(figure 20).

Woodside Dome is one of the larger subsidiary folds asso-
ciated with the Laramide episode of deformation along the
San Rafael anticline, which forms the northwest edge of the
Paradox Basin (Bartsch-Winkler, 1990). The asymmetric
structure of Woodside Dome trends in a north-south orienta-
tion along the eastern flank of the north-plunging end of the
San Rafael Swell (figure 8) (Hill and Bereskin, 1993; Con-
don, 1995). The area of closure is roughly 12,800 acres, with
maximum structural relief of 800 feet (Gloyn and others,
2001). The western limb terminates along a west-dipping,
basement-involved reverse fault (Preston, 1961).

By executive order, Woodside Dome was set aside as the
United States Helium Reserve #1 in March of 1924 (Dobbin,
1935) after the Utah Oil Refining 1 Fitzhugh (Woodside 1
Fitzhugh) discovery well in SWSE section 12, T. 19 S., R. 13
E. (SLB&M) encountered 1.33% He at a depth of 3120 feet,
in a nitrogen-rich (68.1% N,) gas stream with a significant
carbon dioxide component (28.4% CO,) from the Black Box
Dolomite (Preston, 1961; Moore and Sigler, 1987). The well
reached a depth of 3375 feet and was completed as a shut-in
helium gas well in 1924. Reports in the well file note that
gas samples were sent to government officials in Washington,
D.C., and plans to plug and abandon the well soon followed.
This discovery well never produced marketable helium and
further exploration for hydrocarbons continued on the struc-
ture (Utah Division of Oil, Gas and Mining, 2020).

In 1962, Humble Oil & Refining Company drilled the Wood-
side Dome Unit #1 well (API 43-015-10505) in the SESE of
section 12, T. 19 S., R. 13 E. (SLB&M)), to test several mem-
bers of the deeper Paleozoic formations for oil and gas. The
Unit #1 well penetrated the Cambrian Tintic Quartzite at a
depth of 8431 feet and ran multiple DSTs in the Mississippi-
an, Pennsylvanian, and Lower Permian sections before being
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abandoned as a dry hole (Utah Division of Oil, Gas and Min-
ing, 2020). Although no helium sample documentation can be
found within the UDOGM well file, Moore and Sigler (1987)
documented a helium show of 0.30% from the uppermost
Pennsylvanian Hermosa Group and 1.03% from the “lower
Cutler beds” of the Permian Cutler Formation, (formerly the
Elephant Canyon Formation in the northwestern part of the
Paradox Basin [Condon, 1997]).

Holly Resources Corporation re-entered the Unit #1 well in
1969 to a total depth of 3800 feet and renamed it the Fed-
eral #44-12 well. The drilling report for the Federal #44-
12 well documents three perforation stages, all within the
Permian Kaibab Formation, also known locally as the Black
Box Dolomite (Welsh and others, 1979; Condon, 1997),
which found a “heavy stream of salt water.” Issues occurred
downhole with a leaking bridge plug and the well was im-
mediately plugged and abandoned (Utah Division of Oil,
Gas and Mining, 2020). No mention of a helium test was
given in the well file, but the date and formation of a spot
sample of 1.51% from a nitrogen- and carbon dioxide-rich
(64.4% N, and 33.0% CO,) gas stream from the Permian
Kaibab equivalent from Moore and Sigler (1987) match the
UDOGM drilling report and further verified the helium po-
tential at Woodside.

In 2007, Bill Barrett Corp. (BBC) drilled the Woodside #1
(API 43-015-30701) in the SESE of section 12, T. 19 S., R. 13
E. (SLB&M) to test several members of the Pennsylvanian
Paradox Formation and the deeper Mississippian section for
hydrocarbons. BBC completed a gas well between intervals
5010 and 5672 feet, but the well was subsequently shut-in
upon completion due to lack of pipeline access. Recent inter-
est in pure play helium exploration resulted in the Woodside
Dome #1 transfer of operatorship from BBC to Twin Bridges,
and then to IACX Energy, LLC in the spring of 2013 (Utah
Division of Oil, Gas and Mining, 2020).

TACX permitted the Woodside Dome 2 helium well (API 43-
015-30766) later in 2013, with the survey stake 30 feet north
of the Woodside #1 well. The helium prospect was drilled
into the Permian Black Box Dolomite to a depth of 3327 feet.
UDOGM well file notes indicate the helium well was plugged
back to 3290 feet and completed openhole from 3161 to 3265
feet within the Black Box Dolomite. Publicly available gam-
ma ray-sonic logs indicate that the completed interval for
the helium prospect well was in a zone of high radioactivity
(Utah Division of Oil, Gas and Mining, 2020). This validates
work done by Bell and others (1940) who note that zones
of impurity within the Kaibab Limestone elsewhere on the
Colorado Plateau are highly radioactive. At the time of this
report no gas analysis or production has been verified and the
potential helium well remains shut-in.

The Woodside Dome 3 well was permitted and drilled by
TACX into the Permian Kaibab equivalent to a depth of 3160
feet in late 2018. The Black Box Dolomite was found to be

“wet” and the well was shut-in pending evaluation for deep-
ening to the Paradox Formation or operations to plug-and-
abandon the location. To date, no helium has yet to be sold
from this perspective play.

Wildcat Helium Prospects

Several wildcat oil and gas exploration wells have encountered
helium in Utah (see appendix). To the extent that it has been
judged reasonable to do so, several of these wells have been
included in the discussion of nearby helium-bearing fields and
play fairways that exhibit similar geology. A brief description of
events and analysis is discussed below from significant outliers.

In 1971, Kimbark Operating drilled the Fed. Fish Creek 1
well in section 22, T. 38 S., R. 20 E. (SLB&M), San Juan
County, on the Comb Ridge Monocline positioned along the
eastern flank of the Monument Upward and in the helium
play fairway of the Mississippian Leadville Limestone (fig-
ures 25 and 26). This well had a significant helium show
of 1.34% from a natural gas stream (53.8% CHy, 27.3% N,)
sourced from the Pennsylvanian Paradox Formation Ismay-
Desert Creek interval (figure 20) at a depth of 2050 feet. The
helium discovery well was drilled to a total depth of 3610
feet in the Mississippian Leadville Limestone and aban-
doned as a dry hole (Utah Division of Oil, Gas and Mining,
2020). The Fish Creek 1 well is now located inside the Shash
Jaa Unit of the Bears Ears National Monument (plate 1). He-
lium exploration on the steep eastern limb of the Monument
Upwarp to the east and southeast of this discovery well is
necessary and encouraged.

In 1963, Texas Pacific Coal & Oil Co. drilled and abandoned
the USA B 1 well as a dry hole in section 9, T. 35 S., R. 25 E.
(SLB&M), San Juan County. Drilling reports submitted to
UDOGM indicate multiple drill stem tests had been recov-
ered from the Devonian-Mississippian section. The depth of
DST #1 correlates with the 0.4% He analysis from the Lead-
ville Limestone reported by Moore and Sigler (1987) from
a depth of 7034 feet. The gas analysis documented a low-
methane, carbon dioxide-rich (88.6% CO,) gas stream (Utah
Division of Oil, Gas and Mining, 2020).

The most westerly outlier, the Escalante Unit 2 well, was
drilled in the SESW section 29, T. 32 S., R. 3 E. (SLB&M) in
Garfield County to a depth of 3878 feet by Phillips Petroleum
Company. Submitted drilling reports from 1961 indicate
“continuous flow of non-flammable gas” beginning at 1360
feet while coring. A partial gas analysis at a depth of 1606 feet
reported 89.4% CO, and 0.082% He. At a depth of 2260 feet,
a 0.30% He spot sample from the Triassic Moenkopi Forma-
tion (figure 20) was taken while drilling (Utah Division of
Oil, Gas and Mining, 2020). The USBM database shows a
similar helium test from a carbon dioxide-rich (93.1% CO,)
gas stream of the Mississippian Leadville Limestone, but fur-
ther study of log tops submitted with the completion report
indicate this analysis was likely from the Permian section.
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CONCLUSIONS

Helium is a rare and exhaustible resource found in recover-
able quantities during natural gas production in very few
gas fields around the world, many of which are nearing
depletion. In the United States, helium can be a profitable
byproduct during the extraction and processing of natural
gas from proven helium-rich conventional gas fields. It is
likely that billions of cubic feet of critically important and
valuable helium gas are wasted annually during the pro-
duction of natural gas. The peculiar properties of helium
(e.g., light weight, small size, chemically inert, ultra-cool
liquid temperature, and highly diffusive) make it an ele-
ment that can be used in a variety of commercial, indus-
trial, medical, defense, and research applications as both a
liquid and a gas. Continued demand for helium will depend
on a range of factors, but for many cutting-edge technolo-
gies and medical diagnostic applications helium is unique
and has no known replacement.

Since 1962, the federal government has maintained the only
significant long-term, large-scale storage facility and pipeline
for crude helium. The Bush Dome reservoir and federal stor-
age facility in the Cliffside gas field near Amarillo, Texas, is
the single-most important depository of helium in the world.
A 1996 legislative ruling for the federal government to di-
vest of all helium assets by fall 2021 is nearing completion.
Without further helium exploration in the United States, this
critical resource will become increasingly scarce, creating a
potentially volatile industry as we depend on fragile overseas
supply lines to fulfill our increasing helium demand.

Helium occurrences throughout Utah and across the Colorado
Plateau have been influenced by a combination of mantle and
crustal processes. Helium migration initiates with the alpha
decay of uranium and thorium from mineral grains. Recrys-
tallization and diffusion concentrate helium into pore water
and groundwater over tens to hundreds of million years. Mi-
grating volcanogenic and thermogenic gases sweep helium
and nitrogen from old pore water. Recrystallization of acidic
gases into solid minerals over long migration distances helps
to concentrate helium and nitrogen in the gas phase. Thus, the
longer the migration duration the more nitrogen- and helium-
rich the gas.

Helium-rich gas in Utah is not limited to areas of proven oil
and gas production or reservoir rock of a particular age or
type. Carbon dioxide and nitrogen may be significant carrier
gases for helium in the subsurface. Due to significant helium
dilution by methane generation, helium is not typically found
in basin centers where most hydrocarbons are produced. In
general, Paleozoic rocks typically will have had more time
to generate and collect more helium than younger rocks, but
this relationship is based on the older (Paleozoic) helium- and
nitrogen-rich groundwater that fills the pore spaces rather
than the age of the rock itself. Thus, understanding the hydro-
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dynamics of a prospective helium play is critical. Dissolved
helium in migrating groundwater will exsolve from the liquid
phase at lower reservoir temperatures and pressures, which
may help to explain the occurrence of high-helium gas ac-
cumulations in some shallow reservoirs along basin-uplift
transitional areas.

The highest helium concentrations in Utah are found be-
neath shallow structural traps within the underpressured
Jurassic Entrada Sandstone reservoir at a depth of ~1000
feet. Significant economic helium potential may exist with-
in the extensive, yet relatively unexplored Devonian-Mis-
sissippian reservoirs of the Elbert Formation, Ouray Lime-
stone, and Leadville Limestone. This helium play contains
nearly 40% of the wells with helium concentrations over
0.30% in the gas stream, with the majority sourced from
carbonate reservoirs of the Leadville Limestone. Trapped
and separated from methane dilution from the hydrocarbon-
rich Pennsylvanian section by multiple layers of salt and
bedded anhydrite, the Devonian-Mississippian helium play
fairway encompasses much of southeastern Utah. On the
Navajo Nation farther south, the Boundary Butte field area
has significant helium shows from analyses taken within
clastic reservoirs of the Paradox Formation, as well as high-
helium gas stratigraphically lower in the Devonian Ouray
Limestone. Laterally and vertically sealed arkosic granite
wash of the Permian Cutler Group has recorded significant
helium shows along the southwestern flank of the Uncom-
pahgre uplift on the Colorado side, yet remains almost en-
tirely unexplored in Utah.

