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Implications of Thrust and Detachment
Faulting for the Structural Geology of
the Thermo Hot Springs KGRA, Utah

by Warren Anderson and Ronald L. Bruhn

ABSTRACT

This report presents data and conclusions concerning the role
of low-angle faulting in the formation of the Thermo Hot
Springs Known Geothermal Resource Area (KGRA) and the
effects that such faulting may have on fluid flow and produc-
tion. The conclusions are that the KGRA is formed by a low-
angle normal or “detachment fault” that juxtaposes Mesozoic
and upper Paleozoic sedimentary rock in the upper plate over
underlying metamorphic rock and granite. The Mesozoic sec-
tion is in turn overlain by a sequence of Tertiary to Quaternary
volcanic and sedimentary deposits. High-angle normal faults
offset the sedimentary and volcanic section, and in some, if
not all, cases penetrate and offset the low-angle detachment
fault. The high-angle normal faulting has two primary trends:
one is the northern trend of classical Basin and Range fault-
ing, and the other is a roughly east-west trending set of nor-
mal faults. These faults may hydraulically compartmentalize
the reservoir but also provide pathways for fluids to ascend
upwards from beneath the detachment fault. We find no evi-
dence for duplication of the Paleozoic or Mesozoic section by
either low-angle or ramp-style thrust faulting in the KGRA.

The implications of the low-angle normal or “detachment”
fault structure are significant: (1) The Thermo Hot Springs
KGRA has striking similarities to the structures and stratig-
raphy that are exposed in the southern Mineral Mountains,
which provide an excellent outcrop analog for studying the
nature of the structures and fluid conduits that presumably
occur at depth in the KGRA. There is good reason to sus-
pect that the Cave Canyon detachment fault exposed in the
southern Mineral Mountains is the same or similar struc-
ture as the detachment fault within the Thermo Hot Springs
KGRA. The similarities include lower fault plate granitic and
metamorphic rocks, hydrothermally altered cataclasite within
the detachment fault zone, essentially an identical stratig-
raphy within the upper plate of the detachment fault, and a
mosaic of north and east trending high-angle normal faults,
some of which penetrate and offset the detachment fault. (2)
The low-angle detachment fault model for KGRA structure
has regional implications for geothermal prospecting in the
Basin and Range terrain of southwestern Utah. This region is
underlain by several known or suspected detachment normal
faults of middle to late Tertiary age, which may act to laterally
channel hot fluids at depth over large areas with little surface
expression except where the low-angle faults are breached by

younger faulting. That is, “blind” geothermal reservoirs may
well occur at depth with few if any surface manifestations
such as springs or tufa mounds. We suspect that thrust faults
of Mesozoic age may also play a similar role to the Tertiary
detachment faults in channeling fluids laterally in the Basin
and Range region of southwestern Utah, but this is apparently
not the case in the Thermo Hot Springs KGRA.

RESEARCH PROBLEM

This research project is an initial investigation into the role
that low-angle faulting may play in the structure and perme-
ability of geothermal reservoirs within the Sevier geothermal
anomaly of southwestern Utah. The work uses the Thermo
Hot Springs KGRA as a case study (figure 1), but also has
broader implications for exploration and development where
stratigraphic sections were duplicated during Mesozoic
thrusting, or alternatively, juxtaposed by subsequent exten-
sional detachment faults. If low-angle faults, either Meso-
zoic thrust or alternatively, Cenozoic extensional detachment
faults, control the structure and permeability of geothermal
reservoirs the fluid volume and extractable energy of south-
western Utah geothermal systems may be significantly larger
than usually thought. The presence of large bodies of hot
fluid trapped beneath and/or channeled along low-angle fault
planes may also enhance consideration of “high-risk” explo-
ration schemes, where exploratory drilling is undertaken at
sites without significant surface manifestation of upwelling
fluid along high-angle faults.

The research consists of: (1) inspection of drill cuttings,
thermal logs, and one available extended range micro-image
(XRMI) scanner log for evidence of faulting at roughly simi-
lar stratigraphic position in the KGRA, and (2) inspection of
stratigraphic sections and structures in analog outcrops from
the central and southern Mineral Mountains for comparison
with the lithology, deformation and alteration of drill hole
samples and logging data. We compare our results with those
of previous studies, and comment on further efforts to explore
for “blind” geothermal resources. Our primary focus in this
report is determining the stratigraphy and evidence for or
against low-angle thrust and/or detachment faulting.
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Figure 1. Satellite image of southwestern Utah showing the locations of the Thermo Hot Springs KGRA and southern Mineral Mountains
study areas. Note that locations of maps shown in figures 2 and 6 are indicated by labeled rectangles.

RESEARCH METHODS AND PROCEDURES and Geoscience Institute (EGI) at the University
of Utah. Dr. Moore shared his knowledge of the
The research involved work in the laboratory and in the field. Thermo Hot Springs KGRA, made available chip

samples and thin sections, and provided copies of
unpublished reports by Moore and others (2009)
and Nash and Jones (2010) after obtaining per-
mission from Raser Technologies, Inc. Mr. Clay
Jones of EGI provided copies of geologic cross
rain. We sought and received considerable advice sections and information on well bore localities in
and help from Dr. Joseph Moore at the Energy the KGRA.

*  We completed a review of pertinent publications
and reports concerning the Thermo Hot Springs
KGRA and the geology of the surrounding ter-



Base maps for field mapping and analysis of the
geomorphology were constructed using high-reso-
lution digital aerial photographs and digital eleva-
tion models obtained from the online Utah Geo-
graphic Information System Portal. These data
were used for mapping stratigraphy and structure
in the southern Mineral Mountains, and for creat-
ing shaded relief images of the earth’s surface that
were inspected for evidence of faulting.

Work in the field included approximately three
weeks of effort. Bruhn and Anderson visited the
site of the KGRA and the southern Mineral Moun-
tains to become familiar with the geology, to col-
lect rock samples of selected geologic formations
and various metamorphic and igneous rocks, and
to plan a field mapping campaign. Subsequently,
Anderson and a field assistant spent approximate-
ly one week documenting and mapping geologic
features in the southern Mineral Mountains as
potential analogs to those in the subsurface of the
KGRA. Additional rock samples were also col-
lected and several panoramic images of cliff faces
were obtained to facilitate mapping faults and
joints at outcrop scale.

Thirty-two rock samples of known age and map
formation were collected from outcrops in the
southern Mineral Mountains. Parts of these sam-
ples were crushed and mounted on chip sample
boards. The analog sample boards were used to
compare and correlate rocks of known age and
type with board-mounted chip samples from well
17-34 in the KGRA.

Petrographic thin sections were also prepared
from the crushed outcrop samples and studied to
determine the mineralogy. This work allowed us
to directly compare the petrography of mapped
rock units from the southern Mineral Mountains
to thin sections of chip samples from the KGRA.
About 70 thin sections from well 17-34 were stud-
ied in addition to the 32 thin sections of outcrop
samples.

Thin sections from the KGRA were inspected for
fragments of fossils to constrain the age of the
strata that were penetrated in the subsurface. This
proved effective for assigning some samples to
specific formations of upper Paleozoic and Meso-
Zoic strata.

An Analytical Spectral Device (ASD) spectrom-
eter was used to collect the spectral properties

of the chip samples from both the outcrop chip
sample boards and from the KGRA borehole chip
sample boards. Bruhn wrote a computer program
that implemented the Spectral Angle Mapper
(SAM) algorithm for rock and mineral discrimi-
nation. Spectra obtained from the outcrop chip
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samples were compiled as a library of known rock
units. Spectra obtained from borehole chip sam-
ples were then compared to the sample library us-
ing the SAM discrimination algorithm to facilitate
correlation of rock types between the subsurface
of the KGRA and the library samples of known
rock type and formation or unit.

» A formation XRMI-scanner log from the lower
part of well 17-34 was reviewed and the structural
data plotted to reveal the distribution of structures
within the KGRA reservoir, including fracturing
and various dip domains of bedding and foliation.

