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ABSTRACT
—The Stillwater esearpment-is-the-rugged;-seutheast-facing flank-of the—
Stillwater Range, between Mississippi-Canyon-and-Fencemaker Pass._ It straddles
Pershing and Churchill Counties-at-the-north-end-of Dixte-VaHey—in-north-central .

-~ Novada. ,The Dixie Valley Geothermal Z\/rea (DVGA))isihe:aﬁﬁuméaﬂey
adjacent-to-the-Stillwaterestarpment—A heat source of unknown origin manifests itself
in-the=BAGA: through fumaroles, hot springs, hot wells, and high heat flow. Since 1988J
the area has supported a 62 megawatt geothermal electricity plant, the largest in Nevada.

ines are extracted from the Dixie Valley 7 s7med

Geothermal fluids vhiehedetwe
fault at depths of around 2450 meters and then reinjected at similar depths to areas

proximal to the fault.

reveals a complicated geologic
history. Early Mesozoic tectonic contraction, associated with the Fencemaker thrust,
placed pelitic rocks of the Fumarole Canyon sequence over Star Peak Group carbonates
(D1). A regional penetrative cleavage (S1) formed during this event. The penetrative
cleavage is similar in orientation in both the upper and lower plates of the thrust, and is
sub-parallel to the ductile shear zone of the Fencemaker thrust. Post-Fencemaker, west-
directed tectonic contraction (D2), possibly along the Willow Creek thrust, reoriented D1
structures. A final, waknewn deformational event (Dgcxem%‘;gglﬁz crenulation
cleavage (S3). During Oligocene and Miocene time, s?licic ash flow tuffs, basalt flows,
and lake sediments, as well as basaltic dikes, capped and intruded the Mesozoic units.
Sometime after the intrusion of the basaltic dikes (~14.5 Ma), the Mesozoic and Tertiary
strata were offset down and to the southeast, by faulting along the Black Canyon fault,
and other associated east-to-west-trending faults (D4a). Later, low-angle displacement

the

Rarnsye
E%t is dominated by the

Dixie Valley fault system, ‘EheBisie-Valicy-fawiss the active’ rangefront fault. The
fault lies within a broader zone of active seismicity known as the Central Nevada Seismic

along the Boyer fault ( D4p) truncated Abutp

Black Canyon fault.




Belt (CNSB). Historic ruptures of the Dixie Valley fault (as well as the Fairview Peak
fault to the south, and the Pleasant Valley fault to the north) have occurred within the last
one-hundred years. -The main faults within the Dixie Valley fault system include the
Dixie Valley fault, two semi-active faults (Granite/Gabbro fault, fault V), and a series of
inactive fault splays (faults RF2, RF3, RF4, RFS, and RF6). The inactive splays are the
oldest faults within the system, and are exposed along the Stillwater escarpment. The
semi-active faults are younger than the rangefront splays, but are not exposed at the
surface.

The subsurface of Dixie Valley contains the same Mesozoic and Tertiary rocks
that are exposed-atsmg the Stillwater @est— Fluid circulation in the geothermal ,
reservoir, beneath-therprotitcing-geathesmal-field, is controlled by perneablefamitsand..
fracturcs;"mﬂmbmﬁmcks-%he permeable faults includx”;gose related to the Dixie
Valley fault systemfw'l";’/ﬁ brittle rocks includ?%ﬁyer Ranch quartz arenite and gabbroic

rocks of the Humboldt igneous complex.

he-totd .eghilit-over-a-PHven-ares : CkS-1s-loosety-d
Lermeasle ) .
_ number.of-permeab]c Taulis-inthataeee: The tt@ number oﬁ faults in a given area-arg, .4
controlledin-tusn, by siee. ramp-flat geometry of the Dixie Valley fault surface. A major

fault-flat cuts through incompetent Triassic pelitic rocks that-ase in the footwall of the

Dixie Valley fault. Fault-ramps occur where the Dixie Valley fault cuts across competent
rocks of the Boyer Ranch Formation, Humboldt igneous complex, Star Peak Group, and
possibly ¢f the Koipato Group. The number of permeable subsidiary faults increases in
proximity to the major fault-flat. Total permeability is therefore highest in proximity to

the fault-flat.
. ral. AP ' .
The Stillwater. t, above the producing geothermal field, contains an

uplifted segment of the major fault-flat, thatis Tesponsible=for-the-highrretat:
permeability-of-the northern past-of-the-B¥EA. Incompetent Triassic rocksgexposed in

the rangefron,t‘, delineate the maximum exposed extent of the uplifted fault-flat. Inactive,
rangefront fault splays also delineate the along-strike length of the flat. Where the

uplifted fault-flat dies out, the Dixie Valley fault surface becomes a lateral ramp. This 2 ¢ Jesnis

predicts that permeability decreases NE and SW of the exposed Triassic pelitic rocks.




AUTHOR’S PREFACE

Since the oil crisis of the mid-1970’s, the Basin and Range Province has been the
target of governmentally subsidized industrial development of geothermal electricity
plants. The national budget for subsidizing of the geothermal industry peaked at around
200 million dollars in the early eighties, and today hovers at around 20 million dollars.
The growth history of the industry has depended mainly on the economics of oil and gas,
secondarily on the political stability of the Middle East, and lastly on national concem
for the preservation this country’s natural resources.

Today in the state of Nevada, geothermal power plants account for about five
minutes of every hour of electricity produced. There are ten geothermal power plants
ranging in output from around 5 Megawatts (Mw) up to 60 Mw. The sustainability of
these plants depends on two factors. First, utilities must be willing to purchase the
geothermal electricity for a relatively high price as compared with oil, gas, or coal power.
Typically the purchase is subsidized either directly or indirectly by the U.S. government.
Secondly, the natural geothermal reservoir from which fluids are extracted must be
maintained in volume, pressure, and temperature or wells may cease to produce.
Exploration and drilling to acquire new production wells are costly, often beyond the
value of the returns. A geothermal company thus must devote a share of funds towards
earth science and the understanding of the dynamics of the natural hydrothermal system.

Dixie Valley, Nevada, is a classic example of a typical Basin and Range fault-
bounded basin, or graben, which supports a large, long-lived hydrothermal system. The
Dixie Valley geothermal power plant, the largest and most remote in Nevada, has drawn
and replenished fluids from and into this hydrothermal system since 1988. The fluids are
extracted from the subsurface where deep (#2500 m) wells intersect the Dixie Valley
normal fault system. Ideally, a complete understanding of the mechanics of the
subsurface geothermal reservoir in Dixie Valley would foster a completely renewable
power source. One would know exactly where to extract fluids, how much to extract, and
where to reinject them. In practice, more energy is being sapped from the source than is

naturally resupplied. Over a period years, all reservoirs typically deteriorate from

xit




geothermal development. The uncertainty which arises in trying to manipulate a
complicated natural hydrothermal system is impossible to overcome and results in
inefficiency.

In a recent effort to sustain the geothermal resource in Dixie Valley, the industry
and federal government have charged many groups of earth scientists with the
interdisciplinary task of characterizing this hydrothermal system. This study describes the
lithology and fault orientation in the exposed foot wall of the Dixie Valley fault (the
Stillwater escarpment); and by doing so, infers the downdip character of the same rocks
in the hanging wall of the Dixie Valley fault. However, the work herein presented
represents not only the approach and work of one group, but includes the data of many

diversified studies.
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ESCARPMENT, ABOVE THE DIXIE VALLEY GEOTHERMAL SITE

1.1. INTRODUCTION
This chapter presents the detailed bedrock geology of the Stillwater Range, along the
section of the range front that lies above the geothermal production field in northern Dixie
Valley. As well, it discusses the regional tectonic implications of the geology, based upon
new and detailed mapping. In chapter two (2), the surface geology is tied in with the
subsurface geology of the Dixie Valley basement, that constitutes the hanging wall of the
Dixie Valley fault. Geologic cross sections through both the footwall and hanging wall of
the Dixie Valley fault are provided to show the relationships of the geology in both fault-
““Blocks. Chapter two also discusses some aspects of geothermal production that may be
influenced by the subsurface geology, with emphasis on the relative permeability of certain

rocks and structures.

Project Overview. The success of geothermal power generation depends ultimately on the
thermal and hydrostatic conditions of the geothermal reservoir from which fluids are
extracted. In monitoring and managing those reservoir conditions, constant attention is
given to fluid chemistry, wellhead pressure and temperature, and the state of surface
geothermal features. The most useful details of the hydrodynamic properties of a fluid
system are yielded by studying the geologic setting of the reservoir. Yet, in the Dixie Valley
Geothermal Area (DVGA), the geology has been the least well understood factor. The
purpose of this project is, thus, to better characterize the subsurface stratigraphy and
structural geology of the geothermal reservoir beneath the DVGA.

Project Scope. The Mesozoic bedrock in the down-dropped block, or hanging wall, of the
Dixie Valley fault, contains hydraulically conductive faults and fractured rocks. The
distribution of these permeable structures and rocks dictates where fluids circulate, and

ultimately controls the shape of the hydrothermal system. By identifying the subsurface
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distribution of faults and rocks that are easily fractured, it is the ultimate goal of this project
to be an aid in mapping fluid flow; identifying extraction and injection targets; and
understanding the natural recharge of the hydrothermal system. In addition, a further
objective of this study is to understand better the tectonic processes that, since Early

Mesozoic time, have shaped the regional geology.

General Methods. This study combines detailed geologic mapping, surface geophysics,
and borehole geology to produce accurate cross sections through both the footwall and
hanging wall of the Dixie Valley fault. In theory, the exposed footwall of the Dixie Valley
normal fault, along the eastern front of the Stillwater Range, is a mirror image of the down-
dropped and buried hanging wall. Structures that are exposed in the footwall can therefore be
inferred to exist, down-dip, in the hanging wall of the Dixie Valley fault. This relationship
means that knowledge of the surface geology can be used to constrain interpretations of the
subsurface geology. The investigation of the surface geology begins with detailed mapping
of the footwall, that is the Stillwater Range, at a scale of 1:12,000. Cross-sections of the
footwall geology are then created from the map data (Plate 1). To assemble a picture of the
geology of the hanging wall, the cross-sections, and structures therein, are projected into the
subsurface by moving them (graphically) down-dip, along a system of high angle faults,
whose orientations are inferred from seismic reflection profiles and wellbore data. The final
cross sections display the footwall geology next to the corresponding subsurface geology

(Chapter 2, Plate 2).

Procedures. Geologic mapping of the footwall, or Stillwater escarpment, above the DVGA
was accomplished between October 1995 and August 1996.” The geology was mapped, with
the aid of 1:24,000-scale color-infrared aerial photographs, on four 7.5-minute topographic
basemaps at a scale of 1:12,000. Standard cross-sectional analysis of the footwall structural
geology followed after completion of the map. Some thin-section analysis—mainly of dikes
and small intrusions—followed after completion of the map, so that existing radiometric
dates could be applied to a large number of petrographically similar rocks.

Reprocessing of Dixie Valley seismic reflection lines was carried out during the Fall

of 1996 and Spring of 1997 by myself and the Consortium for Economic Migration and
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Tomography (CEMAT) at the University of Nevada, Reno. The seismic data—and, in
addition, borehole lithologic logs, cuttings, and geophysical and survey logs—were also
made available by Oxbow Inc. Compilation of borehole geologic data was an ongoing
process throughout the course of the study. These seismic and borehole data were assembled
into rough geologic cross-sections of the hanging wall. In the final phase, cross-sections
from both the footwall and the hanging wall were combined, to defnonstrate the geologic

relationships between the upper and lower fault blocks.

Acknowledgements. Funding for this research was jointly provided by a private grant from
Oxbow Geothermal Inc., and a federal DOE pass through grant via Lawrence Berkeley
National Laboratory. For financial support and interest in the project, I wish to thank
everyone at Oxbow Geothermal, and Marcelo Lippman, Ardyth Simmons, and Pat Williams
at Lawrence Berkeley Lab. For critical reviews and helpful suggestions, I would like to
express my appreciation to Richard Schweickert, Dick Benoit, John Louie, John Caskey, and
Ardyth Simmons. The completion of this project would not have been possible without the
friendship of many people, especially my parents, William and Darrah Plank, my late
grandfather, Elmer Link, and Renée Bufkin. Special thanks to Sue Lutz, Ted DeRocher, Ben

Sellers, Sergio Chavez-Pérez, Jenn Morgan, Craig Casey, and Don Noble.

Location of the Field Area. The Stillwater escarpment (Figure 1), here defined, is the
precipitous section of the rangefront along the southeast flank of the Stillwater Range, from
Mississippi Canyon on the southwest to Fencemaker Pass on the northeast. The geographic
subdivision is a convenient one for several reasons:
(1) First, the escarpment corresponds with the Stillwater Seismic Gap, or Fencemaker
block, of Wallace and Whitney (1984), that extends from the northeast end of the
1954 Dixie Valley surface ruptures, to the southwest extent of the 1915 Pleasant
Valley surface ruptures (Caskey and others, 1996).
(2) Second, the escarpment begins at the southernmost exposure of the Middle to Late
Jurassic Humboldt igneous complex (Dilek and Moores, 1995), and ends just
north of the southernmost exposure of the Lower Triassic Koipato Group, thereby

encompassing a corridor of Lower Mesozoic rocks.
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(3) Third, the escarpment roughly parallels the DVGA, that begins at Dixie Hot
Springs 3.2 kilometers south of Mississippi Canyon and extends northward to
Seven Devils Springs in the Sou Hills (Nosker, 1981), 3.2 kilometers south of the

1915 surface ruptures.

Buena Vista/’/
Valley -

e
>

- 0 Loveloc}g/‘/ \

—

© - Stillwater escarpment

Area of Figure 2
o U.S. 50

Dixie Valley

I o ..'Stillwateresca ment
/' *< DHs ®

kilometers

miles

Figure 1. Location of the study area. BVH, Buena Vista Hills; CAM, Clan Alpine Mountains; HR, Humboldt
Range; SH, Sou Hills; SR, Stillwater Range; HSM, Humboldt Salt Marsh; DHS, Dixie Hot Springs; SDHS,
Seven Devils Hot Springs; MC, Mississippi Canyon; FP, Fencemaker Pass; MP, McKinney Pass.

This study concentrates on part of the Stillwater segment of the Dixie Valley fault,
along a northeast trending corridor 8 km long and 5 km wide (Figure 2). The field area is 96
km north of U.S. Route 50, along Nevada State Route 121 through Dixie Valley.
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Figure 2. Simplified map of the study area, showing the map area of plate 1, location of seismic surveys, and
location of geothermal wells.

Accessibility. The map area is in one of the most remote places in Nevada that are accessible
by vehicle; the nearest service station is at least 130 kilometers away. From U.S. Route 50
at the south end of Dixie Valley, Route 121 is paved northward for 40 kilometers, and is
graveled the rest of the way to the field area. Sorties to the rangefront exposures should
generally be undertaken with a four-wheel drive. Cottonwood Cahyon and the mirrors
location can be reached with a two-wheel drive. Access to the area from the west is possible
by taking the Coal Canyon road east from Lovelock, and then driving northward into Buena
Vista Valley. Four-wheel drive vehicles can then reach Dixie Valley via Fencemaker Pass,
and cars can continue over McKinney Pass. From Winnemucca, cars can reach the field area
by driving from south through Pleasant Valley, or, from Battle Mountain by driving

southwest through Buffalo valley. There is no access from the east.

Geography. Dixie Valley is the lowest valley in northern Nevada. The Humboldt Salt
Marsh occupies the sink at the lowest point in the valley (elevation ~1033m), just southwest
of the field area. To the west the valley is bounded by the Stillwater Range and to the east by
the Clan Alpine Mountains. The majority of Dixie Valley is a low-flight zone for Naval

(O3}
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fighter training flights from Fallon Naval Air Station. Powerful sonic booms occur
frequently, especially in the summer. Most of the human occupants of the valley relocated
their homes after government designation of the low-flight zone, but some seed and cattle
ranches still operate at the north end of the valley and around the town of Dixie Valley.
Species of wildlife observed by the author include Desert Bighorn sheep, mountain lion,
Mule deer, Great Basin rattler, gopher snake, wild horse, Golden eagle, Turkey vulture,
Desert Collared lizard, granite lizard, wood rat, deer mouse, field mouse, tarantula, Black

Widow, scorpion, hummingbird, and jackrabbit.

118|°

kilometers
I T T T T T T T 1

0

-z Humboldt
-z assemblage
Lovelock

assemblage

Figure 3. Simplified map of regional geographic features; AM,Augusta Mountains; CAM,Clan Alpine
Mountains; ER,East Range; HR,Humboldt Range; SWR,Stillwater Range; SR,Sonoma Range; TR, Tobin
Range; WHR,West Humboldt Range; AV,Antelope Valley; BVV,Buena Vista Valley; BV,Buffalo Valley;
CS,Carson Sink; DV,Dixie Valley; ECV,Edwards Creek Valley; GV,Grass Valley; JV,Jersey Valley;

PV,Pleasant Valley; CAS,Clan Alpine sequence; FCS,Fumarole Canyon sequence; FMC,Fencemaker Canyon

sequence; PRG,Pershing Ridge Group; FT,Fencemaker thrust.
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1.2. REGIONAL GEOLOGIC SETTING

The Stillwater Range lies in the central part of a region that includes the Tobin,
Humboldt, West Humboldt, East, and Sonoma Ranges, and the Augusta and Clan Alpine
Mountains (Figure 3). Rocks exposed in the area include: Ordovician and Permian
Miogeoclinal rocks; Triassic lithotectonic assemblages; Jurassic intrusive and sedimentary
rocks; Cretaceous intrusive rocks; Tertiary intrusive, volcanic, and sedimentary rocks; and
quaternary volcanic and sedimentary rocks.

Paleozoic rocks occur in the Humboldt Range, East Range, and Sonoma Range.
These rocks are part of the Golconda allochthon, and are widespread in the region, but since
they are part of a tectonic regime that is older than the rocks in the study area, they will not
be mentioned again.

Triassic lithotectonic assemblages occur predominantly in Pershing County, except
for the exposures in the central and southern Stillwater Range and the Clan Alpine
Mountains, that are located in Churchill County. The Humboldt lithotectonic assemblage
comprises Triassic intrusive, volcanic, carbonate and sandy terrigenous rocks, and lies in the
lower plate of the Fencemaker thrust (Figure 3). The Lovelock lithotectonic assemblage
consists of Triassic fine-grained argillaceous and quartzose rocks, and lies in the upper plate
of the Fencemaker thrust. Most of the Triassic rocks are variably folded and deformed, as a
result of tectonic displacement along the Fencemaker thrust, and later, the Willow Creek
thrust faults fhat were active in Early to Middle Jurassic time.

The Triassic assemblages are overlain both depositionally and structurally by Jurassic
rocks of the Boyer Ranch Formation. In a few sites, the base of the Boyer Ranch is exposed
along a regional angular unconformity. In most places, however, the formation occupies the
upper plate of the Boyer fault and sfructurally overlies Triassic rocks. The Boyer Ranch is
regionally restricted in distribution, and occurs only in the Stillwater Range and Clan Alpine
Mountains. Jurassic gabbroic rocks of the Humboldt igneous complex intrude the Boyer
Ranch Formation in most exposures, and intrude allochthonous basinal rocks of the Lovelock
assemblage in the West Humboldt Range. However, the Humboldt complex appears not to
intrude rocks that occupy the lower plate of the Fencemaker thrust.

The Cretaceous system is represented regionally by granitic stocks. The stocks

intrude Triassic rocks of both the Humboldt and Lovelock lithotectonic assemblages.
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Regionally, the stocks crop out only in Rocky Canyon in the West Humboldt Range and in
New York Canyon in the Stillwater Range, and are absent from other ranges.

Tertiary volcanic rocks overlie and intrude the Mesozoic rocks in most of the regional
mountain ranges. The volcanic rocks comprise rhyolitic tuffs and basaltic to andesitic dikes
and lava flows. Regional tuffs generally occupy the southern part of the region, and include
the Caetano, Fish Creek Mountains, and New Pass Tuffs. Other tuffs are highly localized or
unidentified, such as those in White Rock Canyon in the Stillwater Range and those in the
central part of the northern Stillwater Range. Mafic to intermediate lava flows in the region
are found in all ranges, but their relative ages and histories are not well known.

The entire stack of Mesozoic and Cenozoic rocks is faulted and dissected by Tertiary
normal faults. The largest Tertiary faults have been active since Late Miocene time during
the Basin and Range extensional orogeny. The geologically most recent faults bound the

regional mountain ranges and are responsible for the morphology of the present landscape.