In the immediate future and with the availability of portable,
small-scale helium recovery units and truck-mounted ship-
ping containers for simplified transportation, non-flammable
gas streams with a significant helium component (1.0%—7.0%
He) are likely to be the near-term focus of pure play helium
exploration in Utah. However, gas fields with significant
methane production in areas where helium is likely should
also be explored. With natural gas prices lingering in a mar-
ginally economic range for the foreseeable future, recovery
of helium might make sense for improving the economics of
natural gas wells.

ACKNOWLEDGMENTS

Numerous discussions with, and comments from my co-au-
thor, Marc Eckels, have been invaluable. We are incredibly
grateful for detailed comments and critical reviews by Dr.
Alton Brown, Dr. David Seneshen, Michael Vanden Berg,
and Tom Chidsey (Chids), which considerably improved this
publication. A special thank you to the Utah School and In-
stitutional Trust Lands Administration and Utah Geological
Survey who funded and published this contribution.



Proven and hypothetical helium resources in Utah

REFERENCES

Allis, R.G., Chidsey, T.C., Jr., Gwynn, JW., Morgan, C., White,
S., Adams, M., Moore, J., 2001, Natural CO, reservoirs on
the Colorado Plateau and southern Rocky Mountains—
Candidates for CO, sequestration, in Proceedings of the
Ist National Conference on CO, Sequestration, DOE
NETL, Washington, D.C., May 14-17, 2001.

Allis, R.G., Chidsey, T.C., Jr., Morgan, C., Moore, J., and
White, S.P., 2003, CO, sequestration potential beneath
large power plants in the Colorado Plateau—Southern
Rocky Mountain region, USA, in Proceedings of the 2nd
Annual Conference on Carbon Sequestration, Alexan-
dria, VA, May 5-8, 2003.

Anderson, C.C., and Hinson, H.H., 1951, Helium-bearing natu-
ral gases of the United States—Analyses and analytical
methods: U.S. Bureau of Mines Bulletin, no. 486, 141 p.

Anderson, D.L., 1998, The helium paradoxes: in Proceedings
of the National Academy of Sciences of the United States
of America, v. 95, no. 9, p. 4822—-4827.

Anderson, D.L., 2007, Noble gas isotopes—Isotope Ratios:
in New Theory of the Earth: Seismological Laboratory,
California Institute of Technology, Pasadena, p. 198-210.

Anderson, S.T., 2017, Economics, Helium, and the U.S. Fed-
eral Helium Reserve—Summary and Outlook: Natu-
ral Resources Research, v. 27, no. 4, p. 455-477 (doi:
10.1007/S11053-017-9359-y).

Baars, D.L., 1966, Pre-Pennsylvanian paleotectonics—Key to
basin evolution and petroleum occurrences in the Paradox
Basin, Utah and Colorado: Bulletin of the American Asso-
ciation of Petroleum Geologists, v. 50, no. 10, p. 2082-2111.

Baars, D.L., and Stevenson, G.M., 1981, Tectonic evolution
of western Colorado and eastern Utah: in New Mexico
Geological Society Guidebook, 32nd Field Conference,
Western Slope Colorado, 1981, p. 105-112.

Bahl, S., 2019, Helium Macro View Update—Short-term
market tightens: published consultant’s report for Edi-
son Investment Research Limited (Edison), 21 p. Online,
https://www.edisongroup.com/sector-report/helium-
macro-view/, accessed November 4, 2019.

Ballentine, C.J, and Burnard, P.G., 2002, Production, release,
and transport of noble gases in the continental crust: Re-
views in Mineralogy and Geochemistry, v. 47, p. 481-538.

Barton, M.D., Barton, I.F., and Thorson, J.P., 2018, Paleofluid
Flow in the Paradox Basin—Introduction: 2018 Society
of Economic Geologists Guidebook Series, v. 59, 12 p.

Bartsch-Winkler, S., Dickerson, R.P., Barton, H.N., McCaf-
ferty, A.E., Grauch, V.J.S., Koyuncu, H., Lee, K., and
Duval, J.S., 1990, Mineral resources of the San Rafael
Swell Wilderness Study Areas, including Muddy Creek,
Crack Canyon, San Rafael Reef, Mexican Mountain, and
Sids Mountain Wilderness Study Areas, Emery County,
Utah: U.S. Geological Survey Bulletin 1752, 56 p.

Bell, K.G., Goodman, C., and Whitehead, W.L., 1940, Radio-
activity of sedimentary rocks and associated petroleum:
American Association of Petroleum Geologists Bulletin,
v. 24, no. 9, p. 1529-1547.

Bradley, G.A., 1975, Lisbon Field, Utah, in Four Corners
Geological Society Guidebook, 8th Field Conference,
Canyonlands Country, p. 277-278.

Brennan, S.T., East, J.A., Dennen, K.O., Jahediesfanjani, H.,
and Varela, B., 2018, Helium concentrations in United
States well: U.S. Geological Survey Provisional Online
Database, https:/www.usgs.gov/atom/71763, accessed
October 2019.

Broadhead, R., 2005, Helium in New Mexico—geologic dis-
tribution, resource demand, and exploration possibili-
ties: New Mexico Geology, v. 27, no. 4, p. 93—101.

Brown, A.A., 2005, Origin of high helium concentrations in
dry gas by water fractionation: American Association
of Petroleum Geologists Search and Discovery Article
#90043, 2005, Posted October 29, 2010, Digital Program
Abstracts from AAPG Research Conference, Calgary,
Alberta, Canada, June 18, 2005.

Brown, A.A., 2010, Formation of High Helium Gases—A
Guide for Explorationists*: American Association of
Petroleum Geologists Search and Discovery Article
#80115, 2010, Posted October 29, 2010, *Adapted from
poster presentation at AAPG Convention, New Orleans,
Louisiana, April 11-14, 2010.

Brown, A.A., 2017, Possible origins for low thermal matu-
rity, high-nitrogen natural gases*: American Association
of Petroleum Geologists Search and Discovery Article
#42065, 2017, Posted May 1, 2017, *Adapted from poster
presentation at AAPG Annual Convention and Exhibi-
tion, Houston, Texas, April 2-5, 2017.

Brown, A.A., 2019, Origin of helium and nitrogen in the Pan-
handle-Hugoton field of Texas, Oklahoma, and Kansas,
United States: American Association of Petroleum Geol-
ogists Bulletin, v. 103, no. 2 (February 2019), p. 369403
(doi: 10.1306/07111817343).

Campbell, J.A., and Bacon, R.S., 1976, Penetration chart of
Utah oil and gas fields: Utah Geological and Mineral
Survey Oil and Gas Fields Studies, no. 14, https:/doi.
org/10.34191/0G-14.

Campbell, J.A., 1978, Carbon dioxide resources of Utah: Utah
Geological and Mineral Survey Report of Investigation
125, 26 p., https://doi.org/10.34191/R1-125.

Campbell, J.A., and U.S. Geological Survey, 1981, Summary of
Paleozoic stratigraphy and history of western Colorado and
eastern Utah: New Mexico Geological Society Guidebook,
32nd Field Conference, Western Slope Colorado, p. 81-87.

Cappa, J.A., and Rice, D.D., 1995, Carbon dioxide in Missis-
sippian rocks of the Paradox Basin and adjacent areas,
Colorado, Utah, New Mexico, and Arizona: U.S. Geo-
logical Survey Bulletin 2000—H, 21 p.

39


https://www.edisongroup.com/sector-report/helium-macro-view/
https://www.edisongroup.com/sector-report/helium-macro-view/
https://www.usgs.gov/atom/71763
https://doi.org/10.34191/OG-14
https://doi.org/10.34191/OG-14
https://doi.org/10.34191/RI-125

40

Case, J.E., 1991, Geologic map of the northwestern part of
the Uncompahgre Uplift, Grand County, Utah, and Mesa
County, Colorado, with emphasis on Proterozoic rocks—
To accompany map [-2088: U.S. Geological Survey Mis-
cellaneous Investigations Series Map [-2088, 16 p. pam-
phlet, scale 1:24,000.

Casey, T.A.L., 1983, Helium potential of the Four Corners
area, in Fassett, J.E., editor, Oil and gas fields of the Four
Corners area, v. 3, Four Corners Geological Society, p.
749-754.

Chamberlin, R.T., 1908, The gases in rocks—Contributions
to cosmogony and the fundamental problems of geology:
Carnegie Institution of Washington, no. 106, 80 p.

Chenoweth, W.L., 1990, A History of Uranium Production
in Utah, in Allison, M.L., editor, Energy and mineral
resources of Utah: Salt Lake City, Utah Geological As-
sociation Publication 18, p. 113—124.

Chidsey, T.C., Jr., editor, 2016a, Major oil plays in Utah and
vicinity: Utah Geological Survey Bulletin 137, 293 p.,
https://doi.org/10.34191/B-137.

Chidsey, T.C., Jr., editor, 2016b, Paleozoic shale-gas re-
sources of the Colorado Plateau and eastern Great Ba-
sin, Utah—Multiple frontier exploration opportunities:
Utah Geological Survey Bulletin 136, 241 p., https:/doi.
org/10.34191/B-136.

Colorado Oil and Gas Conservation Commission, 2019,
Public Well File and Monthly Production Reports: On-
line, https://cogcc.state.co.us/#/home, accessed January
through May 2020.

Condon, S.M., 1995, Geology of Pre-Pennsylvanian Rocks in
the Paradox Basin and adjacent areas, southeastern Utah
and southwestern Colorado—Evolution of Sedimentary
Basins—Paradox Basin: U.S. Geological Survey Bulletin
2000—G, 53 p.

Condon, S.M., 1997, Geology of the Pennsylvanian and
Permian Cutler Group and Permian Kaibab Limestone
in the Paradox Basin, southeastern Utah and south-
western Colorado—Evolution of Sedimentary Ba-
sins—Paradox Basin: U.S. Geological Survey Bulletin
2000—P, 46 p.

Conley, J.N., and Giardina, S., Jr., 1979, Favorable and poten-
tially favorable areas for hydrocarbon and geothermal en-
ergy sources in northeastern Arizona: Arizona Geological
Survey Oil and Gas Publication OG—28, 56 p. Originally
published as OGCC Report of Investigation RI-7.

Craddock, W.H., Blondes, M.S., DeVera, C.A., and Hunt,
A.G., 2017, Mantle and crustal gases of the Colorado Pla-
teau—Geochemistry, sources, and migration pathways:
Geochimica Et Cosmochimica Acta, no. 213, p. 346374,
(doi:https://doi.org/10.1016/j.gca.2017.05.017).

Dane, C.H., 1935, Geology of the Salt Valley Anticline and
adjacent areas, Grand County, Utah: U.S. Geological
Survey Bulletin 863, 84 p.

Utah Geological Survey

Davis, G.H., and Bump, A.P., 2009, Structural geologic evo-
lution of the Colorado Plateau: The Geological Society of
America Memoir 204, 26 p.