*  The field and laboratory data and analysis noted
above were integrated with other published data
on the geology and geophysics of the Thermo Hot
Springs KGRA to evaluate the stratigraphy and
structure of the geothermal system. In particular
we tested and rejected the model where remnant
thrust faults are present, and adopted an alterna-
tive model based on the presence of a low-angle
normal “detachment fault” that may be part of
the Cave Canyon detachment fault system in the
southern Mineral Mountains.

GEOLOGICAL BACKGROUND

The Sevier geothermal anomaly of southwestern Utah encom-
passes a broad region of enhanced heat flow with seven known
high-temperature geothermal resource areas or “KGRA” (Ma-
bey and Budding, 1987, 1994). The anomaly also encompass-
es the transition between the Colorado Plateau and the eastern
Basin and Range Province, where the Paleozoic miogeocline
was collapsed eastward by thrust faulting during the Creta-
ceous to early Tertiary Sevier orogeny, which also partially
overlapped in space and time with the Laramide deformation
in the Colorado Plateau and Rocky Mountains (Cowan and
Bruhn, 1992). The subsequent history included widespread ig-
neous activity, and extension that initiated during mid-Tertiary
time and continues to the present. Thrust faults are exposed
throughout mountain blocks of the region, but there are also
both low-angle and high-angle normal faults that occur within
the mountain blocks and beneath valleys. The origin of the
low-angle normal fault surfaces remains controversial, with
some geologists arguing that low-angle normal faults formed
in their present orientation, or possibly by reactivation of
thrust fault surfaces, while others cite evidence for subsequent
rotation of high-angle normal faults to gentle dip by isostatic
flexure during unloading of the footwall, and/or rotation of
originally high-angle faults in a “collapsing domino” style of
deformation. Regardless of the process, the structural geology
of southwestern Utah contains both low-angle thrust and nor-
mal faults of large areal extent, many of which are cut and
offset by younger high-angle normal faults.

The presence of low-angle faults within geothermal reservoir



rocks of Paleozoic age is suspected at the Cove Fort—Sulphur-
dale KGRA (Huttrer, 1994; Ross and Moore, 1994; J. Moore,
personal communication, 2010), at Thermo Hot Springs KGRA
(figure 1; J. Moore, personal communications, 2010), and is
likely at Fumarole Butte—-Abraham Hot Springs KGRA based
on geophysical data and regional structural setting (e.g. figure
6 of Mabey and Budding, 1994). Low-angle normal faults also
occur within the Roosevelt Hot Springs KGRA (Bruhn and
others, 1982), and may reflect footwall deformation caused
by flexural uplift and back-rotation in the footwall of the ex-
tensive Cave Canyon detachment fault that is exposed in the
southern part of the Mineral Mountains (Coleman and others,
1997; Anders and others, 2001). Both outcrop and subsurface
data (Smith and Bruhn, 1984; Nielson and others, 1986) sug-
gest that the Cave Canyon fault system projects southwest-
ward towards the Thermo Hot Springs KGRA. On the other
hand, Paleozoic rocks are clearly thrust over Mesozoic strata
along the Blue Mountain fault to the west of the KGRA, which
suggests that carbonate and sandstone strata within the KGRA
may be duplicated by relict thrust faults as inferred by Nash
and Jones (2010).

An evaluation of low-angle faulting within the Thermo Hot
Springs KGRA is the primary focus of this research project.
Surface manifestation of the KGRA is a series of hot spring
mounds formed by siliceous sinter and eolian sand and silt lo-
cated along NNE-trending faults in the Escalante Desert floor
(figure 2; Mabey and Budding, 1987, 1994). The KGRA is lo-
cated in the complex volcanic terrain of the Blue Ribbon plu-
tonic lineament, an E-W trending belt of extensive mid-Tertia-
ry volcanism and faulting that was subsequently disrupted by
younger normal faulting and eruption of basaltic lavas (Rowley
and others, 1978). Gravity and magnetic data suggest that the
KGRA is bounded by both N-S and E-W trending normal faults
that dip steeply and presumably offset earlier structures related
to thrust faulting and/or mid-Tertiary extension (Sawyer, 1977).
Drill-hole data from a Republic Geothermal well located south-
west of the Hot Spring Mounds penetrated 1148 ft of alluvium,
followed by 2000 ft of volcanic rocks, 1772 ft of sedimen-
tary and metamorphic rocks, and bottomed in granite at 7283
ft with a maximum temperature of 345° F at 6562 ft (Mabey
and Budding, 1994). This stratigraphy is similar to that found
in Raser Technologies wells surrounding their Hatch geother-
mal plant, where a thrust fault is interpreted to duplicate the
carbonate-sandstone section of the reservoir (Nash and Jones,
2010). Metamorphic rocks are sandwiched between the base
of the sedimentary section and underlying granite. The sedi-
mentary rocks are presumably Paleozoic or early Mesozoic age
based on a comparison of well chip samples with stratigraphic
descriptions from outcrops in the surrounding mountains. The
metamorphic rocks, some of which are marked “skarn” may
be contact metamorphic products of the underlying intrusion
(Nash and Jones, 2010), but a similar stratigraphy and deformed
metamorphic sequence is present along the Cave Canyon de-
tachment fault at the southern end of the Mineral Mountains
(Nielson and others, 1986; Coleman and others, 1997).

Utah Geological Survey

The thickness of the Three Creeks Tuff Member of the Bullion
Canyon Volcanics in boreholes at the KGRA is much greater
than in adjacent areas (J. Moore and J. Bartley, personal com-
munication, 2010). The unusually thick volcanic section is
interpreted without benefit of down-hole dip meter data, and
tectonic rotation to high dip angle during normal faulting may
explain the unusual thickness.

STRATIGRAPHY AND STRUCTURE OF
RASERTECH WELL 17-34

Overview of Subsurface Work

RaserTech Well 17-34 (figure 2) was chosen for detailed study
because a formation XRMI-scanner log is available for analysis
of rock structure in the lower part of the borehole. This log pro-
vided structural measurements where the borehole penetrated
the sequence passing from sedimentary strata into subjacent
metamorphic and granitic rock (Nash and Jones, 2010). This
geologic section is very similar to that associated with the Cave
Canyon detachment fault in the southern Mineral Mountains
(Nielson and others, 1986). Although some other wells in the
Thermo Hot Springs KGRA penetrate metamorphic and gra-
nitic rocks at depth, none of them have a formation XRMI-
scanner log.

The following work was completed on samples and logs from
well 17-34: (1) visual inspection, petrographic analysis and
mineral spectra analysis of chip samples mounted on boards,
(2) inspection of petrographic thin sections of wellbore chip
samples for fragments of fossils to constrain the age of the
limestone units encountered in the borehole, and (3) structural
analysis of fractures, faults and compositional layering in the
lower part of the borehole where the XRMI-scanner log was
collected.

Depths cited in borehole 17-34 are measured along the length
of the borehole with the Kelly bushing as datum. The borehole
is vertical to a measured depth of about 2200 ft, below which
the hole deviates on average 17.7° from vertical to the Total
Depth (T.D.) at 9300 ft. The vertical depth at T.D. when cor-
rected for borehole deviation from vertical is roughly 8700 ft.

Stratigraphy

The stratigraphic section in figure 3 presents our interpretation
of the rock units penetrated in well 17-34 based on the petrog-
raphy, composition, and fossil fragment content of the chip
samples obtained during drilling. This stratigraphy is similar to
that reported by Nash and Jones (2010) from several wells in
the KGRA including well 17-34, but there are significant differ-
ences in the assignment of units to various formations, and in
the interpretation of the structural geology. The most important
conclusions of our study of the stratigraphy are listed below:
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Generalized Geologic map of the Thermo Hot Springs KGRA

Modified from Rowley (1975)
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show relative movement on cross sections.

Figure 2A. Geological map of the Thermo Hot Springs KGRA with locations of geothermal wells. The map units are described in the map
legend (figure 2B).
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Geologic Units of the
Thermo Hot Springs KGRA

Modified from Rowley (1975)

ALLUVIUM (HOLOCENE AND PLEISTOCENE)-Sand and less abundant pebble gravel deposited in intermittent
stream channels, on bordering flood plains, and in fans of major drainages. Contact transitional with deposits
of Escalante Arm of Lake Bonneville (Qe) in some places. As much as 10 m thick.