1.3. REGIONAL STRATIGRAPHIC UNITS

In the following section, I present descriptions of most of the regional stratigraphic
units, in order to clarify, for the reader, the names and distribution of rocks in the region.
Many of the units are briefly described, and will not be mentioned again. However, the
stratigraphy and nomenclature of the Triassic rocks is awkward, and this makes it difficult to
understand, later, the regional setting of the Triassic Fumarole Canyon sequence (treated in
section 1.5). Therefore, this section places slightly more emphasis on clarifying the

stratigraphy of the Triassic lithotectonic assemblages (Figure 4).
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Figure 4. Approximate regional distribution of Triassic lithotectonic assemblages. HL T, Humboldt
lithotectonic assemblage; LLT, Lovelock lithotectonic assemblage; FT, Fencemaker thrust; LT,Luning thrust;
PNF, Pine Nut fault (modified from Oldow, 1990).

Humboldt Lithotectonic Assemblage (Triassic). The Humboldt lithotectonic assemblage
(Figure 4) or platformal assemblage (Oldow, 1984), includes the Koipato Group, the Star
Peak Group and correlative rocks, and post-Star Peak siliciclastic rocks of the Auld Lang
Syne Group. The post-Koipato units delineate the margins of a widespread Triassic to
Jurassic basin known informally as the Early Mesozoic marine province of northern Nevada
(Speed, 1978b). ,

1.3.1. Koipato Group. Lower Triassic continental arc rocks of the Koipato Group
(LaPierre and others, 1991) are the oldest rocks exposed in the area. The Koipato Group
comprises the Limerick greenstone, Rochester and Weaver Rhyolites, and clastic sedimentary
rocks of the China Mountain Formation. Igneous rocks of the Koipato Group were erupted
through and deposited upon the Golconda allochthon (Silberling and Wallace, 1967; Burke,
1973). Rocks of the Koipato Group crop out in the Humboldt, West Humboldt, Tobin, East,
and Stillwater Ranges, andlin the Augusta Mountains. In its type area in the Humboldt
Range, the thickness of the Koipato Group reaches 4260 meters (Johnson, 197 7).

1.3.2. Star Peak Group and Correlative Rocks. The Koipato arc formed a regional
platform upon which Middle to Late Triassic (Upper Norian) shallow marine carbonate
sediments and volcanic rocks were deposited. These carbonate and volcanic rocks now

constitute the Star Peak Group, as well as units that are correlative with the lower Star Peak,
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including the Tobin, Dixie Valley, and Favret Formations. Two additional units, the Augusta
Mountain and Cane Springs Formations (Silberling and Wallace, 1969), are correlative with
the upper Star Peak Group.

(2a) Star Peak Group. Rocks of the Star Peak Group are exposed in the
Humboldt, East, and Stillwater Ranges and in the Augusta Mountains. They comprise the
Prida Formation and the overlying Natchez Pass Formation (Silberling and Wallace, 1969).
Massive limestones with interbedded andesitic lava flows are the principal units of the
Natchez Pass Formation. The Prida Formation, in contrast to the Natchez Pass, is a more
terrigenous clastic unit, and generally contains bedded silty limestone, calcareous siltstone
and sandstone, and cherty dolomite and limestone. In the type area in the East Range, the
thickness of the Star Peak Group is 610 meters. In the Humboldt Range, however, the group
is up to 1524 meters thick (Johnson, 1977). The Star Peak Group ranges in age between
Spathian (late Early Triassic) and Karnian (Late Triassic) (Silberling and Wallace, 1969).

(2b) Rocks correlative with and similar to the Prida Formation. The Tobin,
Dixie Valley, and Favret Formations include calcareous to dolomitic terrigenous rocks and
impure limestones that are lithologically similar to and correlative with rocks of the Prida
Formation of the Star Peak Group. The Tobin Formation is exposed in the southern Tobin
Range, the East Range, and in the Augusta Mountains. In the Augusta Mountains, the
formation reaches a maximum thickness of 275 meters where it overlies the China Mountain
Formation of the Koipato Group. Ammonites from the base of the Tobin Formation indicate
a Spathian age (late Early Triassic) (Burke, 1973). The Dixie Valley Formation overlies the
Tobin Formation and is exposed only in the Augusta Mountains and southern Tobin Range.
The thickness of the unit ranges from 45 to 244 meters. The Favret Formation overlies the
Dixie Valley Formation and is also exposed only in the Augusta Mountains and southern
Tobin Range. At the type section in Favret Canyon, in the northern Augusta Range, the
Favret formation is 213 meters thick. Ammonites from outcrops in the Tobin Range give an
Anisian age (early Middle Triassic) (Burke, 1973).

(2¢) Rocks correlative with and similar to the Natchez Pass Formation. The
Augusta and Cane Springs Formations include massive carbonate, dolomitic, and volcanic
rocks similar to the Natchez Pass Formation (Johnson, 1977). In addition, the rocks are more

widespread and apparently extend farther to the north than the Tobin, Dixie Valley, and
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Favret Formations; exposures extend westward to the northern Tobin Range (China
Mountain area) and southern Sonoma range, and as far north as the northern East Range
(Nichols, 1972). In the Augusta Mountains, the Augusta Mountain Formation is 762 meters
thick and conformably overlies the Favret Formation. In the same range, the Cane Springs
Formation conformably overlies the Augusta Mountain Formation and is 300 meters thick.
Although both the Augusta Mountain and Cane Springs Formations are apparently
unfossiliferous, their age is bracketed as Ladinian to Karnian (Middle to Late Triassic) by the
underlying Favret Formation and the overlying Osobb Formation (described below)
(Silberling and Roberts, 1962).

1.3.3. Post-Star Peak Group Siliciclastic Rocks: the Auld Lang Syne Group. Shallow
to deep water siliciclastic rocks of the Lower Mesozoic marine province form a sub-province
whose stratigraphic and structural geometries are extremely complicated and in some cases
poorly studied. The voluminous pelites and sandy terrigenous rocks are sometimes
informally called the ‘Mud Pile’. Silberling and Wallace (1969) included all the sandy
terrigenous rocks exposed in Pershing County as formations within the Auld Lang Syne
Group. However, Oldow and others (1990) have more recently demonstrated that some rocks
formerly classified as Auld Lang Syne Group are discrete formations within the Lovelock
Assemblage, an assemblage of rocks that represents a deep basinal facies of the Jurassic
marine province (Speed, 1978b;0ldow, 1984). Furthermore, Oldow (1990) suggested that
the name “Auld Lang Syne Group” should be restricted to shallow platformal Upper Triassic
rocks that overlie the Star Peak Group; and finally, he suggested that the Auld Lang Syne
Group is strictly a part of the Humboldt lithotectonic assemblage.

Formations originally included within the Auld Lang Syne Group (Burke and
Silberling, 1974) are, from oldest to youngest, the Grass Valley, Osobb, Dun Glen,
Winnemucca, Raspberry, O’Neill, Singas, Andorno, and Mullinix Formations. Oldow
(1990) removes the Raspberry, O’Neill, Singas, Andorno, and Mullinix formations from the
Auld Lang Syne Group and regarded them instead as part of the Triassic to Jurassic basinal
assemblage, or Lovelock lithotectonic assemblage (described below). Oldow’s (1990) usage
is followed here.

(3a) Grass Valley and Osobb Formations. The Grass Valley and Osobb

Formations constitute the lowest part of the Auld Lang Syne Group, and in places they
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conformably overlie strata of the Star Peak Group. Regionally, these rocks are exposed in the
Tobin, Sonoma, East, Humboldt, and Stillwater Ranges and in the Augusta Mountains.
Strata of the Grass Valley interfinger with the Osobb Formation, indicating that they are
contemporaneous units. Exposures of the Grass Valley are widespread in the northern East
Range. In comparison, the Osobb is confined to more southwestern exposures in the Tobin
Range and Augusta Mountains. The Grass Valley Formation consists typically of gray-
green, non-calcareous argillite (Oldow, 1990) and wacke. In the East Range, the Grass
Valley ranges in thickness from 90 meters in the south to 620 meters in the north. The Osobb
Formation, in its type area in the Augusta Range, consists of 550 meters of fine to medium
grained sandstone and minor mudstone. The age of these formations is early Norian (Late
Triassic) (Johnson, 1977).

(3b) Dun Glen Formation Exposures of the Dun Glen Formation occur in the
Sonoma, East, Tobin, Stillwater, and Humboldt Ranges. In all of these ranges, it
gradationally overlies the Grass Valley Formation (Oldow,1990). The Dun Glen does not
overlie the Osobb to the south and is not present in the Augusta Mountains. The Dun Glen
consists predominantly of thick bedded, fossiliferous, fine-grained, gray limestone and
dolomite with minor intercalated sandstone. In the Sonoma Range, it attains a thickness of
350 meters, but the formation thins to 30 meters to the south. Ammonites indicate that the
age of the Dun Glen is Middle Norian (Late Triassic) (Burke and Silberling, 1974).

(3¢) Winnemucca Formation. The youngest unit within the Auld Lang Syne
Group is the Winnemucca Formation. The Winnemucca gradationally overlies the Dun Glen
in the East and Sonoma Ranges, and is also present in the Tobin and Stillwater Ranges,
where the base of the unit is unexposed (Burke and Silberling, 1974). The top of the
Winnemucca Formation is nowhere exposed. Rocks in the formation range widely in
content, from thin- to thick-bedded sandstone and fine-grained clastic rocks, to bedded
dolomite and limestone similar to those in the Dun Glen. In the East Range, the section is
365 meters thick. There are no age-diagnostic fossils, so that the age of the unit is
constrained only by the lower gradational contact with the Dun Glen. The age of the
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Figure 5. Representative stratigraphic relations within the Lovelock and Humboldt lithotectonic
assemblages. HR, Humboldt Range; NSW, northern Stillwater Range; CSW, central Stillwater Range; CAM,
Clan Alpine Mountains; ER, East Range; SR, Sonoma Range; AM, Augusta Mountains; PRG, Pershing
Ridge Group; FMS, Fencemaker Canyon sequence; FCS, Fumarole Canyon sequence; CAS, Clan Alpine
sequence; BRF, Boyer Ranch Formation; HIC, Humboldt igneous complex; KG, Koipato Group; SPG, Star
Peak Group; SPC, Star Peak correlatives; ALS, Auld Lang Syne Group; FT, Fencemaker thrust.

Lovelock Lithotectonic Assemblage, or Basinal Assemblage, or Fencemaker Allochthon
(Triassic and Jurassic). Lovelock lithotectonic assemblage (Figure 4) comprises deep
marine strata of the Early Mesozoic marine province (Oldow, 1984), or basinal assemblage
(Speed, 1978b). Because the contact between the Lovelock and Humboldt assemblages is
defined by the Fencemaker thrust, the Basinal assemblage is also referred to as the
Fencemaker allochthon (Speed and others, 1988).

The Lovelock assemblage is regionally extensive, but poorly studied. Until Oldow’s
(1990) study, the only part of the Lovelock assemblage that had been described in detail was
the “Clan Alpine sequence” in the Clan Alpine Range (Speed,1978b) (Figure 3). Within the
Clan Alpine sequence, the Byers Canyon, Dyer Canyon, Bernice, Hoyt Canyon, and Mud
Springs Formations are formal units (Figure 5). Oldow (1990) defined the Pershing Ridge
Group, at the south end of the Humboldt Range (Figure 3), that comprises the Hollywood,
Antelope Springs, Lori, and Packard Wash Formations (Figure 5). In addition, Oldow (1990)

defined the Fencemaker Canyon sequence in the northern Stillwater Range (Figure 3)--an
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informal succession of siliciclastic sandstone, mudstone, and thin- to medium-bedded
limestone. In Oldow’s (1990) study, the Raspberry, O’Neill, Andorno, and Mullinix
Formations—formerly formations within the Auld Lang Syne Group (Burke and Silberling,
1974) —were also reclassified as part of the Lovelock assemblage (Oldow 1990). In this
section, the O’Neill, Andorno, and Mullinix Formations will not be described because they
are outside the regional scope of this study. However, the Raspberry Formation, that is
exposed in the northern East Range, will be mentioned.

Finally, the Fumarole Canyon sequence in the central Stillwater Range (Figure 3), is a
newly defined basinal unit within the Lovelock assemblage. The Fumarole Canyon sequence
will be described in detail in this paper.

1.3.4. Clan Alpine Sequence. The Clan Alpine Sequence is a very thick succession
(5800 meters) of argillaceous basinal rocks, that are exposed in the Clan Alpine Range, on
the east side of Dixie Valley (Figure 6). The sequence is divided into five formations (Speed,
1978b):

(4a) Byers Canyon Formation. The Byers Canyon Formation consists of
laminated mudstone with minor, structureless conglomerate and very fine-grained sandstone,
and one 60-meter-thick interval of fine-grained limestone. The conglomerate and sandstone
have been interpreted as the distal facies of gravity slides, or mass-flow deposits, and indicate
a probable outer shelf or slope environment (Prothero, 1989). The Byers Canyon has a
minimum thickness of 500 meters; the base is unexposed. Fossils in the lower part of the
formation indicate an earliest Norian age.

(4b) Dyer Canyon Formation. The Dyer Canyon Formation gradationally
overlies the Byers Canyon Formation. The Dyer Canyon is predominantly mass-flow
sandstone with minor (30%) intercalated turbiditic mudstone, with an estimated thickness of
1200 meters. The Dyer Canyon is unfossiliferous.

(4c) Bernice Formation. The Bernice Formation overlies the Dyer Canyon
Formation and consists mainly of laminated mudstone and thin, turbiditic sandstone. Oldow
(1990) interpreted these rocks as representing a base-of-slope environment. Both the base
and top of the formation are exposed, revealing a 2500 meter thickness. The age of the

Bernice is middle Norian, as indicated by ammonites.
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(4d) Hoyt Canyon and Mud Springs Formations. The Hoyt Canyon and Mud
Springs Formations represent a change of depositional environment from slope to carbonate
platform (Oldow, 1990). The Hoyt Canyon consists of 850 meters of dark gray to black
micritic limestone and orange weathering mudstone and quartz sandstone. The Mud Springs
comprises 450 meters of massive limestone with abundant bioclastic material. Both
formations contain abundant fauna indicative of the upper Norian. The Mud Springs
Formation is unconformably overlain by the Jurassic Boyer Ranch Formation (described
below) (Speed and Jones, 1969).

1.3.5. The Pershing Ridge Group. The Pershing Ridge Group resides within the
Pershing mining district at the southern tip of the Humboldt Range. The rocks comprise
2295 meters of strongly deformed claystone, siltstone, fine-grained quartzose and calcareous
sandstone, micrite, and coarse conglomerate. Mudstone, turbiditic, channel, and gravity flow
units indicate a submarine fan environment of deposition. The Pershing Ridge is divided into
four formations (Oldow, 1990):

(5a) Hollywood Formation. The oldest formation within the Pershing Ridge
Group is the Hollywood Formation. It consists principally of green-gray to tan, clay-rich
shale, and subordinately of thin-bedded and fine-grained quartz sandstone. The base of the
formation is not exposed, but the apparent thickness is a minimum of 436 meters. Ammonite
assemblages indicate that the age is late Norian.

(5b) Antelope Springs Formation. The Antelope Springs Formation immediately
overlies the Hollywood. The formation consists of distinctive, well-bedded calcarenite and
large carbonate olistoliths at the base of the formation that are traceable throughout the
Pershing district. Rocks in the upper unit consist of thin beds of calcarenite with a large
fraction of interbedded siliciclastic sandstone and mudstone. Together, the upper and lower
units of the Antelope Springs range between 116 and 220 meters in thickness. Ammonites
indicate a late Norian age, the same as that of the underlying Hollywood Formation.

(5¢) Lori Formation. The Lori Formation conformably overlies the Antelope
Springs. The Lori contains chiefly tan to green to reddish-orange shale and thin intercalated
turbiditic sandstone. Both the base and the top of the formation are exposed, and the
measured thickness is 1059 meters. Conodonts, ammonites, and pelecypods from the Lori

indicate a late middle Norian age.
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(5d) Packard Wash Formation. The youngest formation within the Pershing
Ridge Group is the Packard Wash Formation. The Packard Wash gradationally overlies the
Lori Formation, and comprises siliciclastic mudstones and interbedded calcarenite and
limestone. Up-section the percentage of carbonate beds increases. The base of the Packard
Wash is marked arbitrarily by the first appearance of a calcarenite bed assigned to the
Packard Wash. Because the top of the formation is not exposed, the measured thickness of
488 meters is a minimum.

1.3.6. The Fencemaker Canyon Sequence. The road over Fencemaker Pass in the
northern Stillwater Range descends westward from the range crest through Fencemaker
Canyon. Basinal strata exposed in and around Fencemaker constitute the Fencemaker
Canyon sequence (Oldow, 1990). Like the Pershing Ridge Group, the Fencemaker Canyon
sequence is complexly deformed. Mudstone, phyllite, and limestone in the sequence are
tentatively interpreted (Oldow, 1990) to represent a shallow platform progradational
sequence. Three informal members constitute the sequence:

The lower unit consists of 300 meters of dark-green mudstone, with thin interbeds of
dark micritic and fine-grained limestone. The lower unit grades upward into a middle,
argillaceous unit that is 2000 meters thick. The argillaceous unit is also dominantly a dark-
green mudstone, but characteristically lacks calcareous interbeds. Instead, the mudstones are
interbedded with fine-grained quartzo-feldspathic arenite. The upper unit abruptly overlies
the argillaceous member, and consists of 700 meters of dark gray to black, fine-grained
limestone. In the upper unit, distinctive interbeds of massive mudstone and thin, laterally
continﬁous sheets of arenite are also present.

1.3.7. Raspberry Formation. The Raspberry Formation is the only other well-
studied unit within the Lovelock assemblage, in addition to those described above. The
Raspberry Formation was originally defined as the youngest member of the Auld Lang Syne
Group (Burke and Silberling,1974) of the Humboldt lithotectonic assemblage. However,
Oldow (1990) regarded the formation as part of the Lovelock assemblage. Indeed,
descriptions of the Raspberry Formation by Burke and Silberling (1974) and Johnson (1977)
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Auld Lang Syne Group. Exposures at the extreme northern tip of the East Range, are

argillaceous rocks with subordinate carbonate-clast conglomerate and very minor sandstone.
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The unit has a prominent slaty cleavage that indicates a high argillic content. Neither the top
nor the base of the Raspberry is exposed, but the estimated thickness is between 915 and
2430 meters. Ammonites and pelecypods indicate a Late Norian (Late Triassic) age (Burke
and Silberling, 1974).

Areally Restricted Rocks: The Boyer Ranch Formation and the Humboldt Igneous
Complex (Jurassic). The youngest Mesozoic rocks exposed in the region are Lower to
Middle Jurassic quartz arenite, quartzite, limestone, and conglomerate of the Boyer Ranch
Formation (Speed and Jones, 1969), and mafic to felsic intrusive rocks of the Middle Jurassic
Humboldt igneous complex, that intrudes the Boyer Ranch Formation (Dilek and Moores,
1995; Plank, this study). As discussed in the next section, these Jurassic rocks may represent
a tectonic transport regime that was oblique to the east directed contractional deformation
(Speed and others, 1988) associated with the Fencemaker thrust.

1.3.8. Boyer Ranch Formation. The Boyer Ranch Formation is exposed only in the
central part of the Stillwater Range and the Clan Alpine Mountains (Speed, 1976). The
formation consists of two members. The basal member is a coarse- to very coarse
conglomerate, with abundant dolomite clasts. Regionally, the basal conglomerate of the
Boyer Ranch unconformably overlies folded rocks of the Lovelock assemblage with angular
discordance of up to 32 degrees in the Clan Alpine Mountains (Speed and Jones, 1969). In
the Stillwater Range the conglomerate is 38 meters thick, but in the Clan Alpine Mountains
its thickness ranges from zero (0) to 75 meters.

The upper member consists of well rounded, clean quartz arenite with minor sandy
limestone near the base. It gradationally overlies the basal member, and the stratigraphic top
is nowhere exposed. The thickness of the upper member reportedly ranges from 30 meters in
the Clan Alpine Mountains to 150 meters in the Stillwater Range (Speed and Jones, 1969),
though the true thickness of the Boyer Ranch in the Stillwater Range is speculative because it
is tightly folded (this study). ’

The Boyer Ranch Formation is one of several isolated packages of Jurassic quartz
arenite in the southwestern Cordillera of the United States. Speed and Jones (1969)
suggested the formation was deposited in an isolated trough during foreland contraction.