Dobbin, C.E., 1935, Geology of natural gases rich in helium,
nitrogen, carbon dioxide, and hydrogen sulphide, in Nat-
ural gases of North America: AAPG Memoir, no. 9, p.
1957-1969.

Doelling, H.H., Kuehne, P.A., Willis, G.C., and Elher, J.B.,
2015, Geologic Map of the San Rafael Desert 30" x 60’
Quadrangle, Emery and Grand Counties, Utah: Utah
Geological Survey Map 267DM, 24 p. pamphlet, scale
1:62,500, https://doi.org/10.34191/M-267DM.

Driskill, D.L., 2008, Analyses of natural gases, 2005-2007:
Bureau of Land Management Technical Note 427, U.S.
Bureau of Land Management, Denver, Colorado, 208 p.

Eisinger, C., and Lowe, M., 1999, A summary of the ground-
water resources and geohydrology of Grand County,
Utah: Utah Geological Survey Circular 99, 19 p., https:/
doi.org/10.34191/C-99.

Ellis, L., 2019, Helium in natural gas and thermochemical
sulfate reduction (TSR) influence: American Association
of Petroleum Geologists Search and Discovery Article
#90337, Posted March 15, 2019, Digital Program Ab-
stracts from AAPG Middle East Region GTW, Dubai,
UAE, February 11-13, 2019.

Gage, B.D., and Driskill, D.L., 1998, Analyses of natural
gases, 1996-1997: Bureau of Land Management Techni-
cal Note 404, U.S. Bureau of Land Management, Denver,
Colorado, 71 p.

Gage, B.D., and Driskill, D.L., 2003, Analyses of natural
gases, 1998-2001: Bureau of Land Management Techni-
cal Note 412, U.S. Bureau of Land Management, Denver,
Colorado. 173 p.

Gage, B.D., and Driskill, D.L., 2005, Analyses of natural
gases, 2002-2004, Bureau of Land Management Techni-
cal Note 418, U.S. Bureau of Land Management, Denver,
Colorado. 243 p.

Gilfillan, S.M.V.,, 2006, Deep magmatic degassing and the
Colorado Plateau uplift: University of Manchester, Doc-
toral thesis, 148 p.

Gilfillan, S.M.V., Ballentine, C.J., Holland, G., Blagburn, D.,
Lollar, B.S., Stevens, S., Schoell, M., and Cassidy, M.,
2008, The noble gas geochemistry of natural CO, gas
reservoirs from the Colorado Plateau and Rocky Moun-

tain provinces, USA: Geochimica Et Cosmochimica
Acta, v. 72, no. 4, p. 1174—1198.

Gloyn, RW., Tabet, D.E., Tripp, B.T., Biship, C.E., Morgan,
C.D., Gwynn, JW., and Blackett, R.E., 2003, Energy,
mineral, and ground-water resources of Carbon and Em-
ery Counties, Utah: Utah Geological Survey Bulletin
132, 161 p., https://doi.org/10.34191/B-132.

Grynia, E., and Griffin, P.J.,, 2016, Helium in Natural
Gas—Occurrence and Production: Journal of Natural



https://doi.org/10.34191/B-137
https://doi.org/10.34191/B-136
https://doi.org/10.34191/B-136
https://cogcc.state.co.us/#/home
https://doi.org/10.1016/j.gca.2017.05.017
https://doi.org/10.34191/M-267DM
https://doi.org/10.34191/C-99
https://doi.org/10.34191/C-99
https://doi.org/10.34191/B-132

Proven and hypothetical helium resources in Utah

Gas Engineering, v. 1, no. 2, p. 163215 (doi: 10.7569/
INGE.2016.692506).

Halford, D.T., 2018, Isotopic analyses of helium from wells
located in the Four Corners area, southwestern, U.S.:
Colorado School of Mines, Master’s thesis, 353 p.

Hamak, J.E., and Sigler, S., 1991, Analyses of natural gases,
1986-90: U.S. Bureau of Mines Information Circular
9301, U.S. Bureau of Mines, Washington, DC, 315 p.

Hamak, J.E., and Gage, B.D., 1992, Analyses of natural
gases, 1991: U.S. Bureau of Mines Information Circular
9318, U.S. Bureau of Mines, Washington, DC, 97 p.

Hamak, J., 2017, 2015 Minerals Yearbook—Helium [Advance
Release]: U.S. Geological Survey Minerals Yearbook, p.
32.1-34.8.

Hanshaw, B.B., and Hill, G.A., 1969, Geochemistry and hydro-
dynamics of the Paradox Basin region, Utah, Colorado,
and New Mexico: Chemical Geology, no. 4, p. 263-294.

Hawley, C.C., Wyant, D.G., and Brooks, D.B., 1965, Geology
and uranium deposits of the Temple Mountain District,
Emery County, Utah: U.S. Geological Survey Bulletin
1192, 154 p.

Hawley, C.C., Robeck, R.C., and Dyer, H. B., 1968, Geology,
altered rocks, and ore deposits of the San Rafael Swell,
Emery County, Utah: U.S. Geological Survey Bulletin
1239, 115 p.

Heath, J.E., Lachmar, T.E., Evans, J.P., Kolesar, P.T., and Wil-
liams, A.P., 2009, Hydrogeochemical characterization
of leaking, carbon dioxide-charged fault zones in east-
central Utah, with implications for geologic carbon stor-
age: American Geophysical Union—Geophysical Mono-
graph Series 183, p. 147-158.

Hill, B.G., and Bereskin, S.R., editors, 1993, Oil and gas
fields of Utah. Utah Geological Association Publication
22, non-paginated.

Holloway, J.M., and Dahlgren, R.A., 2002, Nitrogen in
rock—Occurrences and biogeochemical implications:
American Geophysical Union—Global Biogeochemical
Cycles, v. 16, no. 4, 1118 (doi:10.1029/2002GB001862).

Hutcheon, 1., 1999, Controls on the distribution of non-hydro-
carbon gases in the Alberta Basin: Bulletin of Canadian
Petroleum Geology, v. 47, no. 4, p. 573—593.

Jenden, P.D., and Kaplan, L.R., 1989, Analysis of gases in the
Earth's crust: Global Geochemistry Corporation, ch. 9,
44 p.

Johnson, E.G., 2012, Helium in northeastern British Colum-
bia, in Geoscience Reports 2013, British Columbia Min-
istry of Natural Gas Development, p. 45—52.

Karlstrom, K., and Humphreys, E., 1998, Persistent influence
of Proterozoic accretionary boundaries in the tectonic
evolution of southwestern North America—interaction
of cratonic grain and mantle modification events: Rocky
Mountain Geology, v. 33, no. 2, p. 161-179.

Keevil, N.B., 1940, Interatomic forces and helium in rocks:
Proceedings of the American Academy of Arts and Sci-
ences, v. 73, no. 11, p. 311-359.

Keevil, N.B., 1943, Radiogenic heat in rocks: The Journal of
Geology, v. 51, no. 5, p. 287-300.

Keevil, N.B., 1941, Helium retentivities of minerals: Ameri-
can Mineralogist, v. 26, no. 6, p. 403—404.

Massol, O., and Rifaat, O., 2018, Phasing out the U.S. Federal
Helium Reserve—Policy insights from a world helium
model: Resource and Energy Economics, v. 54 (2018),
p. 186-211.

Moore, B.J., 1976, Helium resources of the United States,
1973: U.S. Bureau of Mines Information Circular 8708,
U.S. Bureau of Mines, Washington, DC, 17 p.

Moore, B.J., 1982, Analyses of natural gases, 1917-80: U.S.
Bureau of Mines Information Circular 8870, U.S. Bureau
of Mines, Washington, DC, 1055 p.

Moore, B.J., and Sigler, S.M., 1987, Analyses of natural gas-
es, 1917-85: U.S. Bureau of Mines Information Circular
9129, U.S. Bureau of Mines, Washington, DC, 1197 p.

Morgan, C.D., 2007, Structure, reservoir characterization,
and carbon dioxide resources of Farnham Dome field,
Carbon County, Utah, in Willis, G.C., Hylland, M.D.,
Clark, D.L., and Chidsey, T.C., Jr., editors, Central
Utah—diverse geology of a dynamic landscape: Utah
Geological Association Publication 36, p. 297-310.

National Research Council, 2000, The Impact of Selling the
Federal Helium Reserve. Washington, DC: The National
Academies Press.

National Research Council, 2010, Selling the Nation's Helium
Reserve. Washington, DC: The National Academies Press.

Nuccio, V.F., and Condon, S.M., 1996, Burial and thermal
history of the Paradox basin, Utah and Colorado, and pe-
troleum potential of the Middle Pennsylvanian Paradox
Formation—Evolution of Sedimentary Basins—Paradox
Basin: U.S. Geological Survey Bulletin 20000, 41 p.

Office of the Federal Register, 2018, National Archives and
Records Administration—Final list of critical minerals
2018: Federal Register, v. 83, no. 97 (May 18, 2018), 83
FR 23295.

Oil & Gas Journal, 2013, Eastern Utah Harley Dome helium
plant starts up: Oil & Gas Journal, October 17: Online,
http:/www.ogj.com/articles/2013/10/eastern-utah-har-
ley-dome-helium-plant-starts-up.html., accessed Octo-
ber 2019.

Otis, R.M. and Schneidermann, N., 1997, A process for eval-
uating exploration prospects: AAPG Bulletin, v. 81, no.
7, p. 1087-1109.

Pacheco, N., and Ali, S.F., 2008, Helium resources of the
United States, 2007: Bureau of Land Management Tech-
nical Note 429, U.S. Bureau of Land Management, Den-
ver, CO, 20 p.

41


http://www.ogj.com/articles/2013/10/eastern-utah-harley-dome-helium-plant-starts-up.html
http://www.ogj.com/articles/2013/10/eastern-utah-harley-dome-helium-plant-starts-up.html

42

Parker, JW., and Roberts, J.W., 1966, Regional Devonian and
Mississippian stratigraphy—central Colorado Plateau:
American Association of Petroleum Geologists Bulletin,
v. 50, no. 11, p. 2404-2433.

Parker, M.E., Northrop, S., Valencia, J.A., Foglesong, R.E.,
and Duncan, W.T., 2011, CO, management at ExxonMo-
bil’s LaBarge field, Wyoming, USA: Energy Procedia, v.
4 (2011), p. 5455-5470.

Pierce, A.P., Gott, G.B., and Mytton, JW., 1964, Uranium and
helium in the Panhandle gas field, Texas, and adjacent
areas: U.S. Geological Survey Professional Paper 454-G,
57 p.

Picard, M.D., and Holland, H.D., 1962, Occurrence and ori-
gin of Mississippian gas in Four Corners region: AAPG
Bulletin, v. 46, no. 9, p. 1681-1700.

Preston, D., editor, 1961, A Symposium of the oil and gas
fields of Utah: Intermountain Association of Petroleum
Geologists, non-paginated.

Prinzhofer, A., 2013, Noble gas in oil and gas accumulations,
in The Noble Gases as Geochemical Tracers: Springer,
Berlin Heidelberg, p. 225-247.

Prinzhofer, A., and Battani, A., 2003, Gas isotopes tracing—
an important tool for hydrocarbons exploration: Oil &
Gas Science and Technology, v. 58, no. 2, p. 299-311.