FAN AND PEDIMENT DEPOSITS (HOLOCENE AND PLEISTOCENE)-Silt, sand, and minor pebble gravel from local
sources deposited in alluvial fans and on pediments. Includes minor colluvium. Locally more than 30 m thick.
Contacts approximately located.

HOT SPRING DEPOSITS OF THE THERMO AREA (HOLOCENE AND PLEISTOCENE)-Hot spring deposits of two
echelon mounds nearly 10 m high (sec. 21 and 28, T. 30 5., R. 12 W,) that overlie north-striking fractures,
probably faults (Petersen, 1973). The main rock type is resistant bulbous and cavernous growths of tan and
pale-green bedded opal (siliceous sinter), containing clasts of windblown quartz sand and silt Travertine also
has been reported (Mundorff, 1970), and eolian sand occurs on the tops and flanks of the mounds. About 20
small hot springs, containing water with recorded surface temperatures as high as 90"C. and with an
estimated average reservoir subsurface temperature of 200"C. (Howell, 1875; Renner and others, 1976), issue
from the tops and eastern sides of the mounds along the main controlling faults. The water is high in
hydrogen sulfide and dissolved silica (Lee, 1908). The avenues of escape for the water, and perhaps the water
reservoir itself, appear to have formed from the intersection, at about 90" from each other, of north-and
northeast-striking faults with nearly east-striking faults; east-striking faults occur east of the springs (Rowley
and Lipman, 1975).

DEPOSITS OF ESCALANTE ARM OF LAKE BONNEVILLE (Pleistocene)-Includes clay, silt, sand, and pebble gravel
deposited in, and on shorelines of, a Pleistocene lake (Escalante arm of Lake Bonneville). Includes fluvial
deposits from streams that emptied into the lake. Much of the unit, however, consists of fluvial deposits
formed during terminal drying up of the lake and draining of its water northward to lower parts of the Lake
Bonneville topographic basin. Thus most contacts may represent a north-draining channel. Only the most
prominent contact is shown; generally, it represents the youngest and lowest shoreline or outlet channel,
and has an elevation of 1,530-1,540 m, sloping northward. Locally includes Holocene alluvium. Contact with
alluvium (Qa) and fan and pediment deposits (Of) locally transitional (Lee, 1908).

BASALT LAVA FLOWS (PLEISTOCENE?, PLIOCENE, AND MIOCENE)-Resistant black to medium-gray, commonly
vesicular or amygdaloidal lava flows of basalt. Basalt generally contains spots of antigorite(?), an alteration
product of olivine. This unit also includes scoria and a 3 m thick white tuff that underlies basalt in sec. 16 and
20,T.315,, R. 12 W. Some flows overlie and resemble rocks of the mafic member of the Horse Valley
Formation (Thm); in these places, age and genesis of parts of the two mapped units may be closely similar. As
much as 15 m thick

RHYOLITE OF THERMO HOT SPRINGS AREA (MIOCENE)-Light-gray or black resistant flow-foliated, locally
spherulitic crystal-poor dome and (o) lava flows of alkalic rhyolite that contain sanidine, quartz, and
plagioclase, and traces of biotite, opaque minerals, and hornblende. Mostly devitrified except for a 2 m thick
obsidian layer in the southwestern part of the exposure. Has a K-Ar age of 10.3 m.y., and is part of an
east-trending alignment of small plugs, domes, and lava flows of alkalic rhyolite (Rowley and others, 1978)

HORSE VALLEY FORMATION (MIOCENE) - Gray or pink, or less commonly white, red, tan, black, purple, brown,
soft to resistant, rhyodacite to dacitic lava flows, volcanic mudflow breccia, plugs, and minor ash-flow tuff.
Erupted from numerous clustered central vents, most of which are in the quadrangle. Unit is generally poorly
exposed, especially where composed of volcanic mudflow breccia, which weathers to boulder-strewn slopes.
Where well exposed, volcanic mudflow breccia consists of angular pebble-to bolder-sized clasts of Horse
Valley Formation lithology contained in a mostly light-gray or tan muddy matrix, and unsupported by direct
contact with each other. Lava flows and plugs are generally flow-foliated. Most of the unit represents vent
facies rock, using the terminology of Parsons (1965, 1969) and Smedes and Prostka (1973).

Mafic member of the Horse Valley Formation - Soft to resistant mostly black dacitic to andesitic{?) volcanic
mudflow breccia and subordinate lava flows. Volcanic mudflow breccia consists of angular pebble-to
boulder-sized clasts contained in a light-to medium-gray, tan, or pink muddy matrix and unsupported by
direct contact with each other; breccia weathers to boulder-strewn slopes. Clasts in the breccia and lava
flows generally are black, red (devitrified rock), or dark-gray and consist of 15-30 percent plagioclase, 2-11
percent pyroxene, 1-3.5 percent opaque minerals, and, in some specimens, small amounts (generally 1
percent or less) of hornblende set in a glass matrix that contains sparse plagioclase microlites.

Figure 2B. Description of geologic units of the Thermo Hot Springs KGRA.

The presence of the Carmel Formation below the
Tertiary volcanic sequence and above the Navajo
Sandstone. Identification of this formation is con-
firmed by fossil fragments that form a diagnostic
Middle Jurassic assemblage based on outcrop stud-
ies in Utah by Charette (1998) and De Gilbert and
Ekdale (1999).

Confirmation that the limestone and sandstone
strata between the base of the Lower to Middle
Triassic Moenkopi Formation and the top of the
metamorphic sequence are upper Paleozoic in age.
This age assignment is based upon fossil frag-
ments that include spines from upper Paleozoic
brachiopods and abundant crinoid fragments. The
fossil assemblage is similar to those described
from outcrops of upper Paleozoic rocks elsewhere
in Utah (Cheevers and Rawson, 1979; Schubert
and Bottjer, 1995). The uppermost limestone unit
is the Lower Permian Kaibab Formation. The
stratigraphic section then appears to follow a nor-
mal sequence with increasing depth that includes
the Queantoweap Sandstone (Lower Permian),
the Pakoon Dolomite—Callville Limestone (Lower
Permian to Pennsylvanian) and the Mississippian
Redwall Limestone.

We find no compelling evidence for duplication
of the sedimentary section by thrust faulting. Our
conclusion of a largely intact stratigraphic section
is based on (1) comparison of the lithology and
mineralogy of the chip samples from the borehole
with samples we collected from the Mesozoic and
Paleozoic strata exposed in the southern Mineral

Mountains, and (2) no evidence of down-hole rep-
etition of fossil fragment assemblages that would
suggest duplication by thrust faulting.

4. We interpret a fault contact at the base of the
Redwall Limestone where remnants of contact
metamorphic “skarn”, and the underlying meta-
morphic and granite chip samples show evidence
of shearing and hydrothermal alteration with the
formation of chlorite, sericite, and epidote that
is typical of low-angle normal faults exposed in
the Mineral Mountains (figure 4; Bruhn and oth-
ers 1982; 1994), including the large-scale Cave
Canyon detachment fault mapped by Nielson and
others (1986).

Structural Interpretation (7660—8770 ft)

The formation XRMI-scanner log acquired in the lower part of
well 17-34 provides information on the dip and dip direction of
layering in the lower part of the Redwall Limestone, the meta-
morphic sequence, and underlying granite (figure 5). Figure 5
consists of several parts: (1) a dip-azimuth plot showing the dip
direction of compositional and structural layering in the rocks
between 7660 and 8623 ft, (2) several lower hemisphere stereo-
graphic projection (stereonet) plots showing poles to fractures
in the lower, middle and upper parts of the logged interval to-
gether with a cumulative fracture pole plot, and (3) a fracture
intensity plot as a function of depth, with the number of frac-
tures encountered per 10 ft of logged interval, computed using
a running average calculation. Each stereonet uses the Kamb
method to contour the expected point density distribution in 2%
class intervals in relation to the poles to fracture orientations
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Description of Formations
Modified from Rowley and others (2005)

Three Creeks Tuff Member
of the Bullion Canyon

Volcanics
(Oligocene)

Carmel Fm.
(Middle Jurassic)

| Navajo Sandstone

(Jurassic)

Kaibab Formation
(Lower Permian)

|| 7Queantoweap Sandstone?
| (Lower Permian)

Pakoon & Callville Limestone
(Lower Permian and Pennsylvanian)

Redwall Limestone
(Mississippian)

Metamorphic Gneiss

Hydrothermal alteration
and shearing

Granite Basement

Three Creeks Tuff Member (Oligocene) —Resistant,
light-gray and tan, moderately welded, crystal-rich,
dacitic ash-flow tuff (Steven and others, 1979); derived
from the Three Creeks caldera in the south Pahvant
Range (Steven, 1981), whose location was likely
controlled by the Cove Fort transverse zone (Rowley,
1998); K-Ar age is 27 Ma; the most voluminous ash-flow
tuff in the Marysvale volcanic field and formerly was
included within the Needles Range Group; maximum
thickness about 700 ft.