Others (Busby-Spera, 1988) suggested that the formation, and other similar arenitic rocks,
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were formed either partly or directly as a result of rifting. Both Speed (1976) and Busby-
Spera (1988) postulated that the Boyer Ranch Formation shares provenance with Jurassic
sandstones of the eastern Cordillera and Colorado Plateau, such as the Aztec Sandstone. The
age of the Boyer Ranch Formation is bracketed between the age of underlying rocks of the
Clan Alpine sequence (upper Norian) and intrusive rocks of the Humboldt igneous complex
(179- to 157-Ma, K/Ar, Bajocian, or middle Middle Jurassic) (Dilek, 1991).

1.3.9. Humboldt Igneous Complex. The Humboldt igneous complex was mapped in
its entirety by Speed (1976) as the “Humboldt Lopolith”. His work presents the Humboldt
complex as a regional-scale, pancake shaped, layered intrusion, consisting of gabbroic to
quartzose dioritic intrusive rocks and superadjacent hypabyssal volcanic rocks. Dilek and
others (1988) suggested that the Humboldt complex is part of an ophiolite. Recent, more
detailed work by Dilek and Moores (1995) suggests that the geochemistry and structure of
the Humboldt complex are more similar to a calc-alkaline volcanoplutonic arc, characterized
by multiple phases of complexly intruded—and not necessarily layered—dioritic,
monzogranitic, and gabbroic plutons, and basaltic to andesitic dikes. Minor exposures of the
Humboldt igneous complex occur in the West Humboldt Range and in the Clan Alpine
Mountains, while the majority of the intrusive rocks are in the Stillwater Range. K/Ar
hornblende ages from the Stillwater Range suggest the age of the complex lies between 179
and 157 Ma (middle Middle Jurassic to middle Late Jurassic) (Dilek and Moores, 1991).

Cretaceous Intrusive Rocks. Cretaceous granitic plutons occur locally in the Stillwater and
Humboldt Ranges, but are few in number. The granite bodies intrude Triassic rocks of both
the Humboldt and Lovelock assemblages.

1.3.10. New York Canyon and Rocky Canyon stocks. The New York Canyon stock,
on the west side of the central Stillwater Range, consists of equigranular granodiorite
containing quartz, K-feldspar, plagioclase, muscovite, biotite, and sphene (Johnson, 1977).
The New York Canyon stock has a K/Ar Biotite age of at 69 *+ 3-Ma (Silberman and McKee,
1971). Inthe Humboldt Range, the granodiorite of Rocky Canyon is lithologically similar to
the New York Canyon stock. Biotite from the Rocky Canyon stock has been dated at 71 £3 -
Ma, by K-Ar (Johnson, 1977).
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Cenozoic Igneous and Sedimentary Rocks. Cenozoic rocks are exposed in nearly all ranges
in the region. These rocks consist of Oligocene to Pliocene granitic intrusions, ash flow
tuffs, and basaltic to andesitic dikes and flows.

1.3.11. Caetano Tuff. The Caetano Tuff is the oldest tuff in the region and is exposed
in the southern Tobin Range. The unit consists of 100 meters of rhyolitic welded ash flow
tuff and basalt (Burke, 1973). K/Ar radiometric ages on sanidine (McKee and others, 1971)
give an age of approximately 33-Ma (middle early Oligocene).

1.3.12. Fish Creek Mountains Tuff. The Tobin Range and Augusta Mountains
display remnants of the Fish Creek Mountains Tuff. The unit is a crystal rich, welded
rhyolitic tuff with a characteristic brick-red, bouldery weathering pattern. McKee and others
(1971) obtained a zircon fission-track age of approximately 25-Ma (late early Oligocene) for
this unit.

1.3.13. New Pass Tuff: The New Pass Tuff is an extensive ash flow sheet recognized
widely in west-central Nevada. Regionally, the New Pass tuff is exposed in the southern
Stillwater Range and in the central Clan Alpine Mountains (Hudson and Geissman, 1991;
John, 1995). In the Stillwater Range, however, the New Pass Tuff has not been recognized
north of White Rock Canyon (Dave John, pers. comm.,1995). The unit is typically a crystal
rich, high-silica rhyolitic ash-flow tuff with abundant smoky bipyramidal quartz.
Radiometric dating yielded an age of 23-Ma (McKee and Stewart, 1971).

1.3.14. Tuffs in the White Rock Canyon Area. A one-kilometer thick sequence of ash
flow tuffs is exposed in White Rock Canyon, that was a major sample location for Hudson
and Geissman’s (1991) paleomagnetic survey. The tuffs are rhyolitic and are intruded by
younger mafic sills and capped by basalt. The youngest ash-flow tuff in White Rock Canyon
is the New Pass Tuff (described above). In addition, the Nine Hill Tuff and Tuff of McCoy
Mine have also been identified (John, pers. comm., 1995). The rest of the units are
unidentified, but because they underlie the New Pass Tuff they must be younger than 23-Ma.

1.3.15. Southern Stillwater Caldera Complex. John (1995) recognized a system of
three nested calderas in the southemn Stillwater Range. Rocks associated with the caldera
system range from sub-caldera plutons, to intracaldera megabreccias tuffs and flows, to

regionally extensive ash-flow tuff sheets. The ash-flow sheets extend from the caldera
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complex to the south and east, at least as far east as the Clan Alpine Mountains. John (1995)
correlated the Tuff of Poco Canyon, associated with the Stillwater caldera complex, with the
regionally extensive New Pass Tuff, indicating that the Stillwater caldera complex was the
source for that regional ash flow sheet. Radiometric ages (John, 1995) for the complex
range from 29- to 23-Ma.

1.3.16. Unnamed Tuffs and Flows Beneath Table Mountain. Tuffs in the north-
central Stillwater Range (Speed, 1976) that are overlain by basalts of Table Mountain
(Nosker, 1981) are unnamed. Through reconnaissance mapping of the tuffs Hudson (John,
pers. comm.,1995) has tentatively identified unit 6 (the tuff of McCoy Mine) and unit 7 of
Hudson and Geissman (1991). Because units 6 and 7 of Hudson and Geissman underlie their
unit 9 (the New Pass Tuff), the ages of the unnamed tuffs in the Stillwater Range are
probably older than 23-Ma.

1.3.17. Rocks of the Sou Hills and the Basalt of Table Mountain. Nosker (1981)
identified basalt flows, rhyolite flow-domes, and lake sediments in the Sou Hills, at the north
end of Dixie Valley. The lower unit consists of a flat lying rhyolitic ash flow. The ash flow
is capped by a the “lower basalt” (Nosker,1981), that in turn is overlain by light beige to pink
lake sediments of probable Miocene age. The entire sequence is capped by a flat-topped,
olivine basalt flow, the “upper basalt” and younger rhyolite flow dome. The minimum age of
the entire package is given by K-Ar ages from the upper basalt, as 18.4- to 13.8-Ma (Nosker,
1981).

The basalt of Table Mountain caps the central and northern Stillwater Range. Whole
rock K-Ar ages of Nosker (1981) on the basalt of Table Mountain suggests that it was
erupted between 14- to 13-Ma. This age suggests that the Table Mountain basalt may be
contemporaneous with the upper basalt in the Sou Hills. |

1.3.18. Basin-fill units. Basin-fill units include mainly alluvial, lacustrine, landslide,
and playa deposits. The basin-fill units are generally found in the intermontane valleys, but
alluvial and landslide deposits can be found at higher elevations within the ranges. Alluvium
is the most common constituent in the basin-fill of any given basin, and covers about 45
percent (%) of the regional land area (Johnson, 1977). Alluvial deposits include aliuvial fans,
stream gravels, and dry-wash gravels. Lacustrine deposits occur in most of the valleys, but

are thickest in Buena Vista Valley and Carson Sink (Johnson, 1977). Thick sequences of
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sand, silt, gravel, clay, tufa, and saline minerals were deposited in those valleys during the
existence of Lake Lahontan, a late Pleistocene (Wisconsinide) pluvial lake. Landslide
deposits are most numerous, recent, and recognizable along steep mountain fronts where they
have spilled into the adjoining valley(s). Older landslides deposits often occur within the
ranges themselves, where they form slope deposits that are sometimes indistinguishable from
colluvium. Small playa deposits are present in all of the intermontane valleys. The playa
deposits range widely in age; some playas, such as the one in Buena Vista Valley, are
Lahontan-aged deposits (Johnson, 1977), while the playa deposits in Dixie Valley (Humboldt
Salt Marsh, Figure 1) are presently forming.

Regional Structures. Regional structures pertinent to this study include the Fencemaker
thrust, the Willow Creek thrust, the Boyer fault, and the Dixie Valley fault system.

1.3.19. Fencemaker Thrust. The Fencemaker thrust (Speed and others, 1988) is an
east-vergent thrust that emplaced Triassic and Jurassic basinal rocks of the Lovelock
lithotectonic assemblage upon pene-contemporaneous Triassic rocks of the Humboldt
lithotectonic assemblage. The thrust is exposed in the Humboldt, East, and Stillwater
Ranges, and its trace approximates the northeastern boundary of the Lovelock assemblage.
The Fencemaker is assumed to have moved during the Early Jurassic, but the exact timing is
poorly known. The minimum age of Fencemaker displacement is constrained by the
minimum age of the Willow Creek thrust, that postdates structures related to emplacement of
the Fencemaker allochthon. Regarding its origin, the thrust may have formed along the
transition between basinal rocks and platformal rocks of the Early Mesozoic marine province
(Elison and Speed, 1989; Oldow, 1990).

1.3.20. Willow Creek Thrust. The Willow Creek thrust emplaced rocks of the
Golconda allochthon and overlying strata westward over autochthonous rocks of the
Humboldt assemblage (Elison, 1990). The upper plate of the Willow Creek may even have
moved over and included parts of the allochthonous upper plate of the Fencemaker thrust.
The thrust is only exposed in the East Range. Most of the tectonic fabrics and structures in
the East Range are attributed to Willow Creek deformation, and are west-vergent (Elison,
1990). South of the East Range, the trace of the Willow Creek thrust is not exposed, nor is

its approximate position suggested by the distribution of upper and lower plate rocks. The
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Willow Creek is a Mesozoic structure whose age postdates the Fencemaker thrust. Willow
Creek emplacement structures in the East Range are cross-cut by a 155-Ma granitic pluton
thrust (Speed, 1988).

3. Boyer Fault. The Boyer fault (Boyer thrust of Speed (1976)) is exposed only in the
Stillwater Range. Based on field relations in the Stillwater Range, that are described in the
next section (1.4), I postulate that the fault is a Miocene detachment fault. In this text, I refer
to the structure by the name “Boyer fault”. The Boyer fault generally places rocks of the
Humboldt igneous complex and Boyer Ranch Formation over Triassic basinal strata.

4. Central Nevada Seismic Belt (CNSB) and the Dixie Valley Fault. Basin-bounding
faults in the region are Tertiary high-angle normal faults. Most of the large normal faults,
such as the Dixie Valley, Fairview Peak, Pleasant Valley, Louderback Mountains, and
Rainbow Mountain faults, have ruptured in historic time, and many of them show Holocene
paleoscarps (Caskey, 1996). They are also part of a north- northeast trending zone of
recently active seismicity called the Central Nevada Seismic Belt (CNSB) (Wallace, 1984a).

The Dixie Valley fault trends northeast along the base of the eastern rangefront of the
Stillwater Range, and dips steeply (=67°) to the southeast. The fault is not a discrete surface,
but rather consists of a zone of several large and small displacement faults. The zone is
delineated mainly by the Stillwater range front, and also by piedmont and bedrock surface
ruptures adjacent to the trace of the Dixie Valley fault (Caskey, 1996).

Previous Work. During the 1960’s and 1970’s, the regional stratigraphic and tectonic
relationships were worked out by a handful of geologists. Silberling, Roberts, Wallace, and
Burke published many detailed descriptions of the geology of the Star Peak and Koipato
Groups. Speed mapped and described Triassic and Jurassic rocks in the Clan Alpine Range,
Stillwater Range, and West Humboldt Range, and worked out the detailed stratigraphy of the
Boyer Ranch Formation. In addition, Speed was the first to map and describe rocks of the
Humboldt igneous complex. Page mapped the southern and central Stillwater Range,
including a large section of highly deformed basinal rocks of the Lovelock lithotectonic

assemblage.
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More recently, in the 1980°s and 1990’s, a few workers have focused their studies on
the finer details of regional tectonics. Elison mapped the East Range in detail, and sorted out
the hierarchy of structures related to the Fencemaker and Willow Creek thrusts; Dilek
remapped parts of the Humboldt igneous complex, in the Stillwater Range, and speculated
anew upon the origin of that group of rocks; Hudson and Geissman discovered important
details of Oligocene and Lower Miocene tectonics, in their study of regional paleomagnetic
rotations; John re-mapped the southern Stillwater Range, and in doing so discovered an
extensive Oligocene caldera system; and, LaPierre, and others, studied the petrology and
geochemistry of the Koipato Group. Geologic studies, by the mining and geothermal

industries, are interdisciplinary and too plentiful to enumerate.

1.4. STRATIGRAPHY OF THE STILLWATER ESCARPMENT

Stratigraphic Framework. In the Stillwater Range, the contacts between rocks of discrete
lithology and age are usually faults. The fault-bounded blocks, or terranes, are internally
homogenous and strongly deformed, causing the stratigraphic relations to be obscure. Thus
the rocks described in this section are posed in such a way that their tectonostratigraphy is
simple, while the primary sedimentary and igneous relationships are complicated. For these
reasons, the following presentation of the stratigraphy and structure of the Stillwater
escarpment separates the terranes into structural domains.

The structural domains occupy a corridor that is bounded on the southeast by the
Dixie Valley fault and on the northwest by the eastern divide of the Stillwater Range.
Arbitrary map boundaries to the northeast and southwest have been created in order to
confine the map area to a manageable size. The lower plate of the Fencemaker thrust makes
up Domain 1. The only formation exposed within Domain 1 is the Natchez Pass Formation.

Domain 2 is the upper plate of the Fencemaker thrust. The rock exposed in Domain 2
includes only the Fumarole Canyon sequence.

Domain 3 is the upper plate of the Black Canyon fault. Rocks in Domain 3 include
the basal part of the Boyer Ranch Formation and underlying, unnamed Triassic slate and
sandstone. One small sill, associated with the Humboldt igneous complex, is also present in

Domain 3.
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Domain 4 is the upper plate of the Boyer fault. Rocks in Domain 4 include the Boyer
Ranch Formation and the Humboldt gabbroic complex, and these overlie and truncate all
rocks and structures within domains 1, 2, and 3. Domain 4a is a piece of Domain 4 that has
been down-dropped to a position low along the Stillwater range front, along a splay of the
Dixie Valley fault (RF4 fault). Because the rocks in Domain 4a are the same as those in
Domain 4, Domain 4a will not be mentioned again until the RF4 fault is described (page 61).

Tertiary rocks do not fit into the domainal scheme, as they are scattered throughout
the map area independently of the Mesozoic geology. The Tertiary rocks comprise basaltic
to andesitic dikes, travertine deposits, landslides, colluvium, and alluvium. Tertiary volcanic
tuffs and flows, that are outlined in the previous section (1.2), crop out at Table Mountain
along the backbone of the Stillwater Range, but they are not present in the study area.

Quaternary units include alluvial, lacustrine, playa, and landslide deposits. Generally
these units are basin-fill, but some alluvial and landslide deposits occur within the range,

along slopes and in the dry wash beds.

Stratigraphy. The following paragraphs describe the rocks that are present in each domain,
in order of decreasing age. Tertiary and Quaternary rocks are described separately.

1.4.1. Domain 1 Rocks. Rocks in Domain 1 include part of the Triassic Natchez
Pass Formation. The Natchez Pass Formation is the upper of two formations within the Star
Peak Group. The formation was named from typical exposures in Natchez Pass in the East
Range (Silberling and Wallace, 1969). The section in Domain 1 is the southern-most
exposilre of the Natchez Pass Formation, and was identified here by Speed (1976).
Typically, the Natchez Pass comprises massive carbonate and interbedded volcanic and
siliceous detrital rocks, and these rocks increase in thickness regionally from north to south
- (Silberling and Wallace, 1969). This section, in Domain 1, contains no volcanic rocks, but
includes massive carbonate rocks. Reconaissance mapping has shown, however, that
volcanic rocks and some fine-grained, quartzose strata exist lower in the section, just north of
the map area.

(la) Black Limestone and Black Schist. The lowest exposed part of the Natchez
Pass Formation in Domain 1 crops out at the bedrock/alluvial contact, along the Dixie Valley

fault. There, the formation consists of a distinctive, impure, black limestone. In places
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where it is not tectonized, the black limestone is very thinly bedded, similar to a shale.
Individual beds are very fine grained, and have no distinguishable internal structure. The
limestone has a friable, shaly texture, and weathers to a fine flour. The black color of the
limestone is due to high carbon content, that causes the rock to be dirty to the touch. To the
southeast, the black limestone becomes a calcareous, cordierite schist, as it warps into the
ductile shear zone of the Fencemaker thrust. The schist provides a good marker horizon
between upper and lower plates of the thrust. The appearance of the schist is similar to that
of the limestone, except for the presence of metamorphic porphyroblasts, and strong tectonic
foliation and lineation.

(1b) Whitish-Gray to Dark-Gray Marble. The upper boundary of the black
limestone is a very distinct and abrupt transition to massive, strongly foliated, whitish-gray to
dark-gray marble and marble tectonite. The contact can be seen from a distance, about 200
veftical meters topographically above the mouth of Fumarole Canyon. For the most part, the
unit has been completely recrystallized, but small enclaves of less-deformed rock can be
found, in which the original limestone texture is recognizable. At the southeast boundary of
Domain 1, along the ductile shear zone of the Fencemaker thrust (discussed below), the
marble is strongly deformed into a marble tectonite.

Small-scale bedding in the marble is eradicated, but large-scale relict bedding is still
visible along some steep-walled ravines. The original strata have given way to thick (2 to 5
meters), alternating bands of grayish-white and dark-gray marble (figure showing picture of
black and white marble). The grayish-white marble is completely recrystallized, and consist
of flattened lenses of white, sparry calcite in a groundmass of light gray, coarse calcite (plate
P1A). Often, the calcite lenses are cored by brown, dolomitic material (plate P1B). The
dark-gray marble is finer-grained and fossiliferous (plate P2A). The dark-gray marble,
though strongly foliated, is recrystallized to a lesser degree; this is probably a result of there
being much less original calcite and more carbonaceous or terrigenous material within the
protolith. Fossil tests in the dark-gray marble have been recrystallized and dolomitized, but
many retain a recognizable shape. In places, fine scleratinian coral structure is even visible
(plate P2B). However the majority of the clastic fragments lack biological structures. In
summary, the relict compositional layering and pervasive, dolomitic detritus indicate that the

protolith may have consisted of massive white or gray limestone, interbedded with impure,
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Fencemaker thrust, showing elongated sparry calcite lenses cored by dolomitic
material. within a darker calcite matrix.

sigmoidally rotated calcite porphyroclast (shear sense is dextral).

Plate P1
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dark gray limestone, both of which were fossiliferous or bioclastic, and which possibly
included some dolomitic and calcitic vein material.

Because of the structural complexity in Domain 1, there are no obvious lateral
stratigraphic variations in the marble. However, the intensity of structural deformation
decreases with distance from the Fencemaker shear zone. In short, the marble tectonite
occupies the shear zone, the foliated marble resides along levels structurally beneath the
shear zone, and foliated limestone is found along structural levels that are farthest from the
shear zone.

Neither the upper contact of the Natchez Pass (with the Grass Valley Formation) nor
the lower contact (with the Prida Formation) are exposed in Domain 1. However, the
approximate thickness of the Natchez Pass—from an map estimate of the maximum exposed
thickness—is at least 580 meters. To the west, in the neighboring Humboldt Range, where
exposures of the formation are the most similar to those in the Stillwater Range (Silberling
and Wallace, 1969), the thickness of the Natchez Pass is 760 meters. Thus, the thickness
estimate in Domain 1 is within reason for the Natchez Pass Formation. Rocks that are similar
to the black limestone are found in the Humboldt Range, where they are known to be a lower
member of the Natchez Pass Formation (Silberling and Wallace, 1969). As described, that
lower member consists of 460 meters of distinctive, impure, massive limestones, complexly
interfingering volcanic tuffs and flows, siliceous detrital beds, and a high percentage of
dolomitic to sparry calcitic vein material. The lithology and thickness of this limestone in the
Humboldt Range is remarkably similar to the portion of the Natchez Pass found in structural
Domain 1 in the Stillwater Range. Thus, the section of Star Peak Group that is found in
Domain 1 probably represents the lower Natchez Pass Formation. If the rock in Domain 1 is
indeed part of the lower Natchez Pass, the age is latest Middle Triassic to early Late Triassic
(Ladinian to Carnian) (Silberling and Wallace, 1969).