Rauzi, S.L., 2003, Review of helium production and potential
in Arizona: Arizona Geological Survey Open-File Re-
port 03-05, 30 p.

Reisch, M., 2017, More helium is on the way, in Chemical &
Engineering News, v. 95, no. 30, p. 22-23.

Rocky Mountain Oil Journal, 2019, Operator stakes remote he-
lium tests in central Utah. Denver, CO: Rocky Mountain
Oil Journal, Sept. 13, 2019—Sept. 19, 2019, v. 99, no. 36.

Rogers, G.S., 1921, Helium-bearing natural gas: U.S. Geo-
logical Survey Professional Paper 121, 113 p.

Selley, R.C., and Sonnenberg, S.A., 2015, Elements of Pe-
troleum Geology, Third Edition: Waltham, MA: Aca-
demic Press.

Seneshen, D., Chidsey, T.C., Jr., Morgan, C.D., Vanden Berg,
M.D., 2010, New techniques for new hydrocarbon dis-
coveries—surface geochemical surveys in the Lisbon
and Lightning Draw Southeast field areas, San Juan
County, Utah: Utah Geological Survey Miscellancous
Publication 10-2, 69 p., https:/doi.org/10.34191/MP-10-2.

Seneshen, D., 2018, The surface geochemical expression of
some Utah oil and helium fields [abs]: AAPG ACE 2018,
AAPG Search and Discovery Article #90323, Posted
July 23-25, 2018.

Shoemaker, E.M., 1955, Structural features of the central Col-
orado Plateau and their relation to uranium deposits, in
Page, L.R., Stocking, H.E., and Smith, H.B., compilers,
1956, Contributions to the geology of uranium and tho-
rium by the United States Geological Survey and Atomic

Utah Geological Survey

Energy Commission for the United Nations International
Conference on peaceful uses of atomic energy, Geneva,
Switzerland: U.S. Geological Survey Professional Paper
300, 739 p.

Sugisaki, R., 1987, Behavior and origin of helium, neon, ar-
gon, and nitrogen from active faults: Journal of Geophys-
ical Research, v. 92, no. B12, p. 12,523-12,530.

Sims, P.X., Saltus, R.W., and Anderson, E.D., 2008, Precam-
brian basement structure map of the continental United
States—An interpretation of geologic and acromagnetic
data: U.S. Geological Survey Scientific Investigations
Map 3012, scale 1:8,000,000.

Smith, J.R., Tremain, C.M., and Brchan, C.A., 1991, Oil and
gas fields map of Colorado: Colorado Geological Survey
Map Series 26, scale 1:500,000.

Stowe, C.H., compiler, 1972, Oil and gas production in Utah
to 1970: Utah Geological and Mineral Survey Bulletin
94, 179 p., https://doi.org/10.34191/B-94.

Swanson, V.E., 1960, Oil yield and uranium content of
black shales: U.S. Geological Survey Professional Paper
356—A, 44 p.

Toner, R.N., Lynds, R.M., and Stafford, J.E., 2019, Oil and
gas map of Wyoming: Wyoming State Geological Survey
Map Series 104, scale 1:500,000, Online, https:/www.
wsgs.wyo.gov/pubs-maps/gis, accessed October 2019.

U.S. Geological Survey, 2015, Energy Geochemistry Database:
U.S. Geological Survey Energy Resource Program—Pro-
visional Database, Online, https:/certmapper.cr.usgs.gov/
data/apps/geochem-db/, accessed August 2019.

U.S. Geological Survey, 2019, Mineral Commodity Sum-
maries 2019—Helium: U.S. Geological Survey, Min-
eral Commodity Summaries, February 2019, Online,
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.
pdf, accessed March 2019.

—2020, Mineral Commodity Summaries 2020—Heli-
um: U.S. Geological Survey, Mineral Commodity Sum-
maries, January 2020, Online, https:/pubs.usgs.gov/pe-
riodicals/mcs2020/mcs2020.pdf, accessed March 2020.

Utah Division of Oil, Gas and Mining, 2020, Public Well File
and Monthly Production Reports: Online, https:/www.
ogm.utah.gov/index.php, accessed January through May
2020.

Utah Trust Lands Administration, 2019, Public Document
Search—1991-04-22-Final Agency Action: Online,
https:/trustlands.utah.gov/resources/public-document-
search/, accessed October 2019.

Ward, D.E. and Pierce, A.P., 1973, Helium, in United States
Mineral Resources: U.S. Geological Survey Professional
Paper 820, p. 285-290.

Welsh, J.E., Stokes, W.L., and Wardlaw, B.R., 1979, Regional
stratigraphic relationships of the Permian “Kaibab” or
Black Box Dolomite of the Emery High, central Utah, in



https://doi.org/10.34191/MP-10-2
https://doi.org/10.34191/B-94
https://www.wsgs.wyo.gov/pubs-maps/gis
https://www.wsgs.wyo.gov/pubs-maps/gis
https://certmapper.cr.usgs.gov/data/apps/geochem-db/
https://certmapper.cr.usgs.gov/data/apps/geochem-db/
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf
https://www.ogm.utah.gov/index.php
https://www.ogm.utah.gov/index.php
https://trustlands.utah.gov/resources/public-document-search/
https://trustlands.utah.gov/resources/public-document-search/

Proven and hypothetical helium resources in Utah

Four Corners Geological Society Guidebook, 9th Field
Conference, Permianland, p. 143—149.

Whidden, K.J., Anna, L.O., Pearson, K.M., and Lillis, P.G.,
2012, Assessment of undiscovered oil and gas resources
in the Paradox Basin province, Utah, Colorado, New
Mexico, and Arizona: U.S. Geological Survey Fact Sheet
2012-3031, 4 p.

Whidden, K.J., Lillis, P.G., Anna, L.O., Pearson, K.M., and
Dubiel, R.F., 2014, Geology and total petroleum systems
of the Paradox Basin, Utah, Colorado, New Mexico,
and Arizona, in The Mountain Geologist, v. 51, no. 2, p.
119-138.

Willis, G.C., 1994, Geologic map of the Harley Dome quad-
rangle, Grand County, Utah: Utah Geological Survey
Map 157, 18 p. pamphlet, scale 1:24,000, https:/doi.
org/10.34191/M-157.

Wood, R.E., and Chidsey, T.C., Jr., 2015, Oil and Gas Fields
Map of Utah: Utah Geological Survey Circular 119, scale
1:700,000, https:/doi.org/10.34191/C-119.

Yurkowski, M.M., 2016, Helium in southwestern Saskatch-
ewan—accumulation and geological setting: Saskatche-
wan Ministry of the Economy, Saskatchewan Geological
Survey, Open File Report 2016-1, 20 p. and Microsoft®
Excel® file.

Zartman, R.E., Wasserburg, G.J., and Reynolds, J.H., 1961,
Helium, argon, and carbon in some natural gases: Jour-
nal of Geophysical Research, v. 66, no. 1, p. 277-306.

43


https://doi.org/10.34191/M-157
https://doi.org/10.34191/M-157
https://doi.org/10.34191/C-119

44

APPENDIX

Helium gas shows in Utah as of December 2019:

https://ugspub.nr.utah.gov/publications/misc_pubs/mp-174/mp-174.x1sx
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		API		*Well Name		**Operator		County‍‍‍		Section, T., R. (SLB&M)		Latitude 		Longitude		Datum		Field / Area		Formation Name		Age		Sample Date		Year Published		Data Source		Sample Depth (feet)		***Elevation (feet)		He    (mole %) 		N2    (mole %)		Ar   (mole %)		CO2 (mole %)		CH4   (mole %)		H2S  (mole %)		O2   (mole %)		BTU		Secondary He % / Year / Fm		Notes

		4301930003		Lansdale Govt 4		IACX Energy, LLC		Grand		3, T.19S., R.25E.		39.18093		-109.1442		NAD83		Harley Dome		Entrada		Jurassic		3/21/68		1969		Well File		836		4915		7.31		86.10		0.00		0.91		5.56		0.00				58		6.96/2016/Entrada; 7.10/2014/Entrada; 6.99/1989/Entrada 		Considered part of Greater Cisco field by UDOGM. Gas analysis report from 1968 in well file. He sold 2014-2018; Craddock and others (2017) multiple tests. Currently a shut-in helium gas well. 

		4301911514		Harley Dome 2 / Federal 2		Weightman & Follgren		Grand		4, T.19S., R.25E.		39.18165		-109.14689		NAD83		Harley Dome		Entrada		Jurassic		5/18/31		1951		U.S. Bureau of Mines		860		4946		7.06		84.60		0.00		0.80		5.50		0.00		0.1		92		7.02/1931/Entrada; 2.45/1931/Morrison		Considered part of Greater Cisco field by UDOGM. Well file notes from 1926 mention testing the helium content of this gas stream.

		4301950029		Flatirons Federal 1-4		IACX Energy, LLC		Grand		4, T.19S., R.25E.		39.194634		-109.149404		NAD83		Harley Dome		Entrada		Jurassic		3/21/16		2017		Craddock		868		4945		6.82		83.64		0.40		1.29		7.55		0.00		0						Considered part of Greater Cisco field by UDOGM. Completed open hole in the Entrada at a depth of 965 feet. Currently a shut-in helium gas well. 

		4301930008		Lansdale Govt 13		Gililland Energy Corp.		Grand		4, T.19S., R.25E.		39.18687		-109.14664		NAD83		Harley Dome		Entrada		Jurassic		5/1/68		1969		Well File		946		4955		6.47		83.78		0.00		0.84		8.53		0.00				95		2.8/1968/Morrison		Considered part of Greater Cisco field by UDOGM. Granite wash penetrated at a depth of 1770 feet and Precambrian granite at a depth of 1805 feet. Well file indicates gas analysis from a depth of 946 feet with comingled gas from the Morrison at 635 feet.

		4301511324		Temple Springs Unit 1		Texaco Inc.		Emery		14, T.25S., R.13E.		38.64167		-110.45399		NAD83		Temple Springs		Elbert		Devonian		12/22/59		1982		U.S. Bureau of Mines		4670		4898		2.77		97.23		0.30		0.30		0.00		0.00		0.1		0				Eight DSTs documented in well file. Gas analysis confirmed on DST #6 at a depth between 4670 and 4741 feet in the shaly dolomitic upper member of the Elbert. Recovered 2.387 MMcfd "inert gas." Detailed core record indicates dead oil staining pervasive throughout Mississippian section. 

		4301920247		Lansdale Govt 1		IACX Energy, LLC		Grand		33, T.18S., R.25E.		39.19354		-109.15013		NAD83		Harley Dome		Entrada		Jurassic		8/4/89		1991		U.S. Bureau of Mines		836		4889		2.51		46.50		0.20		0.10		49.00		0.00				529				Considered part of Greater Cisco field by UDOGM. Well file documents a 1985 discussion on the economic viability of Harley Dome and West Bitter Creek Helium Project. Entrada perforation interval depth between 862 and 898 feet. He sold 2014-2018. Currently a shut-in helium well.

		4301930017		Lansdale Govt 15		IACX Energy, LLC		Grand		35, T.18S., R.25E.		39.19984		-109.12344		NAD83		Harley Dome		Entrada		Jurassic		8/8/89		1991		U.S. Bureau of Mines		915		4793		2.43		38.70		0.10		0.00		57.10		0.00				610				Considered part of Greater Cisco field by UDOGM. Initially completed in the upper and lower Brushy Basin, Salt Wash, and Entrada. Helium gas likely comingled. He sold 2014-2018. Currently a shut-in helium gas well.