Carmel Formation (Middle Jurassic)—Soft to resistant,
light-gray, reddish-brown, and tan thin-bedded
limestone and shale underlain by resistant, light-gray,
thin- to medium-bedded, locally fossiliferous limestone
(Earll, 1957); exposed in the Mineral Mountains;
maximum thickness about 600 ft.

Navajo Sandstone (Jurassic)—Resistant, red, yellow,
and gray, locally spectacularly cross bedded, fine- to
medium-grained, eolian sandstone (Earll, 1957; Price,
1998); exposed northeast of Minersville and in the central
Tushar Mountains; maximum exposed thickness about
1500 ft northeast of Minersville

Moenkopi Formation (Middle(?) and Lower
Triassic)—Soft and locally resistant, red, brown, pink,
light- and dark-gray, and greenish-gray, marine and
continental, thin-bedded siltstone, shale, and subordi-
nate locally fossiliferous limestone (Earll, 1957; Price,
1998); exposed east and northeast of Minersville and in
the central Tushar Mountains; thickness about 1300 -
1700 ft.

Kaibab Formation (Lower Permian) - Resistant, light- to
dark-gray, medium-grained, thin- to thick-bedded,
fossiliferous marine limestone characterized by cliffs and
ledges and by abundant dark-brown chert concretions
and beds (Earll, 1957; J.E. Welsh and B.R. Wardlaw,
unpublished data, 1978; Corbett, 1984; Price, 1998);
maximum thickness about 550 ft.

Q p Sandst (Lower Permian) - Resistant,
tan and pink, thin-bedded, ledgy, fine-grained sandstone
and quartzite (J.E. Welsh and B.R. Wardlaw, unpublished
data, 1978); maximum thickness about 500 ft.

Pakoon and Calville Limestone, undivided (Lower
Permian and Pennsylvanian)- Predominantly bluish-
gray to gray, fine- to medium-grained, thin-bedded to
massive, commonly cherty, moderately fossiliferous
limestone and dolomite. Upper one-third or so of this
unit is commonly dolomitic and includes a few
sandstone or quartzite beds; it contains fossils of Permian
age and is believed to represent the Pakoon Limestone of
McNair (1951). Lower two-thrids consists mostly of
limestone and dolomite typical of Callville Limestone,
some beds of which have yielded conodonts of Pennsyl-
vanian age (Wardlaw, 1980). It also contains moderate
amount of interbedded tan to brown, fine- to coarse-
grained quartzite and sandstone, resembling parts of
Oquirrh Group of generally equivalent age farther north
in Utah. Total thickness of the map unit increases
northeastward from about 1000 ft in Wah Wah Moun-
tains to about 4900 ft in Pahvant Range.

Redwall Limestone (Upper and Lower
Mississippian)—Resistant, light-gray to black, medium-
grained, thick-bedded, highly fossiliferous, rarely cherty,
spar-rich, marine limestone and, in the lower part,
dolomite (J.E. Welsh and B.R. Wardlaw, unpublished data,
1978); forms massive cliffs; mapped in the northwest part
of the map area; thickness about 1250 ft.

Figure 3. Stratigraphic column of well 17-34 based upon comparing rock fragments and mineralogy in thin sections from samples in well
17-34 with thin sections of rocks exposed in the Mineral Mountains, Utah. Rocks exposed in the Mineral Mountains include Tertiary volcanic
and sedimentary rock, Mesozoic and Paleozoic strata, together with metamorphic rock, granite and fault-related cataclasite. Images of
representative thin sections from the well and equivalent rocks in outcrop are displayed to the right of the stratigraphic column. Much of the
rock unit description in the right hand column of text is from Rowley and others (2005) and references cited therein.




(Marshak and Mitra, 1988). The strike and dip of faults are
shown (green strike and dip symbols) and summarized in the
table at the upper right corner of the figure. Faults are fractures
having evidence for offset of layering in the scanner log, and
fractures are open cracks. The nature of the layering detected
by logging includes, presumably, compositional layering that
represents bedding in the lower part of the Redwall Limestone,
metamorphic foliation in the gneiss, and perhaps foliated cata-
clasite and/or moderate dipping joints and faults in the granite.

The dip direction of layering is between east and south-south-
east proceeding from the base of the logged interval towards
the top (figure 5). Dip angles average 40° to 50° throughout;
there is less variation in the angle of dip than in the direction of
dip. Proceeding down hole from right to left on the dip-azimuth
plot the section between 7660 and 8100 ft is in the lower part
of the Redwall Limestone where layering dips to the southeast
(light blue line in figure 5). The direction of dip rotates abruptly
to the south-southeast in the lowest part of the Redwall Lime-
stone and sheared “skarn” of unit 13 (figure 3), and then rotates
counter-clockwise to east-southeast to east in the lower gneiss
and granite.

Utah Geological Survey

There are only six faults identified in the logged interval (figure
5). The faults dip between 22° and 72°. Strike directions of five
of the faults vary from northeast to northwest, with one striking
east-west. The dip-directions are primarily between west and
southeast.

Open fractures are much more numerous than the faults, and
when considered as a single group they form a conjugate set
of moderately to steeply dipping surfaces that strike northward
(figure 5, cumulative fracture plot). The bimodal population of
fracture poles is present in the upper (light blue dip-azimuth
section) and lower (dark blue dip-azimuth section) parts of the
logged interval, but in the middle section where the dip azi-
muth is south-southeast the fracture pole distribution reflects a
somewhat different geometry. One set of fractures dips to the
west-northwest at moderate to steep angle, and another set dips
at low to moderate angle towards the south (figure 5, middle
stereonet). The fracture density plot contains several spikes
in the frequency of fractures, with several peaks labeled 1-6
and keyed to the dip-azimuth plot. The fracture intensity peaks
reach maxima of = 4.5 fractures/foot in the lower part of the
Redwall Limestone, metamorphic “skarn” and gneiss. The un-

Petrographic thin sections
of
cuttings from well 17-34.

Well 17-34 at 8,100":

10X
NS ‘,\'g"h

Well 17-34 at 8,100": A

A) Plane polarized light. B) Crossed nicols. Field of view is 3.12 mm.

SeF h'.

) Plane polarized light. B) Crossed nicols. Field of view is 1.56 mm.

Variable relief pyroxene altered from calcite. Brown, light green, and white faulted and sheared

limestone skarn.

Figure 4. Images of a petrographic thin section obtained from the sheared “skarn” deposit in the lower part of well 17-34. The sample shows
evidence of shearing and cataclasis that is presumably caused by low-angle or detachment faulting.
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labeled peak of 3.3 fractures/foot at 8715 ft is located in the
granite. These “raw” fracture intensity values must be corrected
to account for the angle of intersection between the well bore
and the average poles to the fracture sets when discussing as-
pects of permeability in the lower part of the reservoir.

The east to southeast dip azimuth of layering logged in the low-
er part of well 17-34 is apparently representative of the contacts
between the Redwall Limestone and underlying metamorphic
rocks and granite. Nash and Jones (2010) produced several
geological cross sections through the KGRA that include a west
to east line between wells 63-33 and 52-34, and a northwest to
southeast line between wells 29-57 and 24-24 (See figure 2 for
well locations). In both cross sections they show the contact be-
tween the lowermost limestone and the metamorphic rocks dip-
ping towards the east to southeast at 25°-30°. This range of dip
angle is about 10° less on average than in the XRMI-scanner
log, but the cross section angles are averaged over distances up
to 2 miles (3.2 km) while the XRMI-scanner log is a point-type
structural measurement.