1.4.2. Domain 2 Rocks. Rocks in Domain 2 include the Fumarole Canyon
sequence. The Fumarole Canyon sequence consists of fine-grained quartzose and
argillaceous basinal rocks that are part of the Lovelock lithotectonic assemblage. The
sequence occupies the entire body of structural Domain 2: a narrow, fault bounded corridor
extending from Fumarole Canyon to three (3) kilometers south-southwest of the canyon. The

Fumarole Canyon sequence is named from the Senator Fumaroles, that are situated at the
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mouth of Fumarole Canyon—a steep walled canyon at the north end of the field area. To the
northeast, the formation is bounded by the Fencemaker thrust, and there it structurally
overlies the Natchez Pass Formation. To the southwest, the formation is truncated by the
Black Canyon fault, and so structurally underlies unnamed Triassic slates that
stratigraphically underlie the Boyer Ranch Formation in Domain 3. The formation is capped
by rocks of Domain 4, and truncated on the east by a splay of the Dixie Valley fault system
(fault RF4).

(2a) Lower Unit of the Fumarole Canyon Sequence. The lower unit of the Fumarole
Canyon sequence consists of black to very dark-gray slate. Although the character of the
bedding is heavily overprinted by a strongly developed, bedding-parallel, tectonic cleavage,
the original bedding most likely consisted of thinly laminated argillite with occasional, thin,
quartzose intercalations. The relatively competent quartzose intercalations usually occur as
thin, platy boudins. Very thin laminae of hematitic material also indicate bedding.

The slate in the lower unit is composed of very fine-grained quartz, argillaceous
minerals, and organic material. These components impart to the rock a homogeneous
appearance and texture. The high pelitic content is indicated by ultra-fine cleavage foliation;
well developed lineations of stretched micaceous minerals; phyllitic sheens on cleavage
planes; and by the obvious incompetency of the rock. The protolith, therefore, was probably a
claystone interbedded with thin layers of siliceous mudstones. Because the lower unit is
exposed in a profile view (almost cross-sectional) along the face of the Stillwater escarpment,
lateral variations in the stratigraphy are not apparent.

(2b) Upper Unit of the Fumarole Canyon Sequence. The upper unit of the
Fumarole Canyon sequence gradationally overlies the lower unit. The contact is defined by
an upwards increase in the width and number of competent, quartzose interbeds (usually
occurring as quartzose boudins). Because of thrust and/or normal faulting, variations in
lithology within the upper unit are juxtaposed in a confusing way; thus it is difficult to say
exactly how the vertical stratigraphy changes in the upper unit. However, it appears to
consist of thinly bedded, brown argillite in the upper part, and laminated, olive-green to

bluish-gray, argiilaceous siitstone in the lower part (plate P3).
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A) Brown argillite in Little Cottonwood Canyon,
' s(lhgwmgthm, sandy and siliceous interbeds. Note
polyphase fold (F1asw), described later.

s £
(B) Blue-gray arglll{te, at the month 0
Black Canyon, showing fine bedding
lamination.

Plate P3
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Brown argillite is exposed only in the southern one-third (1/3) of Domain 2 (in the
back limb of a megascopic anticline in Domain 2, described below). The brown argillite can
be distinguished from siliceous argillite solely by the presence of sandy interbeds (plate
P3A). The rock is uniformly intercalated with thin, light colored beds of fine turbiditic
sandstone, ranging in width from 0.1 to 1.0 centimeters. Thin to thick interbeds of brown,
sandy limestone occupy one horizon within the upper part of the upper unit, high in the
southeast wall of Little Cottonwood Canyon, but otherwise carbonate beds are absent.

Olive-green to blue-gray argillaceous siltstone, or siliceous argillite, crops out in both
the southwestern and northeastern thirds (1/3’s) of Domain 2. The siliceous argillite is a
competent and overall homogeneous rock, consisting of predominantly of fine-grained
quartz, a large amount of organic detritus, and subordinate micaceous minerals, (plate P4A).
The rock appears massive, and does not contain interbeds. At a finer scale, however, the
bedding is characterized by ultra-fine lamination and wispy, greenish intercalations (plate
P3B). The appearance of these intercalations suggests a very low-energy depositional
environment, and is reminiscent of current structures in contourites. It should be mentioned
that the appearance of the siliceous argillite varies greatly according to the angle between the
penetrative tectonic foliation and bedding. The rock can sometimes be penetratively and
tightly foliated parallel to bedding, but is only weakly foliated or non-foliated at high angles
to bedding.

The upper unit of the Fumarole Canyon sequence also contains rocks of olistostromal
or other mass-slide origin. These bodies are intercalated mainly within the olive-green to
blue-gray siliceous argillite. Because the Fumarole Canyon sequence is both deformed and
restricted in its lateral exposure, the lateral continuity of the olistostromal bodies is not
obvious. Locally, their geometries are lensoidal, massive, and lack bedding, and their
contacts with the surrounding bedded rocks are indistinct. The matrix of the olistostromal
bodies is similar to argillaceous siltstone that dominates the upper Fumarole
Canyonsequence, but is slightly more quartzose. Most notably, the olistostromes have a high
(=30%) constituency of pod-like clasts, or olistoliths, that are present in the matrix as
suspended blocks. In aspect, the olistoliths are rounded and range in shape from spherical to

amoeboid, and they generally, but not always, lack stratification or preferential orientation.
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The olistoliths occur in clusters, in which some olistoliths are flow-aligned (plate P5B) while
others are chaotically deformed (plate PSA). Ninety (90) percent of the olistoliths are fist- to
basketball-sized pods of bioclastic (plate P6A) carbonate and non-bioclastic carbonate
sedimentary rock. Other blocks consist of tan to greenish-tan, medium grained sandstone
lenses, that range from guitar-sized to car-sized and are usually tabular in aspect. Soft-
sediment slump and shear structures also are present around the margins of the olistostromal
bodies (plate P6B). This type of soft sediment deformation is commonly associated with
mass-slide emplacement (Prothero, 1989) and provides additional evidence that these
intercalations have an olistostromal origin.

Domain 2 is part of a megascopic, hanging wall anticline that is overturned to the
north. The upper Fumarole Canyon crops out in both the upright and overturned limbs of the
megascopic anticline, and the lower unit crops out in the core of the anticline. Although
neither the base nor the top of the formation are exposed, an estimate of its thickness,
measured from cross-sectional models of the anticline, is approximately 3000 meters. The
maximum exposed thickness is akin to 2100 meters. The Fumarole Canyon sequence is non-
fossiliferous, except for the bioclastic inclusions or olistoliths within the olistostromal blocks,
and therefore it is difficult to put an age to the formation. However, we are currently
undertaking uranium/lead (U-Pb) dating of zircons, from within a pre-deformational felsic
dike, that may give both a minimum age for the formation and a maximum age for the
penetrative deformation. In any case, the similarity of these rocks to the other basinal facies
of the Lovelock assemblage, indicates that the age is probably middle to late Norian

| The Fumarole Canyon sequence was originally mapped by Speed (1976) as part of an
Upper Triassic to Lower Jurassic pelitic sequence in the upper plate of the Fencemaker thrust.
Other map compilations of the geology of Pershing and Churchill Counties (Johnson, 1977,
Wilden and Speed, 1974), later designated the Fumarole Canyon rocks as undifferentiated
phyllites of the Auld Lang Syne Group. Speed (1978a) indicated that the Fumarole Canyon
sequence is probably a distal, deeper water member of the Clan Alpine sequence. I correlate
the Fumarole Canyon as basinal facies rocks of the Lovelock lithotectonic assemblage, that
have affinity toward rocks of both the Clan Alpine sequence (Speed, 1978b) and the

Fencemaker Canyon sequence (Oldow, 1990), but that lack evidence for direct correlation to

any of those units. Finally, I interpret the facies distribution outlined above to represent a
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(A) Photomicrograph of siliceous argillite from th yon sequence,
showing slightly stretched detrital quartz, micaceous minerals, and black
carbonaceous material. (Nikon 10x)
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(B) Photomicrograph of pelitic siltstone, from the bottom of the section of green,
pelitic, unnamed slates, Cottonwood Canyon. Photo shows horizontal graded
bedding (Nikon 5x).
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(A) Non-spherical olistolith within the upper Fumarole Canyon sequence showing
soft sediment deformation around the margins; Black Canyon. Note ballpoint pen
for scale.

(B) Preferentially aligned, spheroidal olistoliths within the upper Fumarole Canyon
Formation showing marginal soft sediment deformation; Black Canyon. Scale is
same as above.
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A bioclastic olistoliths; upper Fumarole Canyon
Sl Formation, Black Canyon.

(B) Photograph of soft sediment deformation around the
margins of olistostrome bodies; upper Fumarole
Canyon Formation, Black Canyon.

Plate P6
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continental rise to continental slope environment of deposition, in which fan sedimentation
was absent.

1.4.3. Domain 3 Rocks. Rocks in Domain 3, the upper plate of the Black
Canyon fault, consist of unnamed Triassic slate and sandstone, and the Boyer Ranch
Formation. One gabbro sill, associated with the Humboldt igneous complex, is also present
in Domain 3.

(3a) Unnamed Triassic Sandstone and Slate. Unnamed sandstone, sandy
siltstone and pelitic siltstone are exposed throughout Domain 3, where they underlie the
Boyer Ranch Formation. There are three exposures of the unnamed rocks within the study
area. In Cottonwood Canyon, the rocks crop out from beneath the base of the Boyer Ranch
Formation. In Black Canyon, they occupy part of the upper plate of the Black Canyon fault.
Along the rangefront, south of Cottonwood Canyon, they crop out in a section of strongly
hydrothermally altered rock.

The most complete section lies 250 meters north-northwest and upstream from the
mouth of Cotton\‘avood Canyon. The section underlies the basal conglomerate of the Boyer
Ranch Formation (plate P7) along an angular unconformity. From the unconformity toward
the northwest, the slate unit crops out for another 200 meters upstream. The upper part of the
unit in Cottonwood Canyon consists of brownish-red, coarse siltstone. The siltstone is

interbedded’with sheets and lenses of brown, medium-grained sandstone, Stratigraphically

down-section, the rock becomes light green, finer grained, and slightly more pelitic (plate
P4B); in addition, sandstone beds disappear, and the rock gains a pronounced slaty cleavage.
Primafy sedimentary structures in the section occur in both the sandstone and siltstone.
Symmetric to slightly asymmetric climbing ripples are ubiquitous, and are the most common
structures in the siltstone. The ripples are useful in tracing bedding contacts where tectonic
cleavage is strong. Loading structures and other soft sediment deformation structures are
fewer in number and confined to the coarser gréined, red siltstone beneath the unconformity.
Sandstone interbeds show cross- and plane-lamination and reactivation surfaces.
Approximately 105 meters of unnamed strata are exposed in Cottonwood Canyon; cross
sectional analysis suggests, however, that about 210 meters of rock are present at this
location between the unconformity and the projected, buried surface of the Black Canyon

fault (Plate 2, cross section A-A’). The Cottonwood section is unfossiliferous,
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(A) Unconformity (red line) at the base of the Boyer Ranch Formation, on the south
side of Cottonwood Canyon. Dolomitic conglomerate of the Boyer Ranch overlies
purple, unnamed slates with slight angular discordance.

(B) Close-up of the unconformity at the base of the Boyer Ranch Formation,
showing dolomitic cobbles of the basal Boyer Ranch lying discordantly above
sub-Boyer Ranch slates. Note pencil for scale.

Plate P7
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The largest section of unnamed slaty rocks is exposed 1.5 kilometers southwest of
Cottonwood Canyon, and crops out beneath the Boyer fault between two large rangefront
landslides. Ninety percent (90 %) of the outcrop is heavily hydrothermally altered and
friable. Thus, it is not a good location by which to demonstrate the primary character of the
rock. Within the wash at the very southwestern tip of the section, however, the alteration is
minor, and the rock is discolored but not texturally destroyed. At this location, the rock
consists of thinly bedded siltstones, similar to those in Cottonwood Canyon. A host of
primary shallow-water bedforms are present, including channel scours with rip-up clasts,
algal laminations, bioturbation and burrows, and ripple laminations. Although approximately
380 meters of stratigraphic thickness is exposed at this location, neither the top nor the
bottom of the section are exposed.

The third exposure of the unnamed rocks is in Black Canyon, in the upper plate of the
Black Canyon fault. The unnamed rocks crop out as a thin seam, above the fault, and along
both the southern and northern ridges of Black Canyon. Although they are sheared, the rocks
in the Black Canyon area are similar to the green, more pelitic rocks at the bottom of the
Cottonwood Canyon section. The rocks lack sandstone interbeds, and are green and highly
pelitic, as indicated by their golden, phyllitic sheen, and schistose cleavage. In addition,
climbing ripples are present, but are hard to find in the field because shearing has destroyed
the delicate bedding. To see the climbing ripples in the Black Canyon outcrops, one must
find samples where bedding planes create an intersection lineation with cleavage surfaces.
Once bedding is found in this way, the sample can be fractured perpendicular to the bedding,
and then the climbing ripples are vague, but visible. In the laboratory, smooth, shorn
surfaces of a these types of samples can reveal the climbing ripples very nicely.

The unnamed rocks were first mapped by Page (1964) as being a unit unlike any other
in the central and southern Stillwater Range. Speed (1969) also mentions these rocks as
being unmatched in the Stillwater Range, but suggests their possible similarity to rocks near
the top of the Triassic rocks of the Clan Alpine sequence. I presume that the “similar” rocks
to which Speed (1969) refers, are those of the highest terrigenous member of the Hoyt
Canyon Formation of the Clan Alpine sequence. There are three reasons for the tentative
correlation with the Hoyt Canyon Formation: first, in the Clan Alpine Mountains north of

Hoyt Canyon, the Hoyt Canyon Formation underlies the unconformity at the base of the
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Boyer Ranch Formation. Second, the exposures of the base of the Boyer Ranch Formation
north of Hoyt Canyon are the nearest, to Cottonwood Canyon, of all the regional localities in
which the base of the Boyer Ranch is exposed. Third, Speed’s descriptions of the upper
terrigenous member of the Hoyt Canyon (Speed, 1978b, p.247) fit very generally with my
observations in Cottonwood Canyon,; in particular, the upper terrigenous unit of the Hoyt
Canyon contains *...symmetric ripples...in current laminated fine-grained sandstones”.
Because of these similarities, the sub-Boyer Ranch rocks exposed in Domain 3 are quite
possibly correlative with the upper Hoyt Canyon Formation. Assuming that the unnamed
rocks are correlative with the Hoyt Canyon Formation, the age is upper Norian (Speed and
Jones, 1969).

(3b) Boyer Ranch Formation. The Boyer Ranch Formation is named from the
old Boyer Ranch, that lies three (3) km to the southeast of the mouth of Cottonwood Canyon.
Thé type area lies across Dixie Valley, low in the Clan Alpine Mountains and two miles due
north of Shoshone Creek (Speed and Jones, 1969). Within Domain 3, the Boyer Ranch
Formation is the most widely exposed unit, and constitutes over half of the outcrops. The
Boyer Ranch rocks in Domain 3 include basal conglomerate, a small piece of basal
limestone, and a large section of near-basal quartz arenite. The rocks are exposed within a
structural window, that is framed on the northwest by the Boyer fault and on the east by the
Dixie Valley fault. The basal conglomerate crops out 250 meters inside Cottonwood Canyon,
where it unconformably overlies unnamed Triassic siltstones (described above). The outcrop
is a southeast dipping wedge of mottled, purple-brown, poorly sorted conglomerate, that is
capped conformably by a lens of grayish-brown, sandy limestone. At the very base of the
conglomerate, along the unconformity, the conglomerate is very coarse and moderately
sorted (plate P8). The larger size fraction of clasts consists of sub-rounded to sub-angular,
pink, gray, and tan dolomitic cobbles, that range in width from two (2) to twenty (20)
centimeters along the long axis, and average about 12 centimeters in length. Subordinate size
fractions are composed of dolomite, chert, and quartzite pebbles that are relatively more
rounded and average 2 to 3 cm in diameter. Upward in the section, the conglomerate clasts
become finer-grained, more poorly sorted, and more calcareous. In addition, the larger size
fraction of cobbles disappears. Along the upper contact of the conglomerate, the univariant

size fraction consists of angular to sub-rounded limestone, dolomite, chert, and quartzite
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(A) Photograph of dolomite pebbles; basal member of the Boyer Ranch Formation,
Cottonwood Canyon. The interlocking texture, called solution pitting, is the result
of high strain in the limb of a megascopic F2 anticline.

(B) Photograph of the larger size fraction of clasts in the basal Boyer Ranch
conglomerate. Again, note the interlocking solution pits around the margins of the
clasts.

Plate P8
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pebbles that average between 1 and 3 centimeters across their long axes (plate P9B). In
addition, the matrix composition changes upward in section from dolomitic to predominantly
calcareous and quartzose. At the base of the conglomerate, the matrix is a coarse, moderately
sorted dolomitic sandstone. Matrix at the top of the section is coarser grained, very poorly
sorted, highly calcareous sandstone.

Along the upper part, the conglomerate is matrix supported, whereas the base of the section is
clast supported. Finally the conglomerate is roughly 30 meters thick.

A lens of internally folded, gray limestone conformably overlies the conglomeratic
unit (plate P10). From a standpoint within Cottonwood Canyon, the outcrop is almost
indistinguiéhable from the underlying conglomerate, but truly is a distinct and homogenous
rock. The exposure consists of gray, massive limestone that is chaotically intercalated with
fine, cross bedded brown sandstone. Because the limestone is strongly deformed, larger scale
bedding ché;racteristics are not apparent. The limestone is roughly ten (10) meters thick.

Boyer Ranch quartz arenite crops out in Domain 3, from above the basal
conglomeratic wedge, to the mouth of Cottonwood Canyon, and then to the northeast as far
as the Black Canyon fault. The regularity of bedding contacts in this section is notable. Beds
are generally between ten (10) and thirty (30) centimeters thick, and fine upwards, so that the
base of each bed to be slightly darker than the top. Between the thick beds, very thin (.1- to 1
centimeter) fine-grained sandstone intercalations are often present. Internally, the
sedimentary structure in the arenite beds is homogeneous. Planar, microfine, and parallel
laminations permeate the individual beds—and can be used to indicate bedding where the
bedding contacts are obscured by fracturing—but constitute the only bedforms Also notable
in this near-to-basal section are thick, irregular layers of interbedded conglomerate and coarse
sandstone (plate P9A). These layers appear to be present only in the near-to-basal part of the
Boyer Ranch quartz arenite. They are internally stratified by cross-bedded sandstone and
calcareous, matrix supported conglomerate. The presence of reactivation surfaces,
discontinuous lensoidal bedding, and flow alignment of elongate clasts, indicate that these
strata were deposited in a turbulent environment. I interpret these interbeds, therefore, as
channel deposits. In some cases, however, the order of stratification resembles an incomplete
Bouma sequence. An alternate interpretation could be that the coarse strata are of a gravity

slide or possibly of a turbiditic origin. Quartz grains are the single constituent of the arenite.
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(A) Photograph of conglomeratic mass-flow or channel deposit, interbedded within
quartz arenite in the lower Boyer Ranch Formation; Domain 4, upper Little
Cottonwood Canyon. Note hammer for scale.

(B) Close-up photograph of matrix supported, calcareous conglomerate near the top
of the basal Boyer Ranch conglomerate. Note the smaller size and more varied
types of clasts, as compared with the base of the conglomerate (plate P8);
Cottonwood Canyon.

Plate P9
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(A) Photograph of a lens of highly internally folded
limestone, located between the basal conglomerate
and the upper quartz arenite members of the Boyer
Ranch Formation; Cottonwood Canyon.

(B) Close-up photograph of light-brown, sandy
interbeds, within the gray, Boyer Ranch limestone;
Cottonwood Canyon.

Plate P10
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The grains are, without exception, rounded and medium-fine to fine-grained, and very well
sorted.

The section of Boyer Ranch in Domain 3 thus comprises forty (40) meters of basal
conglomerate and limestone, below approximately 120 meters of a near-basal portion of
more typical quartz arenite. All of these rocks are unfossiliferous. The lower age of the
Boyer Ranch is constrained by Late Triassic (Norian) rocks, that underlie the Boyer Ranch
Formation in the Clan Alpine Mountains below an angular unconformity. The upper age is
constrained by a range of dates from the Humboldt igneous complex, that intrudes the Boyer
Ranch. Potassium/argon (K-Ar) dating of the Humboldt complex (described below) indicates
that its age is between 179 and 157 Ma. The Boyer Ranch must therefore be older than about
157-Ma.