		4301911513		Bashor 1 / Home Oil Co. 1		Bashor, H. H.		Grand		4, T.19S., R.25E.		39.18721		-109.14856		NAD83		Harley Dome		Morrison		Jurassic		7/6/29		1951		U.S. Bureau of Mines		538		4942		2.25		43.80		0.00		0.30		50.00		0.00		0.2		571				Considered part of Greater Cisco field by UDOGM. Initially drilled to a total depth pf 802 feet in the Entrada and plugged back to ~540 feet in the Morrison. This well was ordered plugged by the Department of Interior in 1944 in an attempt to conserve valuable helium on federal lands.

		4301910831		Salt Wash Unit 1		Pan American Petroleum Corp.		Grand		15, T.23S., R.17E.		38.80886		-110.03833		NAD83		Salt Wash		Leadville		Mississippian		3/9/61		1982		U.S. Bureau of Mines		8553		4283		1.80		77.30		0.20		2.20		11.80		0.00		Trace		319		1.5/1963/Leadville; 1.4/1961/Leadville; 0.9/1961/Leadville		Gas sample also published in Stowe, 1972. Well penetrated Cambrian Lynch Dolomite at a depth of 9491 feet. Documented gas analysis corresponds with DST #1 sourced from the Mississippian section between a depth of 8553 and 8613 feet. Deeper DST #2 also recorded non-flammable gas.

		4301915819		CF&I 22-16		Shell Oil Co.		Grand		16, T.23S., R.17E.		38.81232		-110.0517		NAD83		Salt Wash		Leadville		Mississippian		3/11/63		1982		U.S. Bureau of Mines		8793		4483		1.80		77.80		0.20		2.30		11.80		0.00		0		297		1.2/1963/Leadville --> O2 = 4.8%		Two DSTs documented in well file. Well reports indicate a "very strong blow, non-combustible gas rate 3300 Mcfd" from DST #2 at a depth between 8793 and 8855 feet in the Leadville. GOR reported at 1020/1. 

		4301930044		Govt Smoot 3		Smoot, R. P.		Grand		17, T.23S., R.17E.		38.81025		-110.06094		NAD83		Salt Wash		Leadville		Mississippian		8/1/79		1982		U.S. Bureau of Mines		8630		4339		1.71		75.60		0.20		3.20		12.10		0.00		0		322				Gas sample corresponds with DST #1 from a depth between 8630 and 8687 feet in the dolomitic upper Leadville. Completion report notes indicate "gas would not burn." GOR reported at 10,156/1.

		4301915777		Big Flat Unit 1		Pure Oil Co.		Grand		14, T.26S., R.19E.		38.53607		-109.7889		NAD83		Big Flat		Leadville		Mississippian		10/24/57		1963		U.S. Bureau of Mines		7554		6040		1.70		82.10		0.10		2.00		6.30		0.00		Trace		318		1.4/1957/Leadville		Six DSTs documented in well file. Partial gas analysis recorded from DST #4 at a depth interval of 7546 and 7636 feet. Mississippian DSTs #4 and #5 document non-flammable gas with sulfur odor.

		4303715870		N Boundry Butte 1		Bowers Oil & Gas Inc.		San Juan		33, T.42S., R.22E.		37.09542		-109.5014		NAD83		Boundary Butte		Ouray		Devonian		3/6/55		1982		U.S. Bureau of Mines		5807		5024		1.58		31.90		0.20		56.80		7.50		0.00				118		1.16/1958/Ouray; 1.16/1955/Ouray		Eight DSTs documented in well file. DST #8 corresponds with sample depth and date. Sampled depth interval between 5807 and 5930 feet in the Devonian section. Plugged back to a depth of 5450 feet and is currently a producing oil well from the Paradox.

		4301510505		Unit 1 / Federal  44-12		Holly Resources Corp.		Emery		12, T.19S., R.13E.		39.178959		-110.403		NAD83		Woodside		Kaibab (Black Box)		Permian		9/27/69		1982		U.S. Bureau of Mines		3341		5505		1.51		64.40		0.20		33.00		0.20		0.00		0		24		1.36/1969/Kaibab; 1.03/1962/Elephant Canyon; 0.3/1962/Virgil		Same well as Humble Woodside Dome Unit #1. Re-entered in 1969. 1962 test had 0.2% O2. Gas sample also published in Stowe, 1972.

		4301915925		Long Canyon 1		Wesco Operating Inc.		Grand		9, T.26S., R.20E.		38.556709		-109.718758		NAD83		Long Canyon		Leadville		Mississippian		8/14/62		1982		U.S. Bureau of Mines		7706		5795		1.48		91.10		0.20		0.60		4.70		0.00		Trace		95		1.44/1962/Leadville		Included in Big Flat field area. Well file documents three DSTs from the Devonian and Mississippian sections. DST depth interval between 7706 and 7766 feet in the Leadville documented inert gas. GOR recorded at 1239/1. Well plugged back to Paradox is urrently a producing oil well.

		4301511181		Bow Knot Unit 14-5		Superior Oil Co.		Emery		5, T.26S., R.17E.		38.57329		-110.08594		NAD83		Bowknot		Leadville		Mississippian		1/17/62		1982		U.S. Bureau of Mines		6270		5051		1.47		79.10		0.20		2.70		12.60		0.20		Trace		230				Six DSTs recorded in well file. Gas sample corresponds with DST #6 at a depth interval from 6270 to 6350 feet in a Mississippian zone of "massive porosity."

		4301916259		Federal 5		U-Tex Oil Co.		Grand		10, T.20S., R.24E.		39.08038		-109.25574		NAD83		Greater Cisco		Morrison		Jurassic		6/24/63		1982		U.S. Bureau of Mines		1298		4560		1.47		20.44		0.10		0.00		76.12		0.00				820		1.32/1963/Morrison		Gas analysis and corresponding depth documented in well file. 

		4303711102		Navajo 1		Western Natural Gas Co.		San Juan		25, T.43S., R.22E.		37.02188		-109.44754		NAD83		Boundary Butte		Paradox		Pennsylvanian		10/28/48		1982		U.S. Bureau of Mines		4985		5121		1.42		43.80		0.00		9.70		30.40		0.00				566		0.9/1964/Paradox		Gas analysis from the upper Paradox Ismay-Desert Creek interval with initial potential of 9 MMcfd. Notes indicate significant sour gas encountered higher up section between depths of 4365 and 4450 feet.

		4301911333		Big Flat Unit 5		Pure Oil Co.		Grand		27, T.25S., R.19E.		38.59931		-109.80745		NAD83		Big Flat		Leadville		Mississippian		7/4/62		1982		U.S. Bureau of Mines		7441		5767		1.40		74.70		0.20		7.40		11.90		0.00		0		236		1.39/1962/Leadville		Well file reports significant mechanical issues downhole. DST at 7441 feet. Gas sample also published in Stowe, 1972.

		4303720445		Desert Creek 1		Shell Oil Co.		San Juan		2, T.40S., R.20E.		37.33824		-109.6894		NAD83		Wildcat		Ouray		Devonian		6/19/54		1982		U.S. Bureau of Mines		5855		4822		1.37		13.10		0.10		77.50		6.30		0.00				105				U.S. Bureau of Mines records different legal - section 2, T.42S., R.23E.

		4303730059		Federal Fish Creek 1		Kimbark Operating Co.		San Juan		22, T.38S., R.20E.		37.47171		-109.708297		NAD83		Wildcat		Paradox		Pennsylvanian		7/26/71		1982		U.S. Bureau of Mines		2050		5905		1.34		27.30		0.10		0.50		53.80		0.00				914				Well total depth documented at 3610 feet in Leadville. No well file notes of a gas analysis. Well is now inside Bears Ears National Monument.

		4301520312		Woodside 1 / Fitzhugh		Utah Oil Refining Co.		Emery		12, T.19S., R.13E.		39.180901		-110.411399		NAD83		Woodside		Kaibab (Black Box)		Permian		3/19/24		1951		U.S. Bureau of Mines		3120		5200		1.33		68.10		0.00		28.40		0.00		0.00		1.3		102		1.31/1925/Kaibab --> O2 = 0.3		Old API # 43-015-11481. Well file notes indicate samples of the gas stream were sent to federal officials in Washington, D.C. for analysis. 

		4301911143		Long Canyon Unit 2		A1 Lithium Inc.		Grand		9, T.26S., R.20E.		38.5503		-109.71036		NAD83		Long Canyon		Leadville		Mississippian		7/1/63		1982		U.S. Bureau of Mines		7677		5858		1.30		93.90		0.20		0.40		2.60		0.00		Trace		70				Initially completed in the Cane Creek interval of Paradox. Well deepened to 7691 feet and tested in the Mississippian. Gas sample also published in Stowe, 1972.  Well looking to be reentered as a lithium well in the Paradox. 

		4301915820		CF&I  42-16		Shell Oil Co.		Grand		16, T.23S., R.17E.		38.81217		-110.04344		NAD83		Salt Wash		Leadville		Mississippian		5/27/63		1982		U.S. Bureau of Mines		8914		4537		1.30		70.40		0.30		2.90		12.20		0.00		1.0		484				Gas sample corresponds with DST #1 from a depth interval of 8912 to 8931 feet in the Leadville. DST recorded 230 Mcfd with a GOR of 685/1. 

		4303730317		Husky Federal 15-25 / Hook & Ladder		Paradox Upstream, LLC		San Juan		25, T.29S., R.23E.		38.24638		-109.33652		NAD83		Lisbon		Leadville		Mississippian		8/29/01		2001		U.S. Bureau of Mines		9080		6227		1.28		36.39		0.17		20.92		34.01		0.22				518				Sourced from Analyses of natural gases 1998-2001, BLM. Completion interval recorded between depths 8836 and 9246 feet in the Mississippian. Well file notes indicate a low btu, high CO2 gas concentration. Currently a shut-in, unitized natural gas well.

		4300730012		Sunnyside Unit 1		Mountain Fuel Supply Co.		Carbon		17, T.15S., R.13E.		39.51891		-110.48277		NAD83		Wildcat		Moenkopi		Triassic		11/29/70		1982		U.S. Bureau of Mines		5092		5864		1.22		60.10		0.40		6.00		27.60		0.00		0.1		394				Included in Grassy Trail field area. Precambrian quartzite penetrated at a depth of 9090 feet. Four DSTs recorded in the well file. Gas sample sourced from DST #2 at a depth interval from 5092 to 5134 feet in the Moenkopi. 

		4303716469		Lisbon U B-610		Paradox Upstream, LLC		San Juan		10, T.30S., R.24E.		38.1980705		-109.27709961		NAD83		Lisbon		Leadville		Mississippian		10/26/59		1963		U.S. Bureau of Mines		7589		6575		1.10		17.70		0.10		22.90		42.30		0.10				835		1.0/1961/Leadville; 0.4/1959/Leadville		Formerly named the NW Lisbon USA 1 well. Eight DSTs recorded in well file. Gas sample sourced from DST #1 from a depth interval of 7543 to 7643 feet in the upper Leadville. Notes during coring indicate pervasive fractures "bleeding oil, gas, and mud." Currently a producing oil well.