The conjugate open fracture sets are reminiscent of joints and
small faults with minimal shearing offset that form in exten-
sional stress regimes. When viewed on the cumulative fracture
stereonet in figure 5, the conjugate fracture pattern suggests an
extensional stress field with the maximum principal compres-
sive stress (s1) oriented nearly vertical, and the least compres-
sive stress (s3) oriented roughly east-west. This stress field is
consistent with the regional direction of extension in the Basin
and Range Province, and the orientation of the generally north-
trending normal faults that are associated with the Thermo Hot
Springs KGRA (figure 2). The tendency for the fractures to be
“open” and detectable on the XRMI-scanner log may be related
to their orientation in the contemporary stress field, where the
moderate to steeply dipping fractures are critically, or nearly
critically, oriented for failure by shearing along the rough frac-
ture walls. Distortion of asperities (“bumps™) along fracture
walls opens void space and enhances fluid permeability (Brown
and Bruhn, 1996). We will return to this topic when discuss-
ing the permeability structure of the reservoir based upon the
analog outcrops that are exposed in the central and southern
Mineral Mountains.

MINERAL MOUNTAINS ARE AN ANALOG
TO THE KGRA RESERVOIR?

Stratigraphic and Structural Similarities

The stratigraphy and structure of the rocks in well 17-34 are
similar to those of rocks exposed in the central and southern
Mineral Mountains, which in our opinion provide a useful
analog to the Thermo Hot Springs geothermal reservoir. Strik-
ing similarities include: (1) Quaternary and Tertiary volcanic
and intercalated sedimentary rocks that overlie a sedimentary
section that extends from the Carmel Formation down into

the Redwall Limestone, (2) Tertiary granite intruded into Pre-
cambrian schist and gneiss, and into upper Paleozoic strata that
includes the Redwall Limestone, (3) low-angle normal fault-
ing within the granite and base of the Paleozoic rocks—this in-
cludes the large Cave Canyon detachment fault that has at least
several kilometers of top-to-west displacement, and is marked
by hydrothermally altered cataclasite and breccia, and (4) a mo-
saic of high-angle normal and oblique-slip faults that include
both north- and east-trending fault sets.

Detachment Faulting

The Cave Canyon detachment fault is the largest of several low-
angle normal faults exposed in the Mineral Mountains (Bruhn
and others, 1982; Nielson and others, 1986). The fault separates
Oligocene to Miocene granitic rocks of the Mineral Mountains
intrusive complex from overlying Paleozoic strata. The fault
zone contains cataclasite up to 656 ft thick. Hydrothermal al-
teration of the granitic cataclasite formed chlorite, epidote and
sericite, which suggest that faulting occurred at temperatures
of 302° to 572° F (Barnett and others, 1996), and during early
stages at depths near the transition from quasi-plastic to fric-
tional deformation in the fault zone according to Nielson and
others (1986).

The Cave Canyon fault is exposed because of uplift and ex-
humation of the central Mineral Mountains (Nielson and oth-
ers, 1986). Intrusive activity overlapped with movement on the
detachment fault circa 9 Ma, and was followed by uplift and
exhumation of the range. The detachment fault is truncated by
the Cherry Creek Fault (figure 6), which dips steeply towards
the south and contains a thick section of Tertiary through upper
Paleozoic rock in its hanging wall. Detachment faulting was
accompanied by the formation of north and east trending faults
that dissect the upper plate of the detachment fault, and may
merge into or abut against the detachment at depth. Eastward
tilting of these strata together with preservation of a mosaic of
north and east trending normal and oblique-slip faults (figure 7)
suggests that the detachment fault continued south of the Cher-
ry Creek Fault, and lies beneath the southern end of the Mineral
Mountains. We propose that this structure may also occur in the
Thermo Hot Springs KGRA, where juxtaposition of the Red-
wall Limestone against altered metamorphic rock and granite is
similar to the structural relationship observed where the Cave
Canyon detachment fault is exposed in the Mineral Mountains
(e.g. Bruhn and others, 1982; Nielson and others, 1986).

Permeability Structure of Analog Outcrops

The effects of faulting and jointing on permeability were docu-
mented at several localities in the Mineral Mountains where
rocks equivalent to those in the Thermo Hot Springs KGRA
reservoir are exposed in outcrop. Specific examples include lo-
calities where upper Paleozoic strata are faulted against granite
on low-angle normal (detachment) faults, where there is intense
jointing and brecciation of the Queantoweap Sandstone, and
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Figure 6A. Geologic map of the southern Mineral Mountains showing the formations and faults. Note the line of cross section A-A' which
is shown on figure 7. Sample sites markers indicate where outcrop samples were taken for petrographic and chip board analysis. See figure
1 for location of the map figure. The map is created by draping part of the 1° x 2° geologic map of Steven and others (1990) and part of the
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Description of Geologic Units

of

the Southern Mineral Mountains, Beaver County, Utah.

Modified from Steven and others (1990);

Rowley and others (2005)

Alluvium—Sand, gravel, silt, and clay in channels, floodplains, and adjacent low river terraces of
rivers and major streams; maximum thickness about 30 ft.

Young stream-terrace deposits—Sand and gravel that form dissected surfaces as much as 15 ft
above the level of adjacent modern streams; maximum thickness about 10 ft.

Qaf1 - Young alluvial-fan deposits—Poorly to moderately sorted silt, sand, and gravel deposited
by streams, sheetwash, debris flows, and flash floods on alluvial fans and on coalesced alluvial
fans and pediments (piedmont slopes); surface is modern and generally undissected; thickness
at least 30 ft.

Qaf2, Qaf3, Qaf4 - Middle alluvial-fan deposits—Poorly to moderately sorted silt, sand, and
gravel deposited by streams, sheetwash, debris flows, and flash floods on alluvial fans and on
coalesced alluvial fans and pediments (piedmont slopes); surface is moderately dissected by
modern streams; subscript denotes relative age, with Qaf2 youngest and Qaf 4 oldest (Machette
and others, 1984); thickness at least 50 ft.

Landslide deposits—Unsorted, mostly angular, unstratified rock debris moved by gravity from
nearby bedrock cliffs; maximum thickness about 100 ft.

Rhyolite of Mineral Mountains—High-silica rhyolite made up of three types of deposits erupted
from sources in the Mineral Mountains and derived from the vestiges of the same magma
chamber that resulted in the Mineral Mountains batholith; rhyolite largely deposited on the
eroded surface and canyons cut in that batholith; Volcanic dome—Resistant, mostly tan,
crystal-poor (sparsely porphyritic), perlite-mantled, flowfoliated, high-silica rhyolite lava flows,
flow breccia, and minor tuff that form volcanic domes by deposition around central vents; K-Ar
age about 0.6 to 0.5 Ma (e.g., Lipman and others, 1978; Sibbett and Nielson, 1980); maximum
thickness about 900 ft.

Tuff—Poorly consolidated, white, unwelded, pumice-rich, crystal-poor, high-silica rhyolite
ashflow and airfall tuff; best exposed in Ranch Canyon, where mined for pumice; overlain by Qrd
(Nash and Smith, 1977; Machette and others, 1984; Machette, 1985); K-Ar age about 0.8 to 0.6
Ma (Lipman and others, 1978); exposed thickness as much as 600 ft.

Sevier River For i Poorly to c tan and gray, tuffaceous sandstone
and subordinate siltstone, and ited in basins of different ages
(Pliocene to late Miocene) and origins; basins were formed by normal faults and subordinate
oblique and strike-slip faults related to the youngest basii ge extension that is i

for the present topography (Rowley and Dixon, 2001; Rowley and others, 2002); deposits
generally consist of fanglomerate near the present basin margins, piedmont slope deposits
farther toward the centers of the basins, and lacustrine deposits near the centers of the basins;
thickness of QTs at least 2000 ft.

Basalt lava flows—Resistant, dark-gray and black, locally vesicular or amygdaloidal, crystal-poor
(olivine and pyroxene phenocrysts) olivine basalt lava flows, flow breccia, and cinder cones;
synchronous with basin-range extension (Christiansen and Lipman, 1972; Rowley and Dixon,
2001); includes basalt southeast of Otter Creek Reservoir that has a K-Ar date of 5.0 Ma (Best and
others, 1980), that has a Kar date of 7.6 Ma, (Rowley and others,1981); maximum thickness of
lava flows about 200 ft.