(3¢) Sills Associated with the Humboldt Igneous Complex. In Domain 3, a sill of
orthopyroxene gabbro is exposed around the mouth of Cottonwood Canyon. The sill crops
out on the southwest side of Cottonwood Canyon, and strikes southwest for another 300
meters along the face of the Dixie Valley fault scarp. The sill was originally mapped as
“microgabbro” (Speed,1976), however the rock has a microgabbroic texture only along the
chilled margins of the sill, while in the center it is very coarse grained. In the coarse grained
gabbro, purple orthopyroxene oikocrysts and bright green, poikilitic olivine crystals are
visible to the un-aided eye. The microgabbro along the margins is dense and green, with a
sugary texture, and mafic minerals are too fine grained to be visible.

1.3.4. Domain 4 Rocks. Rocks in Domain 4, the upper plate of the Boyer faulit,
include the Boyer Ranch Formation and the Humboldt igneous complex.

(4a) Boyer Ranch Formation. In Domain 4, exposures of the Boyer Ranch
Formation consist entirely of quartz arenite. In some exposures adjacent to the Boyer fault,
the presence of matrix-supported conglomeratic beds, like those described above, suggest
that the stratigraphic position represented at the level of the Boyer fault may be near-to-basal.
Along the Boyer fault, bedding is obscure and disturbed, because of brittle fracturing and
drag folding (see the discussion of structural geology, below). In the areas of Domain 4 that
are structurally most distant from the Boyer fault, bedding in the arenite is very regular,
similar to that in Domain 3. Furthermore, in the southern three-quarters (3/4), where the

arenite is intruded by the Humboldt complex, the bedding contacts are obscured and/or
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completely eradicated by fracturing, and by calcium and silica metasomatism. In the
aureolae of smaller intrusions, the arenite has a baked, rusty appearance and often contains
large, euhedral secondary magnetite and lesser pyrite. In the contact zone of the larger
volume of crystalline rock, the Boyer Ranch ranges in appearance from a baked arenite, to a
brecciated arenite, to a completely unrecognizable siliceous microbreccia or crackle breccia.

Cross-sectional analysis of the Boyer Ranch Formation in Domain 4 indicates that its
thickness may be as much as 975 meters. This figure contradicts an estimated maximum
thickness of 150 meters (Speed and Jones,1969); however, a percentage of the relatively
large thickness in the study area is probably a result of large structural thickening by
megascopic folding. The Boyer Ranch Formation is isolated, and does not correlate with any
regional sequences.

(4b) Humboldt Igneous Complex. The Humboldt igneous complex occupies the
southwestefn three-quarters (3/4’s) of Domain 4, and extends from the southwest corner of
the map, to the northeast as far as Black Canyon. The complex consists of a continuous
volume of mafic and intermediate to felsic plutons, and subordinate small plutons, dikes,
sills, and pod-like stocks. Intermediate, volcanic rocks overlie the plutonic rocks. The
volcanic rocks have been treated as hypabyssal (Speed, 1976) and are associated with the
Humboldt complex; however they will not be discussed in this section.

The largest plutons within the complex are mafic, dark green to greenish-gray diorite
and gabbro, and are the dominant crystalline rock in the complex. These rocks are exposed
(and easily accessible) in Cottonwood Canyon. The large plutons are not foliated or
stratified, though some facies of the Humboldt igneous complex, in other areas, do show
layering (units Jg2 and Jg3 of Speed, 1976). The rocks consist of plagioclase and varying
amounts of hornblende and olivine, and are generally dioritic; however, enclaves, where the
mafic concentration is high enough to produce gabbro, are common. Subordinate mafic and
intermediate/felsic plutons intrude randomly into the larger plutons and the surrounding
country rock. The largest of these subordinate intrusions is a small pluton, located on the
ridge southwest of Cottonwood Canyon, that consists of pinkish-weathering anorthosite.
There is some primary foliation along the base of this anorthositic pluton, but otherwise it
shows no internal layering. The anorthosite is felty textured and equigranular, consisting

wholly of fine- to very medium-grained plagioclase.
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The smaller-sized, subordinate intrusions include mainly mafic sills and small, pod-
like stocks. These lesser intrusions commonly intrude the country rock (in this case, Boyer
Ranch quartz arenite) peripherally to the larger plutons. Almost all of these peripheral
intrusions were originally mapped as “microgabbro” (Speed, 1976; Dilek, 1995), and indeed
many of the intrusions, especially the sills, are very a fine-grained, dark-green microgabbro.
A percentage of the lesser intrusions, however, are coarse-grained gabbro with cumulate
hornblende and/or olivine, and are microgabbroic only along their chilled margins.
Therefore, not all of the microgabbro, as mapped by Speed (1976), has a microgabbroic
texture. In addition, the style of contact metamorphism appears to differ between the
cumulate pods and the microgabbro sills. The style of metamorphism around the cumulate
bodies is, as described above, baking, staining, and metasomatism, without significant
brecciation. Sills, on the other hand, are often accompanied by a unique brecciation of the
country rock, in which quartz arenite has been shattered in-situ, and the fragments rounded
by the transport of fluids and rock material through the breccia (plate P11). Most of the
microgabbro sills and cumulate gabbro pods are exposed in Domain 4, within and to the
northeast of Black Canyon. Along the upper part of Black Canyon, the microgabbro sills are
crosscut by a large diorite pluton to the south, indicating that the sills are an older phase of
the Humboldt complex.

Cross sectional analysis of the Humboldt complex suggests that at least 1500 meters
of intrusive rock are present in Domain 4, above the Boyer fault. However, neither the mafic
nor the felsic rocks are foliated or well layered within the field area, and therefore it would be
difficult to measure their true stratigraphic thicknesses. The first radiometric dating of the
Humboldt complex, from exposures in the West Humboldt Range (Wilden and Speed, 1974),
constrained the age of the complex to between 165 + 5-Ma and 145 + 4-Ma (K-Ar,
hornblende and biotite). In the Stillwater Range, a similar, published radiometric date places
the age of the complex at 157 +4-Ma; however, unpublished dates from geochronological
studies done by Dr. Mark Elison (Dilek, 1995) give ages of 176- to 165-Ma. The age of the
complex is thus bracketed between middle Middle Jurassic and middle Late Jurassic.

1.4.5. Tertiary Rocks.
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(A) Photograph of quartz arenite breccia which is intimately with
microgabbro sills. The rounded, yellow clasts are quartz arenite. The green matrix
is an altered, punky, chioritic materiai. Note hammer for scale.

Plate P11



(3a) Miocene Basaltic to Andesitic Dikes. Basaltic to andesitic dikes in the
study area were first mapped and described by Dilek (1995). The dikes stem southward from
a pluton-sized complex of sheeted dikes located at the extreme northeast end of the map
(Plate 1), and intrude the Mesozoic rocks, described above, in all domains.

The larger and greater number of dikes are exposed in domains 1 and 2, where
they are nearer to the massive sheeted dike complex, that lies to the north of Fumarole
Canyon. These dikes trend ‘consistently toward the northeast, and dip moderately to steeply
westward. The larger dikes can be as much as 120 meters in width and are composites of
smaller, sheeted intrusions. These sheeted dike swarms are coarse-grained to aphanitic, and
equigranular. The cores of the coarse-grained dikes are brownish-green and altered, while
their margins are chilled and aphanitic, and weather to a dark reddish-brown color. Coarse
surfaces often show a unique pattern of localized spherical exfoliation, that causes pillow-
shaped, basketball-sized spheres td differentially weather out of the homogeneous dike mass.
Generally, fresh surfaces of coarser-grained dikes are highly altered, though round
clinopyroxene or altered clinopyroxene usually stands out. In addition, the large dikes are
highly fractured by contact-parallel cooling joints.

A lesser number of smaller dikes are exposed in domains 3 and 4. In general, they
have a more inconsistent trend than dikes in domains 1 and 2, probably due to faulting along
the Black Canyon and Boyer faults. These dikes are isolated and much narrower, ranging
between 15 centimeters and four (4) meters in width, with an average width of one (1) to two
(2) meters. In external appearance the isolated dikes are, like the chilled margins of larger
dike sWarms to the north, weathered to a dark, reddish-brown color. Freshly broken surfaces
are black, glassy, and usually aphanitic, though the dikes that are slightly more coarse have
visible microlitic plagioclase, round phenocrysts of bottle-green clinopyroxene, bronze
biotite, and occasional acicular hornblende. Alfhough some of the isolated dikes clearly
show chilled margins, they tend to lack internal contact-parallel cooling joints.

The composition of the Miocene dikes is slightly variable, but not so different as to be
indicative of separate intrusive phases. Most of the dikes are well represented,
compositionally and texturally, by the large sheeted dike complex that is exposed at the
extreme north end of the map (Plate 1). Rocks in that complex consist of fine- to coarse-
grained basaltic andesites, that contain intergranular plagioclase and clinopyroxene and/or
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orthopyroxene, biotite, a little quartz, and euhedral magnetite and pyrite (plate P12A). The
few dikes that take exception to this typical composition contain acicular hornblende. In
hornblende-bearing dikes, the hornblende is usually fresh, while the pyroxenes are
completely altered to (plate P12B).

Tertiary dikes in the study are have been dated from two different radiogenic
elements. Potassium-argon (K-Ar) whole rock dating (Dilek, 1991) gave ages of between
149 £ 0.5 and 21.1 £ 1.0-Ma. Argon-argon (Ar-Ar) dating of hornblende from dikes in the
southwestern part of Domain 2 (Dilek, pers. comm.) gives an age of 14.5-Ma. Because
whole rock dates have a range of roughly 7-Ma, it is conceivable that in Early Miocene time
the rocks in the field area were subjected to a long lived episode of basaltic magmatism. It is
probable, therefore, that the variance in petrology of the dikes represents multiple but
indistinct stages of intrusion from a basaltic magma source.

| (5b) Travertine and Sugary Limestone. A unit of travertine and sugary
limestone is exposed 1.5-km upstream from the mouth of Cottonwood Canyon. The entire
exposure is located around the juncture of a northeast-striking normal fault (the RF5 fault),
and a set of north-striking vertical faults(the N-S fault set). The RF5 fault bounds the unit on
the east, while the vertical faults cut right through the middle of the unit. The entire unit dips
moderately to steeply towards Cottonwood Creek.

The lower part of the unit, exposed alohg the jeep trail in Cottonwood Canyon,
consists of travertine. At its base, the travertine depositionally overlies both Boyer Ranch
quartz arenite and rocks of the Humboldt complex, or entrains colluvium. Larger scale
characteristics of the contacts are obscure, and large scale bedding is chaotic. The travertine
is typical: very thinly bedded, flaky, and vessicular, with abundant plant fossils.

Topographically higher exposures consist of a dense, sugary-textured limestone. The
limestone is sub-vertically foliated, and forms resistant, vertical ledges, that stand out in
relief. In addition, the ledges appear to delineate the vertical faults that cut through the unit.
The vertical foliation and resistance to erosion probably are the result of the movement of
hydrothermal fluids, that have recrystallized and/or metasomatized the travertine and
destroyed its original texture. Limestone that is recrystallized in this way is sometimes

called “sanded” limestone. Additionally, open-space calcite can be found in the carbonate
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(A) Photomlcrograph showmg the typical texture and composition of basaltlc
Miocene dikes. Sample is from a sheeted dike complex north of Fumarole Canyon.

(B) Photomlcrograph showing the atypical composition of some basaltlc Mlocene
dikes. Note brown homblende and round, altered pyroxene. Sample is from Black
Canyon.

Plate P12



unit. The RFS5 fault contains large crystals of dogtooth spar and other calcite spar. The
vertical faults that cross-cut the show no open-space calcite.

The entire unit thickens toward the southeast, attaining a maximum thickness of
approximately forty (40) meters, within the ephemeral stream channel that delineates the
northeast-striking normal fault. The age of the unit is relatively younger than the local
colluvium, as well as older than the cross-cutting vertical faults. The unit may have
originated as a spring deposit during the late Pleistocene, during which period a pluvial lake

occupied Dixie Valley.

1.5.  STRUCTURAL GEOLOGY OF THE STILLWATER ESCARPMENT

Structural Framework. Cross-cutting relationships between folds, fabrics, faults, and other
tectonic structures are used to determine the relative ages of those structures. A single
deformation event, or phase, that fesults in the formation of the oldest tectonic suite of
structures is referred to as “D,”. Correspondingly, folds formed during a phase are referred to
as “F,”; cleavage or foliation as “S,”; and mineral and other lineations as “L,”. D, isa
younger deformation phase than is D,, and so on. A description of all structural features,
organized thus, can be useful in reconstructing the tectonic history of a geologically
complicated area. In the following section (1.5), I develop such an organization of structural
features. 4

Folds and fabrics are treated according to a scheme of structural domains, as outlined
earlier (section 1.3, page 17), that are broken out on the basis 6f their having distinct
lithologies and discrete, faulted boundaries. I will describe consecutively younging phases of
folds as they occur in each domain. Also, I will present individual generations of folds in
order of size, as megascopic (wavelength ~ 1000m), macroscopic (wavelength ~ 100m),
mesoscopic (wavelength = 10m), or outcrop-scale (wavelength ~ 1m). Faults are presented
last, for the reason that their descriptions draw upon knowledge of previously established

folds and fabrics.

Folds. Folds within the four domains constitute four main phases of deformation: D, D,,

D, and D,. F, folds are folds within bedding, in domains 1, 2, and 3. F, is represented, for
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the most part, by a megascopic, north-vergent syncline in the lower plate of the Fencemaker
thrust (Domain 1). The F, phase may also include a complementary, overturned, megascopic
anticline in the upper plate (Domain 2). Smaller scale second- or third-generation F, folds
are rare; for example, they occur as intrafolial fold hinges in the Fencemaker shear zone. F,,
folds occur in the back limb of the megascopic F, anticline. This sub-notation applies to
certain folds that fold S, cleavage, and that also have an axial planar cleavage that is nearly
co-planar with the folded S, foliation.

F, folds are oblique to F, folds and reorient S, cleavage. These folds verge generally
to the west, plunge gently to steeply to the south-southeast or south-southwest, and are
present as both mesoscopic and outcrop-scale folds.

F, folds are west vergent, upright to overturned, kink bands. They are generally axial
planar to a map-area-wide crenulation cleavage (S,). Without exception, F3 folds are present
only in outcrop-scale.

F, folds are drag folds associated with both the Black Canyon (F,,) and Boyer (F,,)
faults. These folds are localized along and restricted to the shear zones of these faults.

1.5.1. Structural domain I - Folds in the lower plate of the Fencemaker thrust.
Domain 1 contains folds of phases F, and F,. F, folds are apparently not present.

Megascopic F, folding in Domain 1 is represented by an overturned footwall syncline.
The syncline is expressed by the abrupt contact, between black limestone in the lower part of
the Natchez Pass Formation, and massive gray limestone in the upper part. At the north end
of the map, the attitude of the contact strikes 094°, 45°N. Toward the southern end of
Domain 1, the contact is pulled into the shear zone of the Fencemaker thrust. Exposures of
the contact, within the shear zone, are parallel to S, foliation, and dip moderately to the
southeast. The contact thus delineates an northward-overturned footwall syncline that has an
interlimb angle of just over 90° degrees. The minimum wavelength of the syncline is
approximately 500 meters, but only a small part of the fold is exposed. Cross-sectional
analysis suggests that the fold wavelength may be on the order of 1000 meters. Smaller,
outcrop-scale F, folds occur within the shear zone of the Fencemaker thrust, as dismembered,
intrafolial hinges. These folds are exposed in narrow canyons that dissect the shear zone, and

occur predominantly in the darker, more competent marble.
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F, folds in Domain 1 comprise macroscopic, mesoscopic, and outcrop-scale
structures, that reorient D, structures. Macroscopic F, folds are not well preserved in Domain
1, but their existence is implied by scattered erosional remnants of their limbs. The erosional
remnants occur along the wide, steep slope on the northeast wall of Fumarole Canyon (Figure
7). Furthermore, Pi (7)-diagram analysis of S, cleavage (Figure 6) indicates that the
penetrative S, foliation is macroscopically folded around a moderately south-southwest
plunging F, hingeline. Mesoscopic and outcrop-scale F, folds are localized and most
intensely developed along the Fencemaker shear zone. F, folds are best defined where
calcareous schist crops out against marble tectonite. The smaller-scale F, folds bear out the

south-southwest hingeline trend that is demonstrated by Pi-analysis.
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Figure 6. Pi (n)-diagram of poles to S1 foliation, and other data, from Domain 1. The poles define a weak
girdle around a south-southwest trending F2 hinge line.

Mesoscopic and outcrop-scale F, folds are actually second- and third-generation folds in the
limbs of macroscopic F, folds. These subordinate generations of F, folds consist of upright
to overturned, moderately plunging, open to tight folds in S, cleavage. The more tightly
appressed F, folds in Domain 1 have a weak axial planar cleavage (S,), but more often the F,

folds lack S, cleavage.
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Figure 6. Sketch of the northeast wall of Fumarole Canyon, structural domain 1, showing the
location of schist outcrops in the limbs of one or more macroscopic F2 folds.

1.5.2. Structural domain II - Folds in the upper plate of the Fencemaker thrust. As
in Domain 1, Domain 2 contains folds of phases F, and F,. In addition, the most dense
population of the F, folds, in the map region, are found in Domain 2.

Megascopic F, folding is present in Domain 2 as one hanging wall anticline, that is
overturned to the north. The existence of this megascopic structure is substantiated, but not
proven, by the repetition of olistostromal rocks and siliceous argillite of the upper Fumarole
Canyon sequence. Siliceous and olistostromal strata in the overturned limb of the fold
occupy the ductile shear zone of the Fencemaker thrust. These same strata appear again to
the southwest, at approximately the location of Little Cottonwood Canyon, and occupy the
upright, back-limb of the anticline. The limbs of the fold thus define an anticline that has an
apparent wavelength of at least 1200 meters. The fold is further defined by the anticlinal
core, in which pelitic rocks of the lower Fumarole Canyon sequence are highly strained and
very strongly foliated. Cross-sectional analysis suggests that the fold has a minimum
amplitude of 1500 meters, measured vertically from the projected surface of the Fencemaker
thrust. Mesoscopic and outcrop-scale F, folds are apparently present in Domain 2 only in
the Fencemaker shear zone (described below). Other folds, whose axial surfaces are sub-
parallel to the penetrative foliation (S,), are given the sub-notation F,,. F,, folds are rare

and I have only identified two of their exposures. I will therefore refer to the northeastern
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exposure as F, s and the southwestern exposure as F s, (Plate 1). Both of the F,, folds
deform S1 cleavage, and both have developed an axial planar cleavage (S,,) that is sub-
parallel to S,. In addition, they are both tight to isoclinal kink folds. Exposure F, s is a
mesoscopic, isoclinal fold (or fold train) exposed in the core of the megascopic F, anticline.
The tight appression of the fold causes the axial planar cleavage (S,, ) to be always at a low
angle to the penetrative S, cleavage. Exposure F,,, is a single, polyphase fold (plate P3A).
The second generation, chevron folds, on the limbs of the first generation, are F,, folds. The
first phase of this polyphase fold may be the only example, so far, of an outcrop-scale F,
fold in Domain 2. Faint S,, axial planar cleavage, associated with F, 4, is again at a low
angle to the primary S, foliation.

F2 folds are exposed throughout Domain 2. This phase consists of steeply inclined,
moderately plunging, gentle to close folds that deform S, cleavage. All of the F, folds in
Domain 2 have been, to my observation, mesoscopic and outcrop-scale structures.
However, m-diagram analysis of the S, cleavage, in Domain 2, shows that poles to S,

cleavage form a girdle around a shallowly south-southwest plunging hinge line (Figure 8).
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Figure 8. Pi (m)-diagram of poles to S, foliation, and other information, in structural Domain 2. The poles
define a girdle about the F, hinge line.
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This stereographic evidence indicates that, as in Domain 1, the penetrative foliation is folded
into macroscopic F, folds. Mesoscopic and outcrop-scale F, folds always plunge moderately
to the south or southwest, thereby reflecting the same F, hinge orientation demonstrated by
the’ n-diagram girdle (Figure 8). F, axial surfaces, in mesoscopic and outcrop-scale folds,
dip steeply to the southeast or northwest. In contrast to F, folds in Domain 1, F, folds
throughout Domain 2 tend to lack axial planar cleavage, and are less tightly appressed.