		4303716470		NW Lisbon USA C-3 / Lisbon Unit C-93		Pure Oil Co.		San Juan		3, T.30S., R.24E.		38.20166016		-109.27340698		NAD83		Lisbon		Leadville		Mississippian		4/27/61		1982		U.S. Bureau of Mines		8000		6786		1.10		16.70		0.10		23.90		43.60		0.30				777		0.58/1964/Leadville; 1.0/1960/Leadville		Gas samples also published in Stowe, 1972. Well penetrated Cambrian rock at a depth of 8385 feet. Inconsistencies in well file for DST depths. Gas sample seems to be sourced near the base of the Leadville from well file report. Initial potential for Mississippian section recorded at ~160 boe and 3351 Mcfd with a GOR of 21,208/1. 

		4303720701		Continental Oil Co 1		Continental Oil Co.		San Juan		22, T.43S., R.22E.		37.03624		-109.48817		NAD83		Boundary Butte		Paradox		Pennsylvanian		8/14/29		1982		U.S. Bureau of Mines		4560		5458		1.09		29.10		0.00		5.60		43.50		0.00		0.5		803				Old 1929 well with little documentation in well file. Gas show indicated from a depth of 4890 to 5256 feet in the Mississippian. This gas does not correlate with published USBM gas sample. 

		4301915886		San Arroyo 3		Utah Gas Op Ltd. (Utah Gas Corp.)		Grand		23, T.16S., R.25E.		39.404789		-109.12915		NAD83		San Arroyo		Morrison		Jurassic		11/1/60		1963		U.S. Bureau of Mines		5440		6474		1.00		23.70		0.10		23.40		46.80		0.00		Trace		610		0.9/1959/Entrada 		Dual well completion in the Dakota and Entrada. Dakota perforation interval from a depth of 4690 to 4718 feet. Entrada perforation interval from a depth of 5440 to 5460 feet. Currently a producing natural gas well.

		4301915888		San Arroyo 5		Sinclair Oil & Gas Co.		Grand		25, T.16S., R.25E.		39.38522		-109.10437		NAD83		San Arroyo		Morrison		Jurassic		11/1/60		1963		U.S. Bureau of Mines		4792		5878		1.00		26.50		0.10		19.70		47.20		0.00		0		620		0.6/1960/Entrada		Dual well completion in the Dakota and Entrada. Dakota perforation interval from a depth of 4032 to 4147 feet. Entrada perforation interval from a depth of 4790 to 4940 feet.

		4303716250		Lisbon Unit D-84		Paradox Upstream, LLC		San Juan		4, T.30S., R.24E.		38.20528		-109.28617		NAD83		Lisbon		Leadville		Mississippian		5/17/61		1982		U.S. Bureau of Mines		8738		6534		1.00		15.70		0.10		27.70		41.30		0.60				717		0.6/1661/Leadville		Gas samples also published in Stowe, 1972. Well file notes indicate Cambrian penetrated at a depth of 9121 feet. Initial production of 613 bbls of condensate per day and 7 MMcfgd. Currently a shut-in oil well.

		4303716468		NW Lisbon USA B-1 / Lisbon Unit B-614		Pure Oil Co.		San Juan		14, T.30S., R.24E.		38.18346		-109.25848		NAD83		Lisbon		Leadville		Mississippian		3/27/60		1963		U.S. Bureau of Mines		8309		6733		1.00		16.50		0.00		23.50		42.80		0.00				822		0.9/1960/Leadville; 0.3/1967/Leadville		Eleven DSTs recorded in well file. Gas sample sourced from DST #3 from a depth of 8160 to 8312 feet in the upper Leadville. Perforation interval from a depth of 8905 to 8998 feet. The 0.3% He tested in the Leadville farther up section at a depth of 8160 feet.

		na		Four Corners Gas Plant		El Paso Natural Gas Co.		San Juan		30, T.38S., R.24E.		37.4685101		-109.3222847		NAD83		Aneth		na		na		12/4/61		1982		U.S. Bureau of Mines		na		na		0.98		19.00		0.10		5.00		66.30		0.00				867				Labeled as Aneth Gas Plant but should be the Four Corners Gas Plant. Gas sample taken from 6 inch outlet. Neither gas processing plant strips helium.

		4303730805		English 37		Capitol Operating Group, LLC.		San Juan		22, T.43S., R.22E.		37.02988		-109.48272		NAD83		Boundary Butte		Paradox		Pennsylvanian		1/10/89		1990		U.S. Bureau of Mines		4564		5364		0.92		17.80		0.00		4.40		70.70		0.00		0		850				Five DSTs recorded in well file. Gas sample sourced from DST #3 from a depth interval of 4560 to 4610 feet in the lower Desert Creek interval of the upper Paradox. H2S reported up to 4000 ppm. Completion report Currently a shut-in natural gas well.

		4301915885		San Arroyo 2		Utah Gas Op Ltd. (Utah Gas Corp.)		Grand		22, T.16S., R.25E.		39.40201		-109.14397		NAD83		San Arroyo		Entrada		Jurassic		10/31/60		1963		U.S. Bureau of Mines		6635		7752		0.90		24.40		0.10		24.50		45.10		0.00		Trace		572				Well file documents a DST at a depth interval from 6722 to 6726 which produced 22% CO2. Dual well completion in the Dakota and Entrada. Well file notes mention "communication between formations." Currently a shut-in natural gas well.

		4301916532		San Arroyo 1		Utah Gas Op Ltd. (Utah Gas Corp.)		Grand		26, T.16S., R.25E.		39.389408		-109.125198		NAD83		San Arroyo		Morrison		Jurassic		10/2/59		1963		U.S. Bureau of Mines		4851		6002		0.90		26.50		0.10		19.60		47.90		0.00		0.2		604		0.6/1960/Entrada		Well file notes indicate granite wash penetrated at a depth of 5723 feet and granitic basement at a depth of 5798 feet. Perforation interval from a depth of 4851 to 5015 feet in the top of the Entrada. Later recompleted in the Dakota as a dual completion well. Currently a shut-in natural gas well.

		4303710522		Govt Fehr Lyon 1		Carter Oil Co.		San Juan		33, T.40S., R.21E.		37.2643		-109.60419		NAD83		Wildcat		Leadville		Mississippian		5/12/59		1963		U.S. Bureau of Mines		6150		4385		0.90		18.30		0.10		69.20		4.50		0.00				212				Well reached total depth at 6283 feet and plugged back to 5137 feet in Mississippian section. Completed as an oil well. 

		4303710537		Navajo Tract 30-1		Carter Oil Co.		San Juan		7, T.41S., R.22E.		37.24373		-109.54697		NAD83		Wildcat		Leadville		Mississippian		5/8/58		1963		U.S. Bureau of Mines		6952		5011		0.90		21.30		0.20		73.20		1.50		0.00				20				Gas sample also published in Stowe, 1972.  Sample depth correlates with the single DST recorded in well file from a depth interval of 6952 to 7098 feet in the upper member of the Leadville. Well file notes indicate "gas would not burn."

		4303716248		NW Lisbon USA B-2 / Lisbon C-814		Pure Oil Co.		San Juan		14, T.30S., R.24E.		38.18346		-109.25848		NAD83		Lisbon		Leadville		Mississippian		4/8/60		1963		U.S. Bureau of Mines		8536		6733		0.90		15.90		0.00		21.10		37.70		0.00				948				Gas sample also published in Stowe, 1972.  A note of caution here as the USBM records gas sample from April 1960 but well not spudded until February 1961. Inconsistencies between USBM and well file data. 

		4303715920		English 11		Capitol Operating Group, LLC.		San Juan		26, T.43S., R.22E.		37.02666		-109.46931		NAD83		Boundary Butte		Paradox		Pennsylvanian		11/12/64		1982		U.S. Bureau of Mines		4772		5418		0.82		19.10		0.10		3.10		67.80		0.00				904				Well file notes indicate gas sample from perforation interval at a depth of 4772 to 4792 feet in the Paradox. Currently a shut-in natural gas well.

		4301915023		Bar X Unit 4		Utah Gas Op Ltd. (Utah Gas Corp.)		Grand		18, T.17S., R.26E.		39.33379		-109.072807		NAD83		San Arroyo		Entrada		Jurassic		4/29/59		1963		U.S. Bureau of Mines/Craddock 		3503		5158		0.80		26.80		0.10		24.30		45.00		0.00		Trace		530		0.72/2016/Entrada; 0.5/1957/Entrada		Well file notes Dakota sand tight and non-productive. Gas sample correlates with recorded top of Entrada perforation interval from a depth of 3503 to 3538 feet. Initial potential at ~5 MMcfd. Currently a shut-in natural gas well.

		4303715601		Ohio-Navajo 43-21 (1-4)		U.S. Smelting, Refining & Mining Co.		San Juan		4, T.43S., R.21E.		37.07626		-109.60964		NAD83		Chinle Wash		Paradox		Pennsylvanian		11/6/58		1963		U.S. Bureau of Mines		4870		5086		0.80		18.30		0.10		1.30		69.70		0.00				936				Gas sample also published in Stowe, 1972. Eight DSTs recorded in well file. Gas sample sourced from DST #5 at a depth interval from 4872 to 4901 feet in the upper Paradox. Well later converted to water disposal well before plugging.

		4303715919		English 10		Capitol Operating Group, LLC.		San Juan		21, T.43S., R.22E.		37.03726		-109.4971		NAD83		Boundary Butte		Paradox		Pennsylvanian		4/25/58		1963		U.S. Bureau of Mines		4648		5408		0.80		19.00		0.10		5.50		66.20		0.00				876		0.8/1964/Paradox		Gas sample depth correlates with documented perforation interval from a depth of 4648 to 4684 feet. Initial potential recorded in the well file at 24 MMcfd. Currently a shut-in natural gas well.

		4303716219		Big Indian Unit 1		Paradox Upstream, LLC		San Juan		33, T.29S., R.24E.		38.23946		-109.27586		NAD83		Lisbon		Leadville		Mississippian		7/10/61		1982		U.S. Bureau of Mines		9956		7126		0.80		15.80		0.00		15.80		56.70		0.00		Trace		823				Well penetrated Cambrian rock at a total depth of 10,489 feet. Five DSTs recorded in well file. Gas sample sourced from DST #1 from a depth interval from 9959 to 10,020 feet in the lower dolomitic member of the Leadville. Currently a shut-in oil well.

		4301916260		U-Tex 4 / Gretchen State 1		U-Tex Oil Co.		Grand		16, T.20S., R.24E.		39.07313		-109.25806		NAD83		Greater Cisco		Morrison		Jurassic		6/24/63		1982		U.S. Bureau of Mines / Well file		1193		4598		0.79		20.96		0.10		0.00		73.05		0.00				864		0.66/1965/Morrison		Well penetrated Entrada at a depth of 1700 feet. Gas sample sourced from the Brushy Basin member of the Morrison recorded in well file. Initial potential documented at 810 Mcfd.

		4303715911		English 1		Capitol Operating Group, LLC.		San Juan		22, T.43S., R.22E.		37.04068		-109.48771		NAD83		Boundary Butte		Paradox		Pennsylvanian		1/21/48		1982		U.S. Bureau of Mines		4625		5526		0.79		19.50		0.00		0.10		64.20		0.00		0.2		923		0.7/1964/Paradox		Well file indicates gas sample sourced from the upper Paradox with an initial potential measured at 25 MMcfd. Currently a producing natural gas well.