Young rhyolite lava flows—Small, resistant, mostly gray, flow-banded, crystal-poor, high-silica
rhyolite volcanic domes and subordinate pyroclastic material, most of which help define an
easttrending structural belt known as the Blue Ribbon transverse zone (Rowley and others,
1978; Rowley, 1998); also includes a small dome in Corral Canyon, west of the Mineral
Mountains, that has a K-Ar date of 7.9 Ma (Lipman and others, 1978; see also Evans and Steven,
1982); in most other places the maximum thickness of the rhyolites is less than 200 ft.

Rhyolite porphyry—Resistant, mostly small, gray, tan, and pink, commonly hydrothermally
altered dikes, sills, plugs, a laccolith(?), and masses of other shapes of mostly crystal-poor
(phenocrysts of K-feldspar, quartz, plagioclase, and biotite); mostly high-silica rhyolite and
fine-grained (Sibbett and Nielson, 1980) that intrudes rocks as young as the main granitic
batholith of the Mineral Mountains (Tig) and has K-Ar dates of 9.1 and 9.6 Ma (Nielson and
others, 1986), a U-Pb zircon date of 11.0 Ma (Coleman and Walker, 1994), and an Ar/ Ar date of
11.5 Ma (Coleman and others, 2001); low-silica, altered, crystal-poor (phenocrysts of plagioclase
and minor sanidine, biotite, and hornblende) rhyolite dikes and plugs in the south Mineral
Mountains that have K-Ar dates of 22.5 and 22.3 Ma (Rowley and others, 1994) and may be
associated with the calc-alkaline Lincoln Stock (Ticl); as much as several hundred feet across and
more than a mile long.

Granitic intrusive rocks—Mostly resistant, mostly gray, high-alkali and mostly high-silica
(bimodal igneous episode that is synchronous with basin-range extension) granite and related
rocks; to the west, in the Mineral Mountains, includes the main mass of the Mineral Mountains
batholith, the largest exposed batholith in Utah, which is made up of individual stocks and
sheeted dike-like masses of fine- to c grained or porphyritic, I mostly granite
(classification of intrusive rocks from International Union of Geological Sciences) but locally
monzonite and syenite (Sibbett and Nielson, 1980; Nielson and others, 1978, 1986; Coleman,
1991; Meschter McDowell and others, 2004) Coleman and others (2001) interpreted on the basis
of U-Pb zircon and 40Ar/ 39Ar dates that the main granitic batholith in the Mineral 40 39
Mountains has an age of about 18 to 17 Ma.

Local volcanic rocks of the Lincoln Stock—Soft, mostly reddish-brown, hydrothermally altered,
dacitic to andesitic lava flows and volcanic mudflow breccia located just west of, and adjacent

to, Ticl; about 300 ft thick, but its base is not exposed; possibly vented products of the Lincoln

Stock.

Lincoln Stock—Resistant, light-gray, monz and iorite porphyry stock in the south
Mineral Mountains (Earll, 1957; Corbett, 1984; Price, 1998), resulting in contact metamorphic
lead-zinc-gold ore deposits of the Lincoln and Bradshaw mining districts; interpreted here to
represent a calc-alkaline phase of the Mineral Mountains batholith; has a K-Ar date of 21.9 Ma
(Bowers, 1978) and a preliminary U-Pb zircon date of about 23 Ma (Coleman and others, 1997,

[

Figure 6B. Description of geologic units of the southern Mineral Mountains.

Mount Dutton Formation—Vent facies—Volcanic mudflow breccia, flow breccia, and lava flows
interpreted to represent near-source eruptions (Anderson and Rowley, 1975); many of the
source stratovolcanoes are aligned east-west along the east-striking Blue Ribbon transverse
zone (Rowley and others, 1978, 1998; Rowley, 1998), which passes west from Kingston Canyon
along the break in slope between the Tushar Mountains and Markagunt Plateau, then along the
north side of the Black Mountains and on across the entire Great Basin.

Alluvial facies—Primarily volcanic mudflow breccia in which lithologies are more heteroge-
neous than in the vent facies, representing deposits interpreted to have traveled farther from
the source, down the flank of individual stratovolcanoes (Anderson and Rowley, 1975), passing
into conglomerate still farther from the source; the unit is by far the most voluminous
component of the formation.

Calc-alkaline intrusive rock—Moderately resistant, gray, tan, pink, and brown, crystal-rich
monzonite, low-silica granite, granodiorite, and monzodiorite; the calc-alkaline sources of Thc
and several other volcanic units, and the calc-alkaline early products of the Mineral Mountains
batholith; plutons of Tic, Tig, and other intrusive units represent cupolas of a large composite
batholith that underlies the east-trending Pioche-Marysvale igneous belt (Rowley, 1998),
including the central and north part of the Marysvale volcanic field, and extends westward
beyond the Nevada border, as indicated by geophysics (Steven and Morris, 1987; Rowley, 1998;
Campbell and others, 1999; Rowley and others, 2002) and geologic mapping (Steven and others,
1990); isotopic ages of Tic cluster at about 25 to 23 Ma (Steven and others, 1979; Cunningham
and others, 1984a; Nielson and others, 1978, 1986; Aleinikoff and others, 1986; Coleman and
others, 2001).

Carmel Formation—Soft to resistant, light-gray, reddish-brown, and tan thin-bedded limestone
and shale underlain by resistant, light-gray, thin- to medium-bedded, locally fossiliferous
limestone (Earll, 1957); exposed in the Mineral Mountains; maximum thickness about 600 ft.

Navajo Sandstone—Resistant, red, yellow, and gray, locally spectacularly cross bedded, fine- to
medium-grained, eolian sandstone (Earll, 1957; Price, 1998); exposed northeast of Minersville
and in the central Tushar Mountains; maximum exposed thickness about 1500 ft.

Moenkopi Formation—Soft and locally resistant, red, brown, pink, light- and dark-gray, and
greenish-gray, marine and continental, thin-bedded siltstone, shale, and subordinate locally
fossiliferous limestone (Earll, 1957; Price, 1998); exposed east and northeast of Minersville and in
the central Tushar Mountains; thickness about 1300 to 1700 ft.

Plympton, Kaibab, and Toroweap Formations, undivided

Kaibab and Toroweap Formations, undivided—Mapped only in the central Tushar Mountains,
where their combined thickness is 500 to 800 ft.

Toroweap Formation—Generally resistant, light- to dark-gray, black, and tan, fine-grained,
mostly thin-bedded, ledgy, locally cherty and fossiliferous, marine limestone and subordinate
sandstone (J.E. Welsh and B.R. Wardlaw, unpublished data, 1978; Corbett, 1984); mapped in the
northwest part of the map area, where the maximum thickness is about 300 ft.

Talisman Quartzite (Lower Permian), Pakoon Dolomite, and Callville Limestone, undivided-
Mapped only in the central Tushar Mountains, where their combined thickness is about 300 ft
although the base is not exposed.

Queantoweap Sandstone—Resistant, tan and pink, thin-bedded, ledgy, fine-grained sandstone
and quartzite (J.E. Welsh and B.R. Wardlaw, unpublished data, 1978); mapped in the northwest
part of the map area; maximum thickness about 500 ft.

Pakoon Dolomite—Alternating soft and resistant, light- to dark-gray and pink, ledgy and cliffy,
medium-grained, thick-bedded, locally chert-bearing, marine dolomite and subordinate to
minor sandstone (J.E. Welsh and B.R. Wardlaw, unpublished data, 1978; Corbett, 1984; Price,
1998); mapped in the northwest part of the map area; thickness about 800 ft.

Redwall Limestone—Resi: light-gray to black, medium-g d, thick-bedded, highly
fossiliferous, rarely cherty, spar-rich, marine limestone and, in the lower part, dolomite (J.E.
Welsh and B.R. Wardlaw, unpublished data, 1978); forms massive cliffs; mapped in the northwest
part of the map area; thickness about 1250 ft.