F, folds in Domain 2 are small, outcrop-scale folds that range in amplitude from one

(1) centimeter to thirty (30) centimeters. They are genetically related to a regional
crenulation cleavage (S,), and occur only in conjunction with S, surfaces. The F, folds (and
cleavages) occur where the pre-existing planar anisotropy of S, is the strongest. For
example, in Domain 2 the F, folds are most numerous in the overtumed limb and core of the
dominant F, anticline. In that limb, S, cleavage is strongly developed parallel to bedding
and therefore planar anisotropy is strong. F, folds are, more or less, kink bands. Typically,
the kink bands are asymmetric, and occasionally overturned, to the west. The axial surfaces
are co-planar with S, crenulation cleavage.

1.5.3. Structural domain III - Folds in the upper plate of the Black Canyon fault.
Domain 3 contains abundant F, and F, folds, and isolated F,a folds along the Black Canyon
fault. Whether F, folds are present in this domain is uncertain. |

Macroscopic and megascopic F1 folds are not present in Domain 3, but their

existence is loosely suggested by smaller-scale bedding folds, and cleavage, in the unnamed
Triassic slates. Mesoscopic bedding folds in the slates can be found in the lowest part of the -
sectibn, on the south side of Cottonwood Creek. At that location, vertical bedding planes
can be found at right angles to the penetrative cleavage. Although the rollover in bedding is
not perfectly traceable, through the strongly foliated slate, the bedding roughly defines a
west vergent S-fold, with an interlimb angle of approximately 45° degrees. Other S-type
bedding folds are found near the stratigraphic top of the slate, just below the Boyer
unconformity, where they clearly demonstrate that the penetrative cleavage in Domain 3 is
axial planar to bedding folds. Because the penetrative cleavage in Domain 3 is both axial
planar to bedding folds, and of a simiiar orientation to S, cleavage in Domains 1 and 2, it is

possible that bedding folds in Domain 3 belong to phase F, or F,,. Intuitively, one might
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expect all bedding folds in the Upper Triassic rocks to be F,, and axial planar cleavage to be
S,. On the other hand, the bedding folds trend southward, much like typical F, folds. In
addition, we know that the slates must have been co-folded with Boyer Ranch Formation,
that depositionally overlies the slates, and that is permeated by F, folds (described below).
Thus it is possible that bedding folds in the slates are also F, folds. In any case, the slates
must have been gently folded, prior to the deposition of the Boyer Ranch, in order to have
given rise to the regional angular unconformity that underlies the Boyer Ranch Formation
(Speed, 1969). Thus, it is necessary to conclude that pre-unconformity folding exists in
Domain 3, and therefore that it may represent F,.

The entire body of Domain 3 is deformed into a train of megascopic F, folds.
Megascopic F, folds are never completely preserved, but mesoscopic second- and third-
generation folds, in the Boyer Ranch Formation, validate their existence. Cross sections
through Domain 3 (Plate 1) also require the existence of megascopic and macroscopic F,
folds in order to explain the distribution of conglomerate at the base of the Boyer Ranch.
Furthermore, Pi-(n)-diagram analysis of bedding in quartz arenite (Figure 9) shows that all
arenite bedding in Domain 3 is folded around a moderately south-southeast plunging F2
hinge line.

The most tangible evidence for large-scale F, folding is found in Cottonwood
Canyon. Second- and third-generation folds, and evidence of high strain—in the Boyer
Ranch conglomerate, and in the surrounding limestone and slate—indicate that the
monoclinal wedge of conglomerate, in Cottonwood Canyon, is part of the back-limb, near
the hinge zone, of a megascopic F, anticline. The anticline has a very large radius of
curvature, and is west-vergent. The sense of vergence is indicated by two, west-vergent
synclines in quartz arenite that overlies the conglomerate. The larger syncline is a
macroscopic, nearly recumbent syncline that is exposed in the north wall, and near the
mouth of Cottonwood Canyon (plate P13). Both Pi-(n)-diagram analysis, and field
inspection of the fold, indicates that it plunges moderately to the south-southeast, and
therefore that it is an F, fold. The lower limb of the fold occupies a section of well bedded,
moderately-dipping quartz arenite that crops out at the level of Cottonwood Creek. Sub-

vertical strata, in the upper limb of the fold, are exposed along the finger-like ridge on the
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northeast lip of the canyon. In late summer daylight, it is possible to make out the tight
hinge of the fold, about midway up the slope on the northeast side of the canyon. The
smaller syncline is exposed about 10 meters eastward of the lens of Boyer Ranch limestone
(plate P13). This syncline is overturned to the west and moderately inclined. The hinge of
the mesoscopic syncline forms a rough pinnacle and is well illuminated in late summer

daylight.
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Figure 9. Pi (n)-diagram of poles to Boyer Ranch bedding in structural Domain 3. The poles form a
partial girdle around a southeast-trending hinge line, that probably is an F, hinge line. The probable reason for
the partiality of the girdle is that Domain 3 is located on one limb of a megascopic F, fold.

The character of strain within the megascopic F, anticline that is partially exposed in
Cottonwood Canyon, presents a classic example of fold mechanics around a single
competent layer (Ramsay and Huber, 1987). The conglomerate has been folded on a
macroscopic or megascopic scale. Penetrativerstrain in the conglomerate—a highly
competent rock—is reflected as solution pitting of the clasts and in extensional fracturing,
instead of as small-scale folding or cleavage development. As an effect of the contrast in
competence between the conglomerate and the surrounding incompetent rocks, strain in the

quartz arenite and limestone is manifested as disharmonic mesoscopic and outcrop-scale

folds. The lens of Boyer Ranch limestone that lies above the conglomerate and below the
quartz arenite is highly internally deformed by outcrop-scale and mesoscopic folds. The

folds are moderately inclined to recumbent, tight to isoclinal folds, that plunge moderately
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to the southwest. Within the limestone the folding appears to be disharmonic, giving the
impression that the carbonate has been plastically deformed. Given the position of the
limestone between two much more competent rock types, the extent and appearance of its
deformity suggest that the limestone acted as a high strain or high slip zone, possibly as a
detachment surface, between the quartz arenite and the conglomerate. I interpret the
deformation in the limestone as evidence for layer parallel shear in the limbs of a
megascopic F, anticline.

F, folds in Domain 3 comprise mainly outcrop-scale folds in the unnamed Triassic
slates (plate P14). Gentle, mesoscopic buckle folds and tighter, outcrop-scale kinks within
the Boyer Ranch quartz arenite may also be F, folds. The F, folds are generally of greater
frequency and amplitude in Domain 3 than they are in Domain 2. In other respects, such as
preferential formation within anisotropic foliation, and adjunct crenulation cleavage, the F,
folds are exactly the same in all domains where they are exposed.

F, folds in Domain 3 are localized along the shear zone of the Black Canyon fault
(described below). I give these folds the sub-notation, F,a. F,a folds reorient penetrative
cleavage. The folds are asymmetric to overturned to the northwest, and generally not more
than one to five centimeters (1-5cm) in amplitude.

1.5.4. Structural domain IV - Folds in the upper plate of the Boyer fault. | The upper
plate of the Boyer Fault is devoid of two phases of folds, F, and F;, that are common in
Domains 1 and 2. However, the whole block is folded into tight or isoclinal, megascopic F,
folds. F, (F,,) folds are common in the quartz arenite, within and along the margins of the
shear ione of the Boyer fault.

Pi (m)-diagram analysis of bedding in the Boyer Ranch Formation reveals that quartz
arenite in Domain 4 is folded around an F, hinge line (Figure 10) trending 223° southwest
and plunging 62°. Sporadic outcroppings of néar-basal Boyer Ranch conglomerate beds, that
appear in Domain 4 along the Boyer Fault, suggest that the Boyer fault may be cutting across
megascopic F, folds. In addition, sills of microgabbro, that are associated with the
Humboldt complex, are often oriented parallel to bedding in the Boyer Ranch Formation.
The outcrop pattern of the sills, determined by Speed (1976) (see geologic map, Plate 1),

suggests that the microgabbro is folded along with the quartz arenite, while the gabbro/diorite
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(A) Photo of S3 crenulation cleavage shog crosscutting relationship with S2
axial planar cleavage; unnamed pelitic siltstone, Cottonwood Canyon

(B oto, same as above, with S3 crenulation cleavage highlighted.

Plate P14
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pluton to the south of upper Black Canyon is clearly not co-folded. More detailed mapping

of the sills is necessary, however, to resolve their structural relationship to folds in the Boyer

Ranch Formation.
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Figure 10. Pi (m)-diagram of poles to Boyer Ranch bedding in structural Domain 4. The poles form a
girdle around a southwest-trending F, hinge line.

Mesoscopic F b folds in the upper plate of the Boyer fault are localized in and along
the Boyer fault. These folds are drag folds that are probably associated with displacement
along the Boyer fault (D,). Exposures of F,b folds in the upper plate, that are directly
adjacent the fault, show many different orientations. Sometimes the folds trend parallel to
the strike of the fault. Other exposures show crushed, dismembered, limbs and/or hinge
surface traces that are inconsistent with the orientation of the fault. House-sized fragments of
mesoscopic close- and open-folds are littered throughout the fault zone. The impression thus
given, by these seemingly chaotic fold orientations, is that rigid blocks have been tectonically
rotated. The origin of some F b folds may be therefore pre-tectonic to the Boyer fault
(perhaps dismembered F, folds). Other F,b folds may be drag folds, that originated during

displacement along Boyer fault, and were subsequently dismembered by progressive brittle

deformation.

Fabrics and Strain. Tectonic fabrics in the map area constitute axial planar cleavages,
mineral stretching lineations, and shear surfaces. S, foliation is the penetrative tectonic
foliation in domains 1, 2, and perhaps Domain 3. S, is axial planar to megascopic F, folds

and roughly axial planar to smaller-scale F,, folds. L, lineations comprise prolate rods of
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calcite in Domain 1, needles of aligned micaceous minerals in Domain 2, and are absent in
Domain 3.

S, cleavage is axial planar to F, folds. In Domains 1 and 2, S, cleavage is rare and is
confined to tightly appressed, outcrop-scale folds along the Fencemaker shear zone. In
Domain 3, the penetrative foliation may be S,, but could also be S,. L, stretching lineations
are apparently absent in all domains.

S, is a map-area-wide crenulation cleavage, that preferentially affects rocks with a
strong, pre-existing planar anisotropy. S, is therefore found in the strongly foliated pelitic
rocks in Domains 2 and 3. No lineations are yet associated with L,.

Finally, S, foliation is not an axial planar cleavage, but is a weakly developed shear
foliation, or C-fabric, within the brittle shear zone of the Black Canyon fault (S,,) and the
Boyer fault (S,,). Because these fabrics are restricted to the fault shear zones, their
descriptions are left to the presentation of the individual faults.

1.5.5. Structural domain I - Fabrics and strain in the lower plate of the Fencemaker
thrust. Fabrics in Domain 1 are characterized by strong tectonic foliations and lineations. S,
foliations in Domain 1 dip moderately to the southeast and southwest. Pi (m)-diagram
analysis of Domain 1 indicates that the S, foliation is broadly folded around an F, hinge line
(Figure 6) that trends approximately 199° degrees and plunges 53° degrees. L, stretching
lineations in the foliation planes are aligned more or less in the down-dip direction of S,
foliation, but are reoriented by F, folds. Consequently L, lineations are often observed to
trend at shallow angles to the dip direction of S, foliation.

S, cleavage is axial planar to F, folds and oblique to the S, foliation. However, only
tight, outcrop-scale F, folds in black schist show a developed S, axial planar cleavage.
Mesoscopic F, folds are less tightly appressed and apparently have no axial planar cleavage.
To my observation, S, crenulation cleavage does not exist in Domain 1.

The northwestern two-thirds (2/3’s) of Domain 1 occupy structural levels that are far
from the Fencemaker shear zone (discussed below). At these levels, the rock is an S-type
tectonite, in which S, cleavage is strongly developed. At structural levels farthest from the

shear zone, the tectonite degrades to a highly foliated limestone.

1 "
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1.5.6. Structural domain II - Fabrics and strain in the upper plate of the Fencemaker
thrust. S, foliations in Domain 2 dip moderately to the southeast and southwest. Pi ()-
diagram analysis of the S, foliation indicates that it is broadly folded around an F, hinge line
(Figure 8) that trends 206° and plunges 45°. In these aspects, the penetrative foliation in
Domain 2 is very similar to that in Domain 1. L, lineations are well developed in Domain 2
only where the rock was originally pelitic. The more pelitic rocks in the Fumarole Canyon
sequence core the primary, megascopic F, anticline, and therefore show the strongest L,
development. Siliceous argillite is generally non-lineated.

S, axial planar cleavage is absent in Domain 2. Mesoscopic and outcrop-scale F,
folds in Domain 2 are gentle- to close-folds, and strain in the fold cores has not been
sufficiently large to form S, cleavage. F, folding of S, causes L, lineation trends to be rotated
away from the down-dip direction of S,. In the field, therefore, L, lineations are usually
found to trend at shallow to moderate angles to the dip direction of S, foliation.

S, crenulation cleavage permeates rocks of Domain 2 where there is a strong pre-
existing S, foliation. Crenulation planes are irregularly spaced from two(2) centimeters to as
much as three(3) meters, and dip steeply to the east or west. The S3 cleavages are especially
well developed in the upper reaches of Fumarole Canyon.

In Domain 2, tectonic fabrics are most strongly developed in the core of the primary,
megascopic (F,) anticline. Cleavages, mineral stretching lineations, and microboudinage
structures in the core of the primary F, anticline suggest large flattening strains. The rock
between cleavage planes, or microlithons, are perfectly flat and highly continuous. Outcrops
weathér into terraces of thin, pliable rock sheets. The cleavage surfaces are saturated with
coarse needles of micaceous minerals. The minerals impart to the rock a phyllitic sheen, and
are aligned lengthwise, forming mineral stretching lineations. Competent interbeds of
siliceous strata have been stretched apart to form boudins and microboudins that are oriented
parallel to :the penetrative foliation. These boudins crop out in exposures perpendicular to S,,
and occur as plates in trains with large (10:1) interboudin distances. Finally, macroscopic
rotational structures (o- or 6-porphyroclasts) are absent. I interpret the fabric development

and the lack of rotated structures to indicate that simple shear was minor as a deformation
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mechanism in the fold core. Instead, flattening caused by the contraction of the anticlinal
limbs around the fold core, appears to have been the primary deformation mechanism.

In the limbs of the primary F, anticline, the tectonic fabric is different from that in the
core. The upright, backlimb of the fold is moderately but relatively weakly foliated. The
weaker foliation may be a function the competence of the rock, the large structural distance
from the Fencemaker shear zone, and/or the structural distance from the fold core. In
contrast, rocks in the overturned limb lie, structurally, between the core of the megascopic F,
anticline and the Fencemaker shear zone. The rocks are therefore sandwiched between two
high-strain zones. Both the upper unit of the Fumarole Canyon sequence, and transitional
rocks that lie between the upper and lower unit, occupy the overturned limb. Siliceous
argillite, is in the upper unit, dominantly shows tightly spaced, regular, bedding-parallel
cleavage. The transitional rocks— pelitic strata, like those in the lower part of the Fumarole
Canyon sequence, interbedded with strata of siliceous argillite—have a strong bedding-
parallel cleavage (S,), and usually show a cleavage (S,) at shallow angles to bedding,
especially in the pelitic horizons. S, partings in the pelitic horizons are asymptotic to, but do
not refract through, the more competent siliceous strata; S, may therefore be a C-fabric, or
shear fabric, along which some layer-parallel shear has taken place. I interpret the shallow
cleavage in the pelitic layers as evidence that simple shear is was the dominant deformation
mechanism in the overturned limb.

The tectonic fabrics in Domain 2 define three zones of strain. In the northeast part of
Domain 2, the overturned limb of the primary F, anticline occupies a zone that is dominated
by simple shear, and that is proximal to the Fencemaker shear zone. In the central portion of
the domain, the core of the anticline constitutes a second zone that is dominated by pure
shear, and that is more distal to the Fencemaker shear zone. The southwest part of the
domain makes up a third zone that is moderately foliated, completely lacks blastic mineral
growth, and is structurally farthest from the Fencemaker shear zone.

1.5.7. Structural domain III - Fabrics and strain in the upper plate of the Black
Canyon fault. Unlike rocks in Domains 1 and 2, the different rocks in Domain 3 do not
share a common penetrative fabric. Although the unnamed slates and sandy siltstones

beneath the Boyer Ranch Formation have a penetrative tectonic cleavage, the Boyer Ranch
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does not have a penetrative cleavage (S,), or, despite the numerous F, folds in that formation,
an axial planar cleavage (S,). In the unnamed Triassic slates, penetrative cleavage is
generally a bedding-parallel cleavage—at the top of the section in Cottonwood Canyon, for
example—and is sometimes axial planar to bedding folds. The entire slate unit is strongly
foliated, and the strongest development occurs in pelites at the bottom of the Cottonwood
Canyon section.

It is difficult to ascertain whether penetrative cleavage in the slates formed as an older
phase (S, or S,,) or a later phase (S,). Stratigraphically up-section from the slates,
penetrative cleavage does not refract through the Boyer Ranch Formation, but instead appears
to be sub-parallel to the Boyer unconformity. The lack of continuity of fabric between the
slates and the Boyer Ranch suggests two possibilities: (1) that the formation of penetrative
cleavage in the slates pre-dates the deposition of the Boyer Ranch, or (2) that the penetrative
cleavage in the slates postdates Boyer deposition but does not affect the competent quartz
arenite. As described previously, there is evidence that the entire Cottonwood Canyon
section is situated in the limb of a megascopic F, anticline. If the penetrative cleavage in the
slates is assumed to be axial planar (S,) to that F, anticline, it would make sense to expect the
cleavage to be sub-parallel to the fold limbs, and therefore sub-parallel to the Boyer
unconformity. Axial planar (S,) cleavage would not be required to develop in the competent
fold limbs, as long as there was incompetent rock in the fold core to absorb strain. Perhaps if
we could see the entire F, anticline, there might be some type of axial planar cleavage
developed in the Boyer Ranch rocks, along the hinge zone of the fold.

S, cleavage strongly affects rocks throughout Domain 3. In Boyer Ranch quartz
arenite, S, is spaced between four (4) and ten (10) centimeters, and is easily mistaken for a
vertical joint set. S, crenulation cleavage is very strongly developed in the slates of Domain
3 where the pre-existing penetrative cleavage is the strongest. The S, cleavage planes in all
rocks strike to the south-southwest and are steeply inclined to the east or west (plate P14).

1.5.8. Structural domain IV - Fabrics and strain in the upper plate of the Boyer fault.
The upper plate of the Boyer Fault is devoid of tectonic fabrics, excepting joints. Joints are
ubiquitous in quartz arenite, but they seem to form as sets only in isolated or localized
circumstances, and are not continuous in orientation throughout the domain. It is possible

that some of the joints are S, cleavage. More detailed mapping of the joints will have to be
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done, however, in order to establish their relation to other cleavages. Joints in the Humboldt
igneous complex in the upper plate are similar to those in the Boyer Ranch quartz arenite.
There are restricted exposures in which regularly oriented joint sets occur, but generally there
does not appear to be a single penetrative joint set. One exception can be found in
Cottonwood Canyon, where a widespread and regularly spaced joint set occurs in the
Humboldt complex. Greenish-gray diorite and gabbro in the upper plate of the Boyer fault
crops out 750 meters northwest and upstream from the mouth of Cottonwood Canyon. The
exposure occupies the stream bed, and both the northeast and southwest walls of the canyon.
At this location, there is a regularly spaced, penetrative fracturing that dips 45° degrees to the
southeast. The fracturing influences drainage pattern in the diorite and can be seen in air
photos. Some of the fractures are sheared, while the majority lack evidence of motion and

hence are joints.

Faults.

1.5.9. Ductile Faults.

(9a) Fencemaker thrust. The Fencemaker thrust (the boundary between Domains
1 and 2) is the only ductile fault in the study area (plate P15, Plate 1). The Fencemaker
thrust is exposed at the north end of the map area, in Fumarole Canyon (plate P16). The
Fencemaker places argillaceous rocks of the Fumarole Canyon sequence (Lovelock
assemblage, Domain 2) over carbonate rocks of the Natchez Pass Formation of the Star Peak
Group (Humboldt assemblage, Domain 1). The thrust is marked by a ductile shear zone that
encompasses the southern one-third (1/3) of the area of Domain 1, and a relatively smaller
part of Domain 2.