		4301916047		Govt Smoot 1		Texaco Inc.		Grand		17, T.23S., R.17E.		38.81249		-110.06152		NAD83		Salt Wash		Leadville		Mississippian		4/16/62		1982		U.S. Bureau of Mines		8732		4342		0.78		55.90		0.20		5.30		16.10		0.00		Trace		794				Well file notes indicate gas sample sourced from a perforation interval in the lower dolomitic Ledville member at a depth of 8732 to 8738 feet.

		4301931371		Bar X Unit 25		Utah Gas Op Ltd. (Utah Gas Corp.)		Grand		12, T.17S., R.25E.		39.339649		-109.096802		NAD83		Bar X		Morrison		Jurassic		3/21/16		2017		Craddock		3586		5285		0.73		25.14		Trace		30.36		42.01		0.00		0						Sample sourced from Craddock and others, 2017. Included in San Arroyo field area. Entrada perforations from a depth of 3592 to 3640 feet. Currently a producing natural gas well.

		4303715602		Ohio-Navajo 43-21 1-9		U.S. Smelting, Refining & Mining Co.		San Juan		9, T.43S., R.21E.		37.06927		-109.61699		NAD83		Chinle Wash		Paradox		Pennsylvanian		1/20/57		1963		U.S. Bureau of Mines		4917		5117		0.73		18.40		0.00		1.00		69.70		0.00				945				Included in Boundary Butte field area. Also published in Stowe, 1972. Well file notes upper Paradox perforation interval from a depth of 4917 to 4938 feet. 

		4301530121		Federal 4-32		Skyline Oil Co.		Emery		4, T.16S., R.12E.		39.46443		-110.57372		NAD83		Grassy Trail		Moenkopi		Triassic		11/2/83		1987		U.S. Bureau of Mines		4258		5424		0.71		60.70		0.50		4.60		28.10		0.00				417				Gas sample depth recorded significant oil shows on well file completion report. GOR of 1500/1.

		4301916212		Bryson Canyon 6-A		Arb Energy Utah LLC		Grand		9, T.17S., R.24E.		39.3384895		-109.26226		NAD83		Bryson Canyon		Morrison		Jurassic		12/1/60		1982		U.S. Bureau of Mines		4731		5917		0.70		9.30		0.10		0.50		82.40		0.00		1.7		958				Included in San Arroyo field area. Morrison perforation interval from a depth of 4731 to 4748 feet and Dakota perforation interval from a depth of 4606 to 4624 feet. Well is currently a producing natural gas well.

		4303715588		Lime Ridge Unit 1		Kingwood Oil Co.		San Juan		28, T.40S., R.20E.		37.27459		-109.72699		NAD83		Lime Ridge (CO2)		Paradox		Pennsylvanian		2/14/59		1963		U.S. Bureau of Mines		1088		5188		0.70		13.30		0.20		17.90		49.10		3.90				766				Northern edge of Lime Ridge CO2 field. Low pressure gas sample from upper Paradox Ismay/Desert Creek zone in UDOGM well file - wet natural gas makes up remainder of gas composition. Initial potential at ~1.5 MMcfd.

		4303715918		English 9		Sinclair Oil & Gas Co.		San Juan		16, T.43S., R.22E.		37.05084		-109.50016		NAD83		Boundary Butte		Paradox		Pennsylvanian		11/12/64		1982		U.S. Bureau of Mines		4142		4960		0.70		17.20		0.10		2.20		70.40		0.00				938				Sour gas noted from the Pennsylvanian section

		4303715768		Lisbon Fed 2-21F		Pubco Petroleum Corp.		San Juan		21, T.30S., R.25E.		38.16473		-109.186302		NAD83		Little Valley		Leadville		Mississippian		11/15/61		1982		U.S. Bureau of Mines		9313		6866		0.69		10.10		0.00		17.10		63.00		1.00				830		0.68/1961/Leadville; 0.31/1961/Leadville		Included in Lisbon field area. The 0.31% He test came from a shallower depth of 9270 feet. Seven DSTs ran from a depth of 9128 to 9519 feet in the Mississippian section.

		4304111136		Emery Unit Fed 1		Skelly Oil Co.		Sevier		34, T.22S., R.5E.		38.8532		-111.34243		NAD83		Wildcat		Coconino		Permian		2/1/62		1982		U.S. Bureau of Mines		8730		6354		0.69		3.30		0.00		91.70		3.00		0.00				65				Well reached total depth in Devonian Elbert at a depth of 10740 feet. Five DSTs ran through the Permian section from a depth of 8010 to 8167 feet recorded weak to strong blows of CO2 and sulfur water.

		4301915770		Pumpelly-Stava 30-81		Pumpelly, R Sr.		Grand		30, T.20S., R.24E.		39.04396		-109.29587		NAD83		Cisco Springs		Cedar Mountain		Cretaceous		3/1/64		1982		U.S. Bureau of Mines		842		4547		0.66		13.10		0.10		Trace		82.10		0.00		0		922				Included in Greater Cisco field area. Gas sample from the Buckhorn Conglomerate Member.

		4303715916		English 7		Capitol Operating Group, LLC		San Juan		16, T.43S., R.22E.		37.05617		-109.50695		NAD83		Boundary Butte		Paradox		Pennsylvanian		5/29/56		1982		U.S. Bureau of Mines		4597		4931		0.66		17.40		0.10		6.10		66.10		0.00				920		0.6/1956/Paradox		Well is currently an active water disposal well. Five DSTs ran from a depth of 4300 to 5106 feet in the upper Paradox.

		4301915659		Westwater U E-4		Oil Inc.		Grand		14, T.17S., R.23E.		39.32974		-109.33467		NAD83		Westwater		Entrada		Jurassic		3/21/63		1982		U.S. Bureau of Mines		6346		6672		0.62		18.00		0.10		1.00		75.10		0.00		0.2		819				Well landed in Entrada at a total depth of 6481 feet. Well file reports carbonaceous, lignitic, and bentonitic shale and dense calcareous silty sandstone overlying the Entrada.

		4301915657		Westwater U E-2		Oil Inc.		Grand		7, T.17S., R.24E.		39.3366		-109.30147		NAD83		Westwater		Entrada		Jurassic		4/22/59		1963		U.S. Bureau of Mines		5114		5869		0.60		24.90		0.20		2.00		68.20		0.00		0		780				Included in San Arroyo field area.

		4303715049		Lisbon D-616		Belco Petroleum Corp.		San Juan		16, T.30S., R.24E.		38.18346		-109.28612		NAD83		Lisbon		Leadville		Mississippian		2/8/61		1982		U.S. Bureau of Mines		8221		6218		0.60		13.70		0.10		29.90		43.10		0.10				710		0.4/1961/deeper Leadville		Initially named the Belco State 2 well. Cambrian penetrated at 9059 feet. Six successful DSTs ran from 8304 to 8727 feet in Devonian-Mississippian on 10/13/1960. Dual completion in the Elbert and Leadville horizons. 

		4303731433		Lisbon B-810		Paradox Upstream, LLC		San Juan		10, T.30S., R.24E.		38.18727		-109.27596		NAD83		Lisbon		McCracken		Devonian		3/18/97		1997		U.S. Bureau of Mines		8609		6434		0.59		15.44		0.03		0.23		56.91		0.00				1210				Well file reports high H2S (1249 ppm) w/ 28% CO2 and 18.78% N2 as of 12/29/2010. Well is currently a shut-in oil well.

		4301530097		Federal 11-33		Orphan Well - No Responsible Operator		Emery		11, T.16S., R.12E.		39.44617		-110.5367		NAD83		Grassy Trail		Moenkopi		Triassic		3/14/84		1993		Hill and Bereskin		3600		5311		0.59														na				Analysis from Hill & Bereskin, 1993. Well file notes 34.9% non-combustible gas from GOR test 3/14/1984. GOR recorded at 25 indicating He likely dissolved in oil. Currently a orphaned shut-in oil well.

		4303710337		Navajo Tribal 3 SJ 1		Sinclair Oil & Gas Co.		San Juan		15, T.43S., R.22E.		37.05094		-109.49338		NAD83		Boundary Butte		Paradox		Pennsylvanian		8/18/57		1982		U.S. Bureau of Mines		4338		4925		0.58		16.00		0.10		7.10		67.40		0.00				893				Multiple DSTs ran from a depth of 4110 to 5404 feet in the Paradox. Completion report documents a perforation interval from 4338 to 4345 feet in the Paradox "K" zone. Initial gas volume of 1450 Mcfd and GOR 10,000:1.

		4303716517		N Boundary Butte 43-28		Shell Oil Co.		San Juan		28, T.42S., R.22E.		37.11064		-109.50501		NAD83		Akah		Paradox		Pennsylvanian		2/13/56		1982		U.S. Bureau of Mines		4681		4957		0.58		14.70		0.10		14.90		60.90		0.00				824				Included in Boundary Butte field area. Sample depth matches DST #2 from a depth of 4681 to 4760 feet in the upper Paradox. "Inflammable gas" flow rate of 30 Mcfd, slightly oil cut water.

		4301510825		Federal Mounds 1		Pan American Petroleum Corp.		Emery		11, T.16S., R.11E.		39.44641		-110.66243		NAD83		Wildcat		Deseret		Mississippian		2/8/65		1982		U.S. Bureau of Mines		8520		5363		0.55		73.00		0.40		24.20		1.60		0.00		0.2		18				Included in Grassy Trail field area. Multiple spot samples taken in February 1965 (He range 0.52-0.55%). Well file notes indicate four DSTs ran while drilling. Hand written notes indicate the Mississippian section recorded 73% N2, 25% CO2, 1.5% H2S, and 1.0% He.

		4303731351		Lisbon B-614-A		Paradox Upstream, LLC		San Juan		14, T.30S., R.24E.		38.18108		-109.25743		NAD83		Lisbon		McCracken		Devonian		3/18/97		1998		U.S. Bureau of Mines		8932		6849		0.54		10.25		0.02		0.19		69.96		0.00		0		1147				Analyses of natural gases 1996-1997, BLM. Currently a shut-in oil well.

		4303720719		White Mesa 1		Shell Oil Co.		San Juan		6, T.43S., R.24E.		37.084412		-109.331192		NAD83		Wildcat		Paradox		Pennsylvanian		5/25/55		1982		U.S. Bureau of Mines		6065		5508		0.53		4.00		0.00		0.40		78.90		0.30				1173				Included in Boundary Butte field area. DST from the Paradox at a depth of 6070 to 6265 feet recorded "strong blow sour gas." Initial flow of "sour green oil" recorded at 80 bopd.

		4301915100		Capansky-Phillips Fee 8-1		Rockies Standard Oil Company		Grand		8, T.20S., R.24E.		39.08773		-109.29316		NAD83		Agate		Morrison		Jurassic		2/22/65		1982		U.S. Bureau of Mines		1670		4647		0.50		8.40		Trace		Trace		88.70		0.00		0		958				Included in Greater Cisco field area. Well file indicates gas sample sourced from the Buckhorn member of Morrison. Currently a shut-in natural gas well.

		4301915484		USA-W A Peterson A-1		Tennessee Gas Transmission Co.		Grand		8, T.17S., R.26E.		39.34839		-109.05834		NAD83		Bar X		Morrison		Jurassic		1/1/58		1982		U.S. Bureau of Mines		3611		5281		0.50		9.90		0.10		0.30		83.50		0.00		Trace		980				Included in San Arroyo field area. Well file indicates gas sample sourced from Salt Wash member of Morrison. Salt Wash perforation interval recorded at a depth of 3611 to 3638 feet and tested ~1.5 MMcfd. 