Crystal Pass Formation, Simonson Dolomite, and Sevy Dolomite, undivided—Mapped only in
the northwest part of the map area along the west fault scarp of the south Mineral Mountains.
Crystal Pass Formation—Mostly soft, light-gray, thin- to medium-bedded, interbedded marine
dolomite and sandstone (J.E. Welsh and B.R. Wardlaw, unpublished data, 1978); thickness about
160 ft. Simonson Dolomite—Resistant, light- to medium-gray, mostly thick-bedded, marine
dolomite (J.E. Welsh and B.R. Wardlaw, unpublished data, 1978); thickness at least 500 ft but no
complete section is exposed.

Sevy Dolomite—Mostly resistant, light-gray siltstone and cross-bedded sandstone at the top,
underlain by light-gray marine dolomite; thickness less than 100 ft but only the top of a
complexly faulted section in the Bradshaw mining district is exposed.

Banded gneiss—Resistant, light- to dark-gray biotite, quartz, K-feldspar, hornblende, and
plagioclase gneiss and local schist exposed along the west frontal fault of the Mineral
Mountains; as mapped, unit includes local dikes and apophyses of Tertiary intrusive rocks of the
Mineral Mountains batholith (Nielson and others, 1986); Rb-Sr and U-Pb dating shows that the
unit was last metamorphosed at about 1750 Ma (Aleinikoff and others, 1986).
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Figure 7. Geological cross section along line A-A' on the geological map in figure 6. The rocks are cut by numerous normal faults, most of

which dip to the west.

where east-trending normal faults cut the Kaibab Limestone.
Each locality provides field evidence concerning structural
controls on fluid permeability that may be of use when evaluat-
ing the reservoir and fluid migration pathways at Thermo Hot
Springs KGRA. The results presented here are preliminary dis-
cussions of work that is to be completed as part of W. Ander-
son’s M.S. thesis at the University of Utah.

Locality 1: Low-angle normal fault near Corral
Canyon

The low-angle normal fault near Corral Canyon on the western
flank of the Mineral Mountains provides insight into the struc-
ture and mineralogy of part of the detachment fault system (fig-
ure 8; Bruhn and others, 1982, 1994). The fault dips gently to
the west and contains a complex assemblage of variably altered
granite cataclasite (figure 8A). Upper Paleozoic limestone and

quartzite in the hanging wall are in fault contact and brecciated
along the upper part of the fault zone (Bruhn and others, 1982,
1994; Barnett and others, 1996). The granite beneath the cata-
clasite zone is intensely fractured with linear intensities of 4-5
factures/foot, similar to the fracture density recorded in well
17-34 (figure 5) when corrected for the direction of the bore-
hole with respect to the fracture surfaces. The fractures strike
approximately normal to the slip direction on the low-angle
fault zone, and dip steeply into the granite. Where exposed in
the wall of stream cuts the fractures are up to several tens of feet
long (figure 8B).

The cataclasite within the fault is comminuted and hydrother-
mally altered granite with abundant hydrothermal chlorite,
epidote, sericite and hematite (Bruhn and others, 1994; Barnett
and others, 1996). Stable isotope and geochemical analyses of
the cataclasite indicate that alteration occurred during a rela-

Figure 8. Photographs showing the low-angle detachment fault near Corral Canyon on the western flank of the Mineral Mountains. A. View
of the fault with granite in the footwall and Paleozoic strata in the hanging wall. B. View of the closely spaced fractures formed in the granite
Just below the detachment fault. Location is approximately 38.392 N, -112.872 W.
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FAULTED KAIBAB FORMATION AS ANALOG RESERVOIR STRUCTURE

Fault surface with gently
plunging grooves (strike-slip)

Closely-spaced fractures
adjacent to fault surface

Note that fracture spacing increases away from the fault surface. Also, bedding becomes visible dipping to right as fracture
spacing decreases. Fault surface may be relatively impermeable because of comminution of rock into small fragments and
secondary cemetation. Fluid permeablily adjacent to the fault surface may be large if closely spaced joints are oriented for

extension or shearing in the ambient stress field.

Figure 9. Fracturing and faulting of the Kaibab Formation that illustrates how high-angle faulting affects the rock. The fault is a grooved
surfaced surrounded by a thin layer of cataclasite. Intense fracturing is developed in the adjacent hanging and footwalls. Location is

38.246 N, -112.893 W.

tively short time span, and presumably sealed the cataclasite
by mineral alteration and precipitation. The implication is that
because of comminution of mineral grains the low-angle fault
zone sealed rapidly and became a barrier rather than conduit to
fluid flow once faulting ceased. This is a typical process in fault
zones, and suggests that low-angle faults may become barriers
to upward migration of fluids unless breached by younger and
more steeply dipping faults. On the other hand, intense frac-
turing of granite beneath the cataclasite will create substantial
fracture permeability and pathways for lateral migration of
fluid over large areas beneath detachment faults.

Locality 2: Faulting of Kaibab Formation and
Queantoweap Sandstone

A mesh-like mosaic of high-angle faults cuts the volcanic and

sedimentary rocks in the southern Mineral Mountains (figure
6). We studied faults and jointing in cliffs composed of Kai-
bab Formation and Queantoweap Sandstone at a canyon on
the western side of the range. Several faults are exposed in the
walls of the canyon, and these exposures provide ample evi-
dence of the fault-related structures in limestone and quartzite.
The largest faults strike roughly east-west and dip steeply in the
canyon. Grooves on some east-striking fault surfaces plunge at
low to moderate angles indicating a significant component of
strike-slip movement.

Faulting in the Kaibab Formation is marked by discrete slip
surfaces that are enveloped by thin layers of cataclasite and
surrounded by intensely jointed wall rock (figure 9). The joint
intensity decreases rapidly away from the fault surfaces and in
general the original sedimentary layering is preserved. Small



16

Utah Geological Survey

Queantoweap Sandstone
(Lower Permian)

Photos taken during fieldwork in the southern Mineral Mountains, Beaver County ,Utah.
November 11, 2011

Figure 10. Brecciated Queantoweap Sandstone at the same locality as that shown in figure 9. The brittle quartzite is much more fractured

than the adjacent limestone. Location is 38.246 N, -112.893 W.

solution cavities are relict features of paleo-karst that may en-
hance the permeability of the formation at depth in a geother-
mal system.

The Queantoweap Sandstone crops out near the base of the
cliffs and along the canyon floor. The fracture frequency is
much higher in the quartzite than in the adjacent limestone be-
cause of its brittleness, or low fracture toughness compared to
limestone. In some outcrops the quartzite is brecciated to the
point that the original bedding is no longer discernable (figure
10).

RAPID SPECTRAL DISCRIMINATION OF
LITHOLOGY

Spectral Analysis of Chip Sample Boards

Mineral spectra were collected from both well 17-34 and out-
crop chip samples for a preliminary experiment to determine
the efficacy of using a portable spectrometer to rapidly discrim-
inate between rock types using mineral assemblage spectra.
The motivation is that petrographic and x-ray analysis of chip
samples is both tedious and time consuming. The results show
some promise but computer processing will need to be refined
before the procedure can be considered robust and useful.

Spectral Analysis

Outcrop chip samples, created by crushing rocks collected from
the Mineral Mountains, were glued to boards to mimic the

mounting and presentation of drilling chip samples obtained
from well 17-34 at Thermo Hot Springs (figure 11). The Min-
eral Mountains chip samples were treated as standards because
they are a known rock type from a formal geological map unit.
The chip samples from well 17-34 are considered unknowns to
be matched as best as possible with the standards by discrimi-
nation of mineral assemblage spectra for wavelengths between
visible (V), near infrared (NIR), and short wavelength infrared
(SWIR).

Mineral spectra were collected using an ASD FieldPro 2 spec-
trometer manufactured by Applied Spectral Devices, Inc. of
Boulder, CO. The spectrometer records the intensity of reflect-
ed light at 10 nm intervals between 350 and 2500 nm. Each
spectrum is therefore an ensemble of 2151 measurements of
reflected light intensity. Stated in another manner, each mea-
surement is a vector in n = 2151 dimensional space with units
of reflectance. Given an unknown material described by vector
<A> and a standard or known material described by spectral
vector <B> a measure of similarity is the angle («) between the
two vectors in n-space. This angle is given by the expression:

a=cos! ( 2251 An *Bo)/(IKA>[*|<B>))

The summation is over the vector components (n). The algo-
rithm is referred to as “Spectral Angle Mapper” (SAM) (Kruse
and others, 1993). If the angle o between two materials is
smaller than a defined threshold, then the materials are consid-
ered matched. We obtained five measurements of each standard
sample, found the average vector and then computed the spread
in angles (da) between each sample in the standard ensemble
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and the average vector. The maximum da was then defined as
the threshold value for that standard sample.