Within the ductile shear zone, whitish-gray limestone (upper Natchez Pass
Formation) in the lower plate, has been metamorphosed into a marble tectonite, or an L-S
tectonite, in which both strong lineations and foliations are developed (plate P17). L-fabric
lineations in the marble tectonite are defined by sparry calcite lenses that have been stretched
along the X-tectonic axis. The extreme constriction of the calcite lenses is demonstrated in
the photo on plate P17. In the left-hand photo (P17A), an exposure of the YZ tectonic plane

shows almost perfectly circular cross sections of the calcite lenses (note arrows). The oblique
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(A) Oblique aerial photograph of domains 1, 2, 4, and 4a. The Fencemaker thrust is the
color change on the far right. The Boyer fault is the horizontal contact in the
background (see below). The light-colored rocks, in Domains 4 and 4a, are Boyer
Ranch quartz arenite, and the dark rocks in Domain 2 are Fumarole Canyon sequence.

% == e e : e Al ; : $ S M‘( ")
(B) Oblique aerial photograph, as above. Note the Fencemaker thrust (green), the
Boyer fault (purple), and a major high-angle splay of the Dixie Valley fault, the RF4
fault (red), that displaces part of Domain 4 down and to the southeast. Aiso note
Miocene dikes in Domain 4 (arrows).

Plate P15
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(A) View of the Fencemaker thrust on the northeast wall of Fumarole Canyon. Dark rocks

right are Fumarole Canyon sequence (upper plate). Light colored rocks to the left are Star Peak
Group marble tectonite (lower plate). Approximate trace of the thrust (dashed) is at the top and to
the right of the central ravine.




Note circular cross sections of lenses (boxed)
in the tectonic YZ plane. Hammer for scale
rests on the tectonic XY, or S1, plane.

(B) Oblique veiw of marble tectonite in the ductile shear zone of the
Fencemaker thrust shows prolate lenses of sparry calcite stretched along the
tectonic X axis,

Plate P17
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view of the same photo (P17B) shows the stretched, linear nature of the same lenses in the
XY tectonic plane. Although this type of lineation dominates the fabric in the center of the
shear zone, strongly developed S, foliation is always present parallel to the XY tectonic plane
(plate P17). Dark gray marble (described on page 24) is slightly more competent and has not
been recrystallized to the same degree as the lighter-colored marble. In the shear zone, this
competence contrast causes intrafolial fold hinges to be preserved in strata of dark gray
marble. The intrafolial hinges in the more competent rock indicate that bedding in the shear
zone has been completely transposed.

In addition to the whitish-gray and dark gray marble tectonite, black, carbonaceous
limestone in the lower plate (lower Natchez Pass Formation) has been metamorphosed to a
black, calcareous, cordierite schist. The schist marks the exact boundary between upper and
lower plates of the Fencemaker thrust. The schist is strongly foliated, but linear fabric is
much weaker than in the marble tectonife. Cordierite porphyroblasts constitute
approximately ten-percent (10%) of the schist. Many of the porphyroblasts form sigma (o)
or delta (8) structures that are rotated to the southeast (plate P18). Others blasts are not
rotated.

Upper plate rocks that occupy the Fencemaker shear zone are weakly affected by
ductile deformation. Competent, siliceous argillite of the upper Fumarole Canyon sequence
is foliated, but not tectonized to the nearly same degree as footwall rocks in the shear zone.

S, cleavage in the siliceous rocks is strongly developed parallel to bedding, and very weakly
developed at shallow angles to bedding. At high angles to bedding, S, foliation is robust, but
widely and irregularly spaced.

Upper plate rocks that are transitional, between the upper and lower Fumarole
Canyon sequence, are also peripherally involved in the shear zone. In transitional rocks that
are nearest to the shear zone, S, foliation is strongly developed parallel to bedding, that is,
S,=S,. Strain in the transitional rocks has been partitioned to relatively more pelitic horizons.
These beds have been greatly thinned structurally. Metamorphic mineral growth is also
partitioned to these less competent pelitic beds. The porphyroblasts within the pelitic beds
are micaceous laths, and are oriented parallel to S,. The siliceous horizons, however, are not

foliated or thinned, and the competent (more siliceous) strata weather out in textural relief.
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A) Photomlcrograph showmg microstructures in black, calcareous schist, w1thm
the ductile shear zone of the Fencemaker thrust. Note sigma-structures around
porphyroblasts and double cleavage.

(B) Photomicrograph.as above, showmg shear sense of sigma poxphymblasts, and
two cleavage sets that intersect at moderate angles (highlighted).

Plate P18
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In the competent layers, metamorphic minerals are usually absent, but in cases where /they do
occur, they are granular and not preferentially aligned.

The Fencemaker shear zone is, thus, broadly characterized by weakly to strongly
foliated rocks in the upper plate, resting against highly tectonized rocks in the lower plate
(Figure 11). The fault surface is involved in open- to tight-folds (F,) of varying scales. The
F, folds trend southward and plunge moderately, and deform the Fencemaker thrust into
antiforms and synforms. The thrust surface has a general south-southeast dip, and cross-
sectional analysis suggests that the ductile shear zone is roughly 100 meters thick. It is likely
that all of the penetrative fabrics and structures in Domains 1 and 2 are the result of the
emplacement of the Fencemaker allochthon, along the Fencemaker thrust. Cordierite
porphyroblasts in the shear zone indicate top-to-the-southeast shearing. However, this sense
of shear is contrary to the northward transport direction of the Fencemaker-B allochthon,
given by Speed (1988). The sigma (o) and delta (8) structures may therefore be a result of
post-Fencemaker (D,) deformation, for it is possible that the rotation of the blasts occurred
because of flexural-slip, layer-parallel shearing in the limbs of F, folds.

The Fencemaker thrust may have formed along the transition between basinal rocks
and platformal rocks of the Early Mesozoic marine province (Speed and others, 1988;
Oldow, 1990). Also, it is possible that the thrust may have been rooted as a decollement
between the base of the Lovelock assemblage and the regional basement (Koipato Group or
Golconda allochthon), and had perhaps a ramp geometry that cut up-section through the
platformal assemblage. Age constraints on thrust displacement are very poorly constrained.
The thrust must post-date deformed, Upper Norian strata in the upper plate (225- to 219-Ma).
Because the Humboldt igneous complex cuts across F, folds, that post-date D,, the
Fencemaker thrust (D,) also predates the Humboldt igneous complex. Therefore, movement
along the Fencemaker thrust happened within a 68 million-year period between 157- and
225-Ma.

1.5.10. Brittle-Ductile Faults.

(10a) Black Canyon fault. The Black Canyon fault is exposed only in the
Stillwater Range, 3.2 kilometers northeast of Cottonwood Canyon, in and along the walls of

Black Canyon (Plate I, plate P19A). The fault forms the boundary between Domains 2 and
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(A) Photograph of Black Canyon (Plate 1). The Black Canyon fault is exposed in
the dry wash in the bottom of the canyon on the right. The Boyer fault (color
change at the top of the photo) truncates the Black Canyon fault. Width of view is
roughly 400 meters.

S ' =

(B) Phomih of ed pelitic siltstone in the upper plate of the BCF A
from outcrops just to the right of the above photo. Photo shows graded bedding
dipping shallowly to the right, and sub-horizontal S4a cleavage developed at a low

angle to bedding (Nikon 5x).

Plate P19



Figure 11. Diagrammatic sketch of structural relations within the ductile shear zone of the Fencemaker
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3, and places the Boyer Ranch Formation and unnamed Triassic slate and sandstone, over
argillaceous and olistostromal rocks also of the Fumarole Canyon sequence. The Black
Canyon fault truncates the back limb of the megascopic (F,) hanging wall anticline in
Domain 2, and truncates megascopic F, folds in Domain 3 The fault is best defined by a
brittle-ductile shear zone that is exposed along the dry wash in lower Black Canyon.

Unnamed Triassic pelite, in the upper plate, can be identified in the shear zone by its
gold-green phyllitic sheen. The unnamed rocks in the upper plate can also be distinguished
by their light-green color; for, as previously described (page 30), the unnamed rocks that
crop out in Black Canyon are similar to the green, highly pelitic rocks at the base of the
Cottonwood Canyon section. The upper plate rocks lack interbedded siliciclastic strata, in
contrast with lower plate rocks. Lower plate rocks of the Fumarole Canyon sequence, that
are involved in the shear zone, include brown argillite, bluish-gray siliceous argillite, and
olistostromal rocks. All three of these lithologies are easily distinguished from upper plate
rocks. The argillite is permeated by thin interbeds of very fine sandstone, the olistostromal
rocks are mottled by light-colored olistoliths, and the blue-gray siliceous argillite is drab and
homogeneous.

The pelitic composition of upper plate rocks causes them to react incompetently, and
therefore shear zone structures in the upper plate rocks are semi-ductile. The rocks have a
moderate cleavage (S,,) that is confined to the shear zone (plate P19B). Although
deformation in the upper plate rocks is semi-ductile, the rocks lack both porphyroblastic
mineral growth and mineral stretching lineationsf Lower plate rocks in the shear zone are
highly' competent, and therefore fault-related structures are semi-brittle. Brittle-ductile shears,
calcite-filled sigmoidal veins, and both foliation-parallel and perpendicular extensional veins
permeate the lower plate rocks in the shear zone (plate P20A). Penetrative foliation (S,) in
the lower plate, is not folded, and is truncated by smaller faults within the shear zone (plate
P21)

At all scales, the shear zone is a network of braided shear surfaces (Figure 12). The
shears define lensoidal horses and micro-horses, in which the penetrative foliation (S,?) is
fairly internally coherent but is rotated, to varying degrees, with respect to other horses (plate

P21). At finer scales, the penetrative cleavage within the micro-horses is often folded into

centimeter-scale, top-to-the-northwest, asymmetric folds (F.a). These folds (F,,) are
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Figure 12, Diagrammatic skeich of struciural relations within the brittle-ductile shear zone of the Black
Canyon fault.
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(A) Brittle-ductil sile
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(B) Bedding/S1 perpendicular extensional fractures in lower plate rocks, in the
shear zone of the Black Canyon fault, Black Canyon. Note the Miocene dike
(highlighted) that is offset in a rather strange way by foliation-parallel shearing.

Plate P20
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(A) Subsidiary fault within the lower plate of the Black Canyon fault. The fault trace in the center
of the photo separates two large horses within an extensional duplex. Note the slight reorientation of

bedding/S1 foliation between the upper block (brown argillite) and lower block (blue-gray siliceous
argillite). Both lithologies are part of the Fumarole Canyon sequence in the lower plate of the BCF.
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Plate P21
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occasionally rootless, and usually occur along, or near, small-offset shear surfaces. At larger
scales, shear surfaces are networks of braided, larger faults. These faults occur in rocks of
both the upper and lower plates of the Black Canyon fault, and separate larger horses. The
faults have large enough offset to cause major changes in dip between the large horses. At all
scales, the braided shear surfaces are tight, with no fault gouge.

The Black Canyon fault is broadly characterized, thus, by a braided network of small
shears and larger faults, with semi-ductile deformation in upper plate pelitic rocks, and semi-
brittle deformation in lower plate siliceous rocks. The fault surface appears to be broadly
convex, asymptotic to the Boyer fault, and southeast dipping. Some calcite-filled sigmoidal
veins in the footwall of the fault indicate down to the southeast slip, whilé others are
inconclusive. Although F,, folds within the shear zone are asymmetric to the northwest, I
interpret these to be the result of antithetic block rotation (Gross and others, 1997), in which a
fault block rétates in the direction opposite to that of slip along a basal fault. The sense of
displacement along the Black Canyon fault is, therefore, down to the southeast. The fault
truncates 14-Ma Miocene dikes, in the footwall (plate P20B), and in turn the fault is
truncated to the northwest by the Boyer Fault. The age of the Black Canyon fault therefore
postdates dike emplacement, but predates the Boyer Fault.

1.5.11.. Brittle Faults. The brittle faults in the field area the result of extension
since Oligocene time. Most of the faults are probably related to late Cenozoic Basin and
Range extension, and have been formed since Middle Miocene time (= 15-Ma).

(11a) East-West-Striking Faults. East-West (E-W) striking faults in the field are
few, but represent an interesting and distinct set of structures. Note that although the Black
Canyon fault shows some brittle-ductile features, its orientation is also east-to-west, and
therefore it may be a larger-scale example of the E-W fault set. Besides the Black Canyon
fault, the E-W set includes two faults within Domain 2: the Little Cottonwood fault and the
Rat Wash fault (Plate 1). These faults dip directly to the south at angles of forty to fifty
degrees (40° - 50°) and strike east-west. In Domain 1, another top-to-the-south normal fault,
the 6018 fault, is a third example of the E-W fault set.

In addition to the distinctive orientation of these faults, they aiso have a unique set of

structures. In all cases, rocks in the hanging walls or footwalls of the faults contain at least
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one tight to isoclinal fold of S, foliation. Fold F,,,, is in the hanging wall of the Little
Cottonwood fault. Fold F,, is in the footwall of the Rat Wash fault. As previously
described, F,, folds are folds in S, that have a weak axial planar cleavage that is sub-parallel
to S,. In the footwall of the 6018 fault, on the 6018 (ft) summit, there is a tight, overturned
synform that folds S1. This fold does not have an axial planar cleavage, and therefore it may
be either an F,, or an F, phase fold. The axial planar cleavage development, as well as the
tightness of the interlimb angles, indicate that these folds formed during ductile, contractional
deformation, and, therefore, the folds and faults are probably Mesozoic in age. In contrast,
the faults have a number of structures that are characteristic of brittle, Tertiary faults. The
fault zones in the E-W set are similar in character to the Black Canyon fault, but have
narrow, 0.25- to 0.5-meter-thick gouge zones, and deep, linear grooves and faint slickensides
on the fault surfaces, all of which are highly suggestive of Tertiary normal faults.

The orientations of the fault surfaces are, in all cases, nearly identical to the
surrounding S1 foliation orientations. Furthermore, the dip directions of the fault surfaces
and the trend of the slickensides/grooves differ, in all cases, by at least forty degrees (40°).
These observations, as well as the simultaneous presence of ductile and brittle structures,
suggest that the faults are Tertiary reactivations of some pre-existing structure, most likely a
foliation surface, but also perhaps a fault. Like the Black Canyon fault, the E-W faults are
truncated by both the Boyer fault and the Dixie Valley fault. In addition, the Little
Cottonwood fault truncates Miocene dikes. Therefore, the E-W faults are the oldest Tertiary
faults present in the field area, and are most likely syn-tectonic to the Black Canyon fault.

(11b) Boyer Fault. A 7-km-long segment of the Boyer fault, that marks the
eastern boundary of structural Domain 4, crops out along the entire length of the map area.
The fault places quartz arenite of the Boyer Ranch Formation, and gabbro/diorite of the
Humboldt igneous complex, over the Fumarole Canyon sequence (Domain 2), the Natchez
Pass Formation (Domain 1), and the basal part of the Boyer Ranch Formation and underlying
units (Domain 3). The Boyer Ranch Formation is therefore present in both the upper plate
(Domain 4) and lower plate (Domain 3) of the Boyer fault. The fault is defined by a brittle

shear zone that consists of between zero (0) and thirty (30) meters of fault-gouge. In
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addition, the gouge entrains blocks of all sizes. Both the gouge and the entrained blocks are
derived from the upper and lower plates of the fault.

The shear zone is thickest where fault-gouge is the most voluminous, and this occurs
where competent rocks have overridden relatively incompetent rocks. For instance, the shear
zone is generally very thick where quartz arenite overlies pelitic rocks of the Fumarole
Canyon sequence. In contrast, the zone is relatively narrow where rocks of the Humboldt
igneous complex overlie quartz arenite. In places, the fault zone is an abrupt transition
between upper and lower plates, and in this case, the upper and lower plate rocks are highly
fractured, but the amount of fault gouge is minor. The gouge appears to be derived mainly
from rocks in the footwall, as indicated by the color of the gouge. Gouge that is derived from
the Fumarole Canyon sequence is clay-rich, and dark gray. Gouge derived from intrusive
rocks of the Humboldt complex is chlorite-rich and green. Gouge derived from quartz arenite
is sericite-bearing (Sue Lutz, pers. comm.), and is white, to yellowish-brown, to burnt orange.

The largest entrained blocks in the shear zone appear to be derived mainly from the
upper plate. Blocks of quartz arenite are tabular and well preserved, and generally longer
than 5 meters. The middle-sized fraction of blocks consists of highly altered and sheared,
dark green intrusive rocks, that in most cases appear to be pieces of Miocene, mafic to
intermediate dikes, derived from the lower plate. The smallest and most strongly deformed
blocks are lenses of sheared and chaotically foliated Fumarole Canyon sequence. Intrusive
rocks of the Humboldt complex do not tend to occur as entrained blocks. All of the blocks,
and especially blocks of quartz arenite, are oriented roughly parallel to the shear zone walls.
These blocks form a shape fabric (S,,) that is expressed only at the level of the blocks, and
not as a finer foliation. Competent rocks, especially Boyer Ranch quartz arenite and basaltic
dike rocks, are often drag folded (F,,) within the fault zone.

In addition to having a variable thickness, the surface of the Boyer fault is highly
irregular, as indicated by three-point problems over two-hundred (200) meter sections of the
fault (table 1). However, kilometer-scale segments of the fault have a simpler geometry, and

an average west-southwest dip.
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Northeast >>>>>>>>> >>>>>5>>>  Southwest
200msection 080, 06S 231, 16NW 170, 24dW 169, 20W
1000m section 029, 79SE 152, 14SW 237, 33NW 062, 10SE

Table 1. Three point orientations of the Boyer fault surface

In map view (Plate 1), the Boyer fault appears to have a west-northwest dip. When the three-
point solutions are plotted on a stereonet, the great circles intersect to give a northwest slip

line, as well (Figure 13).

Three-point solutions ~ Boyer Foult
Projection Schaidt
Hueber of Susple Points 3

Hean Lineotion Azieuth s
Heon Lineation Plunge 83
6reat Circle Aztauth 82
Greot Circle Plunge 872
Ist Eigenvalue 0813
2nd Cigenvolue 0126
3rd Cigenvalue 0 061
ttEl7e21 1 865
LHLEZ /B3 0
WHIEL/E2) /7 (LHE2/E3 2593
gﬁx”m' vor tance 0 bl

Figure 13. Three point solutions for all dips along the Boyer fault surface. Planes are plotted to show a
possible slip line for the Boyer fault. All planes averaged yield a slip direction of approximately N42W, or
318e.

Shear-sense indicators along the Boyer fault are rare, but shear bands at one location
within the Boyer fault zone have been rotated toward the west (plate P22). Slickensides are
also rare, but occur on some exposures of the footwall surface. In the northern end of the
map area, at the 6018 (ft) summit, slickensides at one such footwall exposure plunge 35°,
S32W. Another footwall exposure, 250 meters due east of the mouth of Cottonwood
Canyon, shows slickensides plunging 55°, N45W. Evidence including the overall dip of the
fault surface, the rotated shear bands, and the slickensides suggest that the Boyer fault is a top
to the southwest, low-angle normal fault.

The Boyer fault may be broadly characterized as a zone of clay-rich to clay-poor
gouge, that entrains sheared lenses of upper and lower plate rocks, and that has a highly
irregular surface and thickness (Figure 14). The fault was originally mapped as a thrust fault
(Speed,1976; Dilek, 1995); however, Miocene dikes that are truncated by the fault (plate
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(A) Photograph of shear bands along the Boyer fault. Bands dip from upper left to
lower right, indicating top-to-the-left (westward) displacement. Brown rocks in the
lower plate are Miocene dikes that have been truncated by the Boyer fault. Whitish
brown colluvium in the upper plate is weathered diorite. Gray rocks in the shear
zone appear to be Fumarole Canyon sequence.

(B) Close-up photograph of shear bands along the Boyer fault, showing bands
dipping from upper left to iower right.

Plate P22
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P23) are known to be Middle Miocene in age (14.5-Ma, Ar-Ar, Dilek, unpublished data) and
therefore the Boyer fault is most probably a Tertiary fault. Another possibility is that the
Boyer fault is a reactivated Mesozoic fault, but there is no outstanding field evidence to
support an older origin for the fault.

(11¢) Dixie Valley Fault and Related Northeast-Striking Faults. The Dixie
Valley fault, or range front fault, marks the southeastern boundaries of structural domains 1,
2, and 3. The Dixie Valley fault is not a single fault, but instead is a zone of inter-related,
northeast-striking normal faults. The faults have displaced Mesozoic and Tertiary rocks of
every domain down and to the southeast, so that the same rocks that crop out along the
Stillwater escarpment exist in the subsurface of Dixie Valley, where they are buried by 2300-
to 2700-meters of Miocene and Quaternary alluvium. The trace of the rangefront fault (Dixie
Valley fault, sensu strictu) is defined by a beveled, bedrock scarp along the bedrock/alluvium
contact between the Stillwater Range and Dixie Valley. Weakly foliated fault gouge and
bedrock shear-bands along the fault dip between 48° degrees and 65° degrees toward the
valley. Tectonic and hydrothermal breccias (fault core of Caine, 1996) occur in small
patches along the fault, but most of the footwall exposures consist of recognizable, but badly
damaged, protolith (damage zone of Caine, 1996). Exposures of the actual fault surface are
rare, but at the mouth of Little Cottonwood Canyon a fault scarp occurs in both the alluvium
on the south side of the wash and the bedrock on the north side. In the bedrock, the
orientation of the scarp is N5OE, 67SE.

Related normal faults—including the RF2, RF3, RF4, RFS, and RF6 faults, and
numerous smaller faults—splay from the Dixie Valley fault along the rangefront, and cut
through the exposed bedrock of the Stillwater escarpment (Plate 1). These subsidiary fault
splays are exposed in bedrock along the escarpment. Other splays continue to the south as
alluvial scarps in the piedmont (Caskey, 1996). Still others have been identified in the
subsurface, from geophysical data and wellbore data (chapter 2). Footwall, or bedrock,
splays that are part of the Dixie Valley system are clearly defined, by abrupt transitions
between different rock types, and by well-exposed fault surfaces. However, the cores of the
faults are diverse in appearance, depending on the type of rock in the walls. Normal faults

that cut through Boyer Ranch quartz arenite dip between 48° and 69° toward the valley.




(A) Photograph of Miocene dikes, in the northeast wall of Little Cottonwood
Canyon, which are truncated by the Boyer fault. Light-colored rock in the upper

plate is Boyer Ranch quartz arenite. Dark gray rock in the lower plate is Fumarole
Canyon sequence.

(B) hotoh o e south of Cottonwood Canyon, which are
truncated by the Boyer fault. Dikes and Boyer Ranch quartz arenite are in the lower
plate. Mottled colors (arrows) in the upper plate are blocks of quartz arenite and

basaltic dikes entrained within clay-rich gouge in the brittle shear zone of the Boyer
fault.

Plate P23
86



They are often perfectly planar, are free of gouge, and are accompanied by large panels of
slickensides. In addition, they typically are marked by minor hematite staining and minor
hydrothermal breccia. Normal faults that cut through either the Humboldt igneous complex
or the Fumarole Canyon sequence are generally marked by zones of gouge up to one meter (1
m) thick. Slickensides on rocks of the Humboldt complex are patchy but well preserved, and
in rocks of the Fumarole Canyon sequence slickensides are usually absent. Instead, fault-
surface lineations on Fumarole Canyon rocks occur as deep, polished grooves.

Zones in which two or more mapped normal faults coalesce differ from the solitary
faults. Within quartz arenite—for instance, where splays rejoin the rangefront fault—the
faults have developed relatively large amounts of very colorfully stained cemented gouge,
randomly oriented patches of slickensides, and intensely brecciated rock, all of which
obscure the exact traces of the faults. Faults in the Humboldt igneous complex and the
Fumarole Canyon sequence lack staining and cemented gouge. Unconsolidated gouge is
abundant, however, and is so widespread in the coalescent areas, that weathered gouge
typically obscures the fault surfaces.

The largest footwall splays are the RF2, RF3, RF4, RFS5, and RF6 faults. These faults
are all continuous for at least one (1) kilometer. The RF4 fault (plate P24A) is a major fault,
that branches from the Dixie Valley fault, 200 meters southwest of Black Canyon, and
continues toward the north-northeast for two (2) kilometers, where it splices with the RF5
fault. The trace of the RF4 fault then turns northeastward for one (1) kilometer, until it
rejoins the Dixie Valley fault. The RF4 fault, and the Dixie Valley fault, define a lensoidal
fault block that is three (3) kilometers long and a maximum of three-quarters (3/4) of a
kilometer wide. This fault block, Domain 4a, includes rocks from Domain 4 that have been
down-dropped against the rangefront by the RF4 fault. The RF4 fault places quartz arenite of
the Boyer Ranch Formation, and gabbro/diorite of the Humboldt igneous complex (Domain
4a), against the Fumarole Canyon sequence (Domain 2). The core of the fault consists of 1 to
2.5 meters of sheared blocks of wall-rock, that are aligned sub parallel to the shear zone
walls, and subordinate dark gray fault gouge. Other splays, the RF2 and RF3 faults, are
contained within and dissect Domain 4a, and thus contribute to the total offset through the
fault block. Since the RF4, RF3, and RF2 faults displace both rocks of Domain 4 and the

Boyer fault down and to the southeast, and because the Boyer fault is not exposed in Domain
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(A) Photograph of fault RF4, looking north. The fault displaces Boyer Ranch quartz arenite (white
to tan rock) and gabbro of the Humboldt igneous complex (dark brown rock), down and to the
southeast (right). Fumarole Canyon sequence (dark gray) is in the footwall. Dark rock in the
extreme foreground is colluvium shed from the Fumarole Canyon sequence.

Dyt ST »

Plate P24
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4a, the minimum throw across all faults in Domain 4a must equal the vertical distance
between the Boyer fault (the base of Domain 4) and the trace of the Dixie Valley fault.
Therefore, the RF4, RF3, and RF2 faults have a combined throw of at least 400 meters and a
combined heave of at least 800 meters, with most of the displacement having occurred along
the RF4 fault. The RF5 fault is a long, low offset fault. From the juncture of the RF5 and
RF4 faults, the RF5 fault continues southeastward for three (3) kilometers, until it intersects
the N-S fault set (described below) in upper Cottonwood Canyon. The RFS fault offsets the
Boyer fault, and so its vertical and horizontal offset can be measured exactly, at 120 meters
and 200 meters, respectively. The RF6 fault begins in Black Canyon, and continues
southwest for 3 kilometers. Around Cottonwood Canyon, fault Rf6 offsets both the Boyer
fault and the Mesozoic structural window at the mouth of the canyon. The fault re-enters the
rangefront at the latitude of the farthest southwestern exposure of unit Tru (undifferentiated
sandstones and slaty siltstones).

Thompson and Burke (1973) obtained a first-order approximation of the age of the
Dixie Valley fault by multiplying the historic slip rate along the fault with by the total fault
offset (the total fault offset was determined from seismic reflection profiles). Although their
proposed age of the Dixie Valley fault system, 15-Ma, is reasonable for typical Basin and
Range faults, the long term slip and uplift rates for the fault may be poorly represented by
slip rates measured from historic fault ruptures.

(11d) North-South Faults. A set of north-south (N-S) striking faults crops out west
and northwest of the mouth of Cottonwood Canyon. The faults are sub-vertical structures,
poorly exposed, and are most easily seen in air-photographs. They appear in outcrop as
groups of closely spaced, subparallel fractures; as headwall scarps above landslides; as
color changes or small offsets in colluvium; and as resistant ledges of recrystallized
travertine. The dip of the N-S faults varies from steeply west to steeply east dipping. To the
north of Cottonwood Canyon, the faults appear dip predominantly westward, while south of
the canyon they dip steeply east. There is no indication along these faults that any significant
amount of vertical throw (greater than five meters) has occurred. The north-south striking
faults near Cottonwood Canyon appear to offset alluvium, and also crosscut a Pleistocene
travertine deposit, therefore their age is probably as young as, or younger than, the Dixie

Valley fault.
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Similar N-S faults to the south, in the area of White Rock Canyon, may have
accommodated Oligocene right lateral slip (Hudson and Geissman, 1991), and it is
conceivable that the vertical structures around Cottonwood Canyon could related to oblique-
slip or strike-slip faulting. However, since the N-S faults around Cottonwood Canyon have
been recently active, their relationship to Oligocene faults would have to be one of

reactivation.

1.6. GEOLOGIC HISTORY

The stratigraphy and structures, herein presented, establish a loose order of tectonic
events that have affected the region of the Dixie Valley geothermal area. At the end of the
Late Permian to Early Triassic Sonoma orogeny, the Koipato group (Burke, 1973) was
erupted onto the Golconda allochthon as a continental magmatic arc (LaPierre, 1991). These
arc rocks are exposed just north of the map area. Shelfal carbonate and terrigenous sediments
accumulated on the Koipato platform until Late Triassic time (Silberling and Wallace, 1969).
These platformal rocks now comprise the Humboldt lithotectonic assemblage (Oldow 1984).
Concurrent with the deposition of the Humboldt assemblage, the Lovelock lithotectonic
assemblage was formed in the deep marine basin outboard from the Humboldt platform
(Oldow, 1984). Both assemblages collectively make up the Early Mesozoic marine province
(Speed, 1978b). Due to the lack of detailed sequence stratigraphy in the marine province,
Triassic tectonic phases that affected the Humboldt and Lovelock assemblages are poorly
understood. The emplacement of the Fencemaker allochthon (Elison, 1990), in Early
Jurassic time, is the oldest Mesozoic tectonic event that is well studied.

In the map area, the first phase of tectonic structures (D1) include penetrative
cleavage, folds, and mineral lineations. These structures represent an event of ductile
thrusting, that probably corresponded to the emplacement of the Fencemaker allochthon.
Penetrative (S,) foliation, in both the upper and lower plates of the Fencemaker thrust, is
parallel to the ductile shear zone of the Fencemaker thrust. L1 lineations plunge down-dip of
the foliation, and probably syn-tectonic with S,. F, folds trend east-west, and verge
northward on a megascopic scale, while smaller F, folds have no apparent vergence. The

northward vergence of F, folds, and the general southward dip of the S, foliation, are
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consistent with the northeast transport direction of the Fencemaker (B) allochthon (Speed and
others, 1988).

Following the emplacement of the Fencemaker allochthon, another event of
contractional deformation (D,) folded the Fencemaker shear zone and reoriented D,
structures. The direction of tectonic transport during D, was oblique to the strike of S,
foliation and to the trend of F, folds. The vergence of F, folds indicate that this transport
direction was toward the west. The D, event created F, folds at all scales not only within the
upper and lower plates of the Fencemaker thrust, but also extensively in the Boyer Ranch
Formation. A possible source of this deformation was the Willow Creek thrust (Elison,
1987), a west directed thrust that postdates the Fencemaker and was active during Middle
Jurassic time. before 155-Ma (Speed 1988). F, folds in structural Domain 4 are apparently
crosscut by the Humboldt igneous complex, so that the D, event must pre-date the intrusion
of the complex. Therefore, D, must have happened prior to about 165-Ma, which timing lies
within the existing constraints for the emplacement of the Willow Creek allochthon. If we
assume that D, was indeed related to the Willow Creek thrust, the age of the Boyer Ranch
Formation can be constrained to post-Fencemaker and pre-Willow Creek deformation, as the
Boyer Ranch does not contain D, structures. In addition, since D, (Fencemaker) structures
pre-date D, structures, the Fencemaker allochthon was also emplaced prior to 165-Ma.

The D, event is associated with a regional crenulation cleavage (S;). The crenulation
crosscuts structures of all previous phases, and so must be younger than 165-Ma. There is
not an established Jurassic tectonic event that operated regionally after 165-Ma, and thus it is
possible that S, crenulation is younger, perhaps Cretaceous or Tertiary in age. On the other
hand, S, crenulation may be a late stage effect of the Jurassic D, event, or an effect of the
intrusion of the Humboldt igneous complex.

The next important phase in the geology of the region was the eruption of Oligocene
and Miocene tuffs, and the intrusion and eruption of Miocene basalts. The volcanic units
capped the Mesozoic rocks in many places, and mafic to intermediate dikes intruded the
stack of Mesozoic thrust sheets at all structural levels. Oligocene and Lower Miocene tuffs
(23- to 33-Ma) were erupted contemporaneousiy with an event of rigid block, counter-
clockwise, vertical axis rotation. The rotational event affected a discrete but poorly defined

area. For example, tuffs in the Tobin Range, forty (40) kilometers north of our study area,
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did not experience rotation. However, tuffs in the western Stillwater Range, twenty
kilometers west-southwest from our study area, and in White Rock Canyon, 15 kilometers
southwest of our study area, show as much as 25° of counterclockwise rotation (Hudson and
Geissman, 1991). During Middle Miocene time regional basalt flows and minor tuffs
blanketed the older tuffs. The oldest known flows, at Table Mountain and the Sou Hills,
range in age from 18.3- to 13-Ma (Nosker, 1981). These flows are not rotated, and therefore
vertical axis rotation must have abated, at the latest, by Middle Miocene time (Hudson and
Geissman, 1991). At the same time, between 22- to 14.5-Ma (Dilek, 1991), basaltic to
andesitic dikes intruded the Mesozoic basement rocks and older tuffs, possibly as feeders to
the overlying flows.

The next event of tectonic deformation to occur in the region, D,, included early
extension associated with the Basin and Range. D, is represented by two sets of faults: an E-
W set and the Boyer fault. East-west striking faults became active (D,,) sometime after the
emplacement of Middle Miocene mafic to intermediate dikes. The E-W faults are
characterized by brittle and brittle-ductile shearing, slickensides that trend obliquely to the
dip of the fault surface, east-west strikes, and by their ages, that are consistently older than
the Boyer fault. E-W faults truncate Miocene dikes, at every fault locality in the field area,
and are in turn truncated by the Boyer fault. Therefore, their age is post-Middle Miocene but
pre-Boyer fault.

The Black Canyon fault, a brittle-ductile fault with large displacement, is the largest
example of the E-W fault set. Stereographic analysis of F, folds in the upper plate of the
fault (Figure 9) show that the average F, hingeline in Domain 3 trends 159° to the south-
southeast. In contrast, F, hingelines, from stereographic analysis of Domains 1 and 2, trend
between 206° and 199°. | This difference in F2 hinge orientation suggests that the upper
plate of the Black Canyon fault may be rotated counterclockwise, with respect to the lower
plate, by as much as 47° on a vertical axis. Therefore, the Black Canyon fault, and other E-
W faults, may be oblique-slip faults. Slickensides, that trend obliquely to the dip of the E-W
fault surfaces, further suggest that some oblique-slip may have taken place on the E-W faults.

D, continued with displacement on the Boyer fault (D,,), that coincided with, or post-

dated, movement along the E-W faults. The Boyer fault displaced westward the Boyer
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Ranch Formation and Humboldt igneous complex. Because the Boyer Ranch Formation is
present in both the lower and upper plates of the fault, it is tempting to suggest that the fault
has had little displacement. However, the magnitude of the Boyer fault shear zone suggests
prolonged slip has occurred along that structure. Furthermore, the bulk of the Humboldt
igneous complex resides in the upper plate, while only a very minor mass of related intrusive
rocks reside in the lower plate. The distribution of the Humboldt complex therefore loosely
suggests that the Boyer fault has experienced large displacement. The significance of the
Boyer fault, as it relates to Basin and Range extension, is not yet known. The models of
Gross (1997) (discussed below) might suggest that the Boyer fault developed as result of
flexural slip within a monoclinal forced fold, above a high-angle normal fault (Gross, 1997,
Benoit, 1995). Simply put, the fault was a result of early Basin and Range extension, since
there is no question that the fault has moved sometime after the Middle Miocene (14.5 (?)-
Ma Dilek, unpublished Ar/Ar dike dates), and prior to the development of the Dixie Valley
fault system.

The modern tectonic regime is characterized by active extension along regional Basin
and Range normal faults, such as the Dixie Valley fault. The Dixie Valley fault and related
faults truncate, and thus postdate, the Boyer fault. First order estimates of the slip rate along
the Dixie Valley fault indicate that the fault has been active for the last 8 m.y., since Late
Miocene time (Okaya and Thompson, 1985). Presently the fault is seismically active, and
last ruptured in 1954. Studies in progress, related to the development of the Dixie Valley
geothermal field, are addressing the long term uplift and slip rates of the Dixie Valley fault,
using cosmogenic isotopes to obtain exposure ages, and fission track ages to understand the

uplift history (Caskey, work in progress).

1.7. DISCUSSION

Structural Relationship between the Black Canyon Fault (E-W set), and the Boyer
Fault. The Black Canyon fault and the E-W fault set may be structurally and
developmentally related to the Boyer fault. Gross and others (1997), in the Dead Sea rift,
recently documented faults, and related folds and fractures, associated with the development
of a major, low-angle, brittle detachment. Those structures are very similar to structures

found within the shear zone of the Black Canyon fault. The geologic setting of both areas is
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similar, as well. The example of Gross and others (1997), suggests that moderately-steep,
low-offset faults develop syntectonically and synthetically with high-offset, low-angle
detachment faults (Figure 15).

Pull-apart blocks

— — 1. Boyer fault
= ) analogue
Black Canyon fault o
analogue -
{ - J
Stage 3 -

Figure 15. Model of Gross and others (1997) for the development of detachment zones in areas of flexural slip,
in the Dead Sea rift. The model offers insight into D4 structures in the Stillwater escarpment, an area with a
very similar tectonic setting.  Note the horizontal shear zones, analogues to the Boyer fault (and Bolivia fault)
and the dipping shear zones, analogues to the E-W fault set (figure modified from Gross and others, 1997).

These moderately-dipping slip zones separate large pull-apart blocks that rotate on a
horizontal axis, in a direction antithetic to the overall slip direction. The pull-aparts, and
interrelated faults, separate zones of major low-angle displacement. The example of Gross
(1997) therefore suggests that the Boyer fault is an analogue to the large-offset, low-angle
shear zones, and that the Black Canyon fault is an analogue to the intervening, moderately-
dipping faults (Figure 15).

In addition, the Gross (1997) model suggests that Domain 3 r;nay be one large pull-
apart. Assuming that Domain 3 is a pull-apart, it is possible that rocks in Domain 3 could
have been rigidly connected with Domain 4 well into the evolution of the Boyer fault. Late
in the evolution of the Boyer fault, Domain 3 might have been antitheticaily rotated and then
beheaded by continual slip along the overlying Boyer detachment. This fault-mechanical

scheme implies that unnamed sandstone and slaty siltstone (unit Tru, Plate 1), beneath the
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Boyer Ranch Formation, lies much higher stratigraphically—perhaps depositionally—above
the Fumarole Canyon sequence. Structurally, unit 7ru is down-dropped along the Black
Canyon fault. It is reasonable to assume, therefore, that strata above the Fumarole Canyon
sequence and below unit Tru have been faulted-out. If unit 7ru does correlate with the upper
Hoyt Canyon Formation of the Clan Alpine sequence (see page 31), then it is possible that
the faulted-out strata include rocks correlative with one or more of the Bernice, Dyer Canyon,
and Byers Canyon Formations (Speed, 1978b).

Furthermore, the model of Gross (1997) suggests that more than one, major, low-
angle detachment can occur in this type of fault system. As it happens, there is at least one
more major, low angle fault in the immediate area of the Boyer fault, herein referred to as the
Bolivia fault (not mapped). The Bolivia fault crops out on a low hill on the west side of the
abandoned mining town of Bolivia, just off the western edge of the map area. On the Bolivia
7.5-minute topographic quadrangle, the Bolivia fault is delineated by mining adits. In
appearance and orientation, the Bolivia fault is very similar to the Boyer fault, but is slightly
smaller-scale. Iinterpret the existence of the Boyer and Bolivia faults as further evidence
that the D, event involved fault kinematics similar to those outlined in Gross (1997), and that

the E-W faults are precursors in the development of the Boyer fault.
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SUBSURFACE GEOLOGY OF THE DIXIE VALLEY GEOTHERMAL SITE

2.1. INTRODUCTION
. 75—4—5’% LA r'.
This cha})ter synthemzes surface geology from Chapter 1, with subsurface geology

A TR S ,\ J ar 1) i g £F
and geophys1cs\ to create geoléglc cross -sections through bothuﬂﬂd_lower blocks of oy

the Dixie Valley fault. The ﬁrst section (2.1) briefly reviews the purpose of the project, TH Ly

as it relates to fh&g;gdu‘é' Lonof geothermal—e.ézégg; Iand then reviews the geologic
setting of the geothermal field. The next section (2.22; introduces the various ggs'fefof
subsurface data that were used to interpret the subsurface geology—a ‘data setting’. The
third section (2.3) describes how the large volume,{ of existing data v{fe"rg culled into
smaller, pertinent data sets. The fourth section (2.4) presents conclusions that can drawn
from the existing data, about the possibleiheh% ﬁ?&'ﬁ th%zs;b;ffrface This
section includes all borehole and seismic evaluation. The fifth section (2.5) describes