		4303716249		NW Lisbon USA E-1 / Lisbon C-815		Pure Oil Co.		San Juan		15, T.30S., R.24E.		38.17466		-109.27035		NAD83		Lisbon		Leadville		Mississippian		5/6/61		1982		U.S. Bureau of Mines		8571		6182		0.50		13.50		0.10		27.50		43.10		0.00				786				Initial potential from the Leadville recorded 1044 bbls oil and ~2 MMcfd with a GOR of 1825/1. 

		4300915635		Clay Basin Unit 11 / RD Murphy 6-W		Mountain Fuel Supply Co.		Daggett		22, T.3N., R.24E.		40.9857		-109.19628		NAD83		Clay Basin		Weber		Penn.-Perm.		11/6/69		1982		U.S. Bureau of Mines		9355		6518		0.48		80.10		0.30		14.70		3.30		0.00		0		61				Clay Basin field used for seasonal gas storage. 20 DSTs recorded in well file. Salt waer, sour gas, and non-flammable gas recorded in multiple DSTs after a depth of 9000 feet. Gas sample sourced from DST #19 at total depth of 9355 feet in Weber. Plugged back to depth of 5825 feet in the lower Morrison.

		4301915889		San Arroyo 6		Sinclair Oil & Gas Co.		Grand		21, T.16S., R.25E.		39.4033		-109.15856		NAD83		San Arroyo		Entrada		Jurassic		11/8/61		1982		U.S. Bureau of Mines		6490		7588		0.46		17.10		0.10		23.90		51.40		0.00		0.3		721				Dual completion in Dakota and Entrada. Sample depth correlates with Entrada perforation recorded in well file at a depth of 6490 to 6510 feet. Initial potential measured for Entrada at 10.5 MMcfd.

		4303711050		E Boundary Butte 3		Shell Oil Co.		San Juan		25, T.43S., R.23E.		37.01546		-109.34338		NAD83		Wildcat		Paradox		Pennsylvanian		4/22/56		1982		U.S. Bureau of Mines		5041		5371		0.44		2.90		0.30		3.80		87.40		0.00				1023				Included in Boundary Butte field area. Seven DSTs recorded in well file. Gas sample depth matches DST #3 from the upper Paradox at a depth interval of 5041 to 5214 feet. DST notes 0.04% H2S and ~200 Mcfd

		4301915597		Lansdale 3		Lansdale, A		Grand		3, T.21S., R.23E.		39.00966		-109.35582		NAD83		Greater Cisco		Morrison		Jurassic		12/21/62		1982		U.S. Bureau of Mines		1332		4441		0.42		5.80		0.00		Trace		91.60		0.00		Trace		972				Gas sample correlates with recorded Morrison perforation interval at a depth from 1332 to 1342. Well file documents notes on the economic viability of Harley Dome and West Bitter Creek helium project.

		4303715864		Bluff 3		Shell Oil Co.		San Juan		4, T.40S., R.23E.		37.34382		-109.40085		NAD83		Bluff		Leadville		Mississippian		7/14/56		1963		U.S. Bureau of Mines		6914		4766		0.42		11.30		0.10		85.70		1.30		0.00		Trace		45		0.4/1953/Leadville		Sample from lower dolomite section of Leadville. Pervasive oil staining throughout Mississippian - see well file. 0.4% He sample from a deeper depth at 6940 feet.

		4301916029		A. W. Cullen Govt 1		Running Foxes Petroleum, Inc		Grand		15, T.20S., R.23E.		39.07288		-109.35163		NAD83		Cisco Springs		Morrison		Jurassic		4/14/58		1963		U.S. Bureau of Mines		1565		4753		0.40		4.70		0.00		888.88		90.30		0.00		0.2		1009				Included in Greater Cisco field area. Currently a shut-in natural gas well.

		4303711277		USA B 1		Texas Pacific Coal & Oil		San Juan		9, T.35S., R.25E.		37.75065		-109.17399		NAD83		Wildcat		Leadville		Mississippian		4/18/63		1982		U.S. Bureau of Mines		7034		6544		0.40		4.90		0.10		88.60		5.20		0.00				73				Three DSTs recorded in the well file from a combined depth interval between 7034 and 7730 feet in the Mississippian section.

		4303715123		Lisbon B-615		Paradox Upstream, LLC		San Juan		15, T.30S., R.24E.		38.183022		-109.277847		NAD83		Lisbon		Leadville		Mississippian		2/8/61		1982		U.S. Bureau of Mines		8098		6307		0.40		9.80		0.10		26.30		33.50		0.30				1153		0.3/1961/Ouray --> depth 8605 feet		Well file reports eleven DSTs ran from a depth of 8129 to 8626 feet. 0.3% He gas sample taken at a depth of 8605 feet in Devonian section. Acid gas encountered in DST #6 at a depth interval between 8616 and 8626 feet near the top of Ouray. Currently a shut-in oil well.

		4303715769		Lisbon B-912		Paradox Upstream, LLC		San Juan		12, T.30S., R.24E.		38.1864319		-109.241631		NAD83		Lisbon		Leadville		Mississippian		10/27/60		1963		U.S. Bureau of Mines		8550		6368		0.40		7.60		0.00		29.00		37.80		0.00				997		0.4/1961/Leadville; 0.3/1960/Leadville		0.3% He tested in Leadville farther up section, depth 8434 feet. Currently a shut-in oil well.

		4303716241		Lisbon B-69		Elliott Production Co.		San Juan		9, T.30S., R.24E.		38.19714		-109.29554		NAD83		Lisbon		Leadville		Mississippian		2/8/61		1982		U.S. Bureau of Mines		8640		6294		0.40		9.30		0.10		31.90		31.10		0.30				1029		0.3/1961/Leadville		Cambrian penetrated at a depth of 9473 feet. Well plugged back to depth of 8878 feet and perforated between a depth of 8854 and 8876 feet in the Mississippian section. GOR of 2550/1 and initial potential of 306 Mcfd.

		4303716244		Belco St 4 (Lisbon B-816)		Paradox Upstream, LLC		San Juan		16, T.30S., R.24E.		38.176861		-109.296303		NAD83		Lisbon		Leadville		Mississippian		11/22/60		1982		U.S. Bureau of Mines		8548		6095		0.40		8.40		0.00		30.20		37.30		0.00				943				Belco St 4 well currently an active water disposal well.

		4303710533		Navajo-Gothic 2		Carter Oil Co.		San Juan		36, T.40S., R.21E.		37.26763		-109.5507		NAD83		Wildcat		Leadville		Mississippian		11/6/56		1982		U.S. Bureau of Mines		6706		4729		0.38		3.90		0.10		93.40		1.00		0.00				52				Thirteen DSTs documented in well file. Significant non-flammable gas documented in DSTs #10, #12, and #13 from a depth ranging from 6654 to 6737 feet in the Mississippian section.

		4303731323		Lisbon C-910		Paradox Upstream, LLC		San Juan		10, T.30S., R.24E.		38.18701		-109.2706		NAD83		Lisbon		McCracken		Devonian		3/18/97		1997		U.S. Bureau of Mines		8384		6223		0.36		8.08		0.00		5.71		52.71		0.00		0		1391				Analyses of natural gases 1996-1997, BLM. Currently a shut-in oil well.

		4301930335		Bar Creek 1		Beartooth Oil & Gas Co.		Grand		19, T.17S., R.26E.		39.31235		-109.07724		NAD83		Stateline		Morrison		Jurassic		8/1/02		2005		U.S. Bureau of Mines		2252		5070		0.35		5.00		0.02		0.35		85.97		0.00		0		1067				Included in San Arroyo field area. Sample from the Brushy Basin Member. Analyses of natural gases 2002-2004, BLM

		4303710530		Nav-Anido Creek 1		Carter Oil Co.		San Juan		33, T.43S., R.25E.		37.011959		-109.181023		NAD83		Wildcat		Paradox		Pennsylvanian		2/13/57		1982		U.S. Bureau of Mines		5956		5228		0.32		2.50		0.00		0.60		88.00		0.00				1111				Included in Boundary Butte field area. Gas analysis recorded in well file. 

		4301930412		Lansdale Govt 13-13		Arb Energy Utah LLC		Grand		13, T.17S., R.25E.		39.32449		-109.102898		NAD83		Stateline		Morrison		Jurassic		8/1/02		2005		U.S. Bureau of Mines		3332		5189		0.31		4.30		Trace		0.40		88.00		0.00		0		1047				Included in San Arroyo field area. Sample from the Brushy Basin Member. Analyses of natural gases 2002-2004, BLM. 

		4300750347		Wellington Flats 15-11-18E		Liberty Pioneer Energy Source		Carbon		18, T.15S., R.11E.		39.5224		-110.7378		NAD83		Wildcat		Moenkopi		Triassic		5/5/15		2017		Craddock		5735		5490		0.30		14.61		Trace		0.99		75.43		0.00		0						Analysis from Craddock and others, 2017. Horizontal well in Moenkopi

		4301710904		Escalante U 2		Phillips Petroleum Co.		Garfield		29, T.32S., R.3E.		37.98929		-111.5979		NAD83		Wildcat		Kaibab (Black Box)		Permian		7/19/61		1982		U.S. Bureau of Mines		2260		8371		0.30		5.50		0.10		93.10		0.40		0.00		0.2		16				Partial gas analysis in the well file reports indicate 89.4% CO2, 0.082% He at a depth of 1606 feet in the Moenkopi. A deeper Moenkopi test recorded 0.3% He at a depth of 2260 feet. Significant non-flammable gas throughout Permian-Triassic section.

		4301911002		Big Flat Unit 2		Pure Oil Co.		Grand		14, T.26S., R.19E.		38.543098		-109.78948		NAD83		Big Flat		Leadville		Mississippian		4/29/59		1963		U.S. Bureau of Mines		7768		6103		0.30		44.70		0.20		5.70		20.70		1.40		0.1		950				Well file reports "inflammable" gas with H2S odor from DST #5 at a depth between 7755 and 7810 feet in the Leadville. 

		4301915026		Bar X 7		American Climax Petroleum Co.		Grand		7, T.17S., R.26E.		39.34832001		-109.077477		NAD83		Bar X		Morrison		Jurassic		11/14/58		1963		U.S. Bureau of Mines		3345		5275		0.30		3.60		0.00		0.50		88.80		0.00		0		1049				Included in San Arroyo field area. Completion report records perforation interval between a depth of 3391 and 3411 feet in the Morrison.

		4303710340		Lisbon Valley 1-22C (B-622)		Elliott Production Co.		San Juan		9, T.30S., R.24E.		38.16925		-109.27687		NAD83		Lisbon		Leadville		Mississippian		2/8/61		1982		U.S. Bureau of Mines		8808		6118		0.30		6.70		0.00		31.30		36.10		0.00				1002				Completion report documents perforation interval at a depth of 8644 and 8661 feet in the Mississippian section.

		4303710430		Coal Bed Canyon U 2		Gulf Oil Corporation		San Juan		20, T.35S., R.26E.		37.72217		-109.08428		NAD83		Wildcat		Leadville		Mississippian		12/8/55		1982		U.S. Bureau of Mines		7500		6793		0.30		24.20		0.30		62.30		7.40		0.00				104				Well file notes significant CO2 gas from a depth of 7483 to 7558 feet.
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