The SAM algorithm was implemented in a MatLab computer
script with graphical output (figure 12). For each unknown chip
sample from well 17-34 we averaged three spectral measure-
ments, and then used the average vector in an attempt to match
the unknown with a standard from the Mineral Mountains out-
crop samples. The angle da is plotted against depth of samples
in well 17-34, with the interval for the interpreted unit at that
depth indicated by a colored rectangle. The width of the rect-
angle indicates the da range required for a “match”. Note that if
one knew nothing about the stratigraphy in the well there would
be difficulty in assigning a unit to a specific depth interval. On
the other hand, there are some matches that suggest further re-
finement of the technique is warranted (for example, basalts
near the top of the well bore, the Three Creeks Tuff Member of
the Bullion Canyon Volcanics, the Moenkopi Formation, and

Well 17-34
Chip Board
)
s
3
@
©
S
=
ﬁ Navajo b
§ ‘-‘Sandstqne
Drill cuttings

collected every 10 ft

Depth

the cataclasite and the gneiss). Future work could include (1)
collection of spectra in outcrop to make a much more complete
library of standard spectra from outcrop strata instead of using
only a few samples from a map unit and (2) substitution of oth-
er discrimination algorithms, including neural networks. At this
point we simply conclude that the spectral matching technique
holds promise for rapid classification of well chip samples if
a reliable library of standards is created using representative
samples of rock units exposed in outcrop.

IMPLICATIONS FOR GEOTHERMAL
RESOURCES

The close correspondence between the geology of the south-
ern Mineral Mountains and that encountered in the Thermo
Hot Springs KGRA serves to reinforce the hypothesis that
large volumes of hot fluids may lie beneath low-angle faults

Mineral Mountains
Chip Board

Crushed hand samples
from field area

Figure 11. Example of a chip sample board for cuttings from borehole 17-34 and a board made by crushing a hand sample obtained from
outcrop. These examples show chips from the Carmel Formation and Navajo Sandstone.
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Figure 12. Rock type discrimination plots showing results of comparing the spectra of chip samples at various depths in well 17-34 with those
of standards obtained from samples of outcrops in the Mineral Mountains. The vertical axis is depth measured along the well bore, and the
horizontal axis is the angular miss-fit between the spectrum vectors of the well chip samples and the standard sample. The colored rectangles
indicate the depth interval of the rock unit as interpreted from the well, and the width of each rectangle indicates the angular range within
which the standard and well sample would theoretically match one another. This figure is discussed in detail in the text. Note that the figure
contains plots for each individual unit (rock formation or type) that was analyzed.



Implications of thrust and detachment faulting for the structural geology of the Thermo Hot Springs KGRA, Utah

Carmel Formation

—1000

—2000

—3000

—4000

—5000

—6000

Depth Along Borehole (feet)

—7000

—8000

—9000

—10000
2

8 10 12
SAM Angle (deg)

19

Depth Along Borehole (feet)

—1000

—2000

—3000

—4000

—5000

—6000

—7000

—8000

—9000

—10000
0

Navajo Sandstone

5 10

15 20

SAM Angle (deg)

25

Moenkopi Formation

—1000

—2000

—3000

—4000

—5000

—6000

Depth Along Borehole (feet)

—7000

—8000

—9000

—10000,
2

8 10 12
SAM Angle (deg)

Figure 12. Continued.
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in southwestern Utah. Comminution of rocks during shear-
ing along low-angle fault systems creates cataclasite that is
susceptible to rapid sealing by hydrothermal alteration, unless
breached by continued movement on the fault zone (Brown
and Bruhn, 1996), or if high-angle faulting cuts and displaces
the low-angle fault zone, breaching the relatively imperme-
able cataclasite.

There are several large detachment faults in southwestern
Utah and adjacent parts of Nevada that are of interest to
geothermal exploration geologists and geophysicists. These
include the Cave Canyon detachment fault that we discuss
in this report, the Sevier Desert detachment fault that dips
westward beneath the northern part of the Sevier geothermal
anomaly, and the Snake Range detachment that may extend
beneath western Utah to intersect the Sevier Desert detach-
ment at depth. Anders and others (2001) suggest that the Se-
vier Desert detachment may be a subsurface unconformity
rather than a low-angle fault, but seismic reflection profiles
would suggest that at least part of the feature is a fault that
extends to mid-crustal depth. Lastly, Coleman and others
(1997) cite evidence for a detachment fault with a break-away
or “head” located on the eastern side of Beaver Valley. This
latter fault is of great interest when evaluating the structural
geology of the Thermo Hot Springs KGRA because it pur-
portedly extends beneath the Mineral Mountains and contains
the Cave Canyon detachment fault in its upper plate. Perhaps
this fault contains the entire Thermo Hot Springs KGRA in
its upper plate, including the granite and east-dipping detach-
ment fault that we tentatively correlate with the Cave Canyon
detachment. The existence of this cryptic “Beaver Valley” de-
tachment is based primarily on evidence for uplift and back-
rotation towards the east of the Mineral Mountains. Notably,
the southern edge of one or both of the Beaver Valley and
Cave Canyon detachment faults lies along the east-trending
geomorphic escarpment that extends from the southern end of
Beaver Valley almost continuously westward past the south-
ern margin of the Thermo Hot Springs KGRA (figure 1).

Thrust faults may of course also be extensive barriers to up-
ward migration of fluids because hydrothermal sealing of
comminuted rock or cataclasite is likely. We note however,
that thrust faulting within the Sevier orogenic belt of Utah
was not accompanied by extensive volcanism or elevated heat
flow. Conversely, development of detachment faults was ac-
companied by extensive plutonic and volcanic activity that
elevated heat flow and generated hot fluids to enhance hydro-
thermal alteration and mineral sealing of the laterally exten-
sive fault zones. While we would not exclude remnant thrust
fault flats as important features for channeling lateral move-
ment of subsurface fluids, we are particularly interested in the
presence and permeability structure of the younger detach-
ment faults that were associated with middle to late Tertiary
volcanic activity.

CONCLUSIONS

*  We found no compelling evidence to support
vertical stacking or duplication of the Mesozoic
or Paleozoic section by thrust faulting based on
our analysis of the stratigraphy penetrated in well
17-34.

*  The structure and stratigraphy of well 17-34 is
remarkably similar to that encountered in the cen-
tral and southern Mineral Mountains, suggesting
that the rocks and structures exposed in the Min-
eral Mountains provide a useful analog when dis-
cussing and evaluating the Thermo Hot Springs
geothermal reservoir.

*  Fossil fragments preserved in chip samples are
useful in identifying the Carmel Formation, and
determining that the Paleozoic rocks penetrated
by well 17-34 are Mississippian and younger in
age.

*  We tentatively correlate the structural contact at
the base of the Paleozoic section with the Cave
Canyon detachment fault of the southern Min-
eral Mountains based on the presence of sheared
“skarn”, metamorphic rocks and granite, exten-
sive fracturing in the granite, and the hydrother-
mal alteration mineral assemblage.

*  We suggest that the Cave Canyon detachment
fault is offset by younger high-angle normal
faults that also provide pathways for upwelling
fluids. This conclusion is primarily the work of
Nash and Jones (2010) who show vertical offset
of the top of the granite in their cross sections of
the KGRA.

*  Further development of spectral surveying of
outcrop and borehole chip samples to aid in cor-
relation of subsurface stratigraphy is warranted,
although the success in this study is modest at
best.

*  Additional study of large-scale detachment faults
and blind geothermal reservoirs is certainly war-
ranted given the structure of the Thermo Hot
Springs KGRA and its intimate relationship to
low-angle faulting between Paleozoic strata and
underlying crystalline rocks.
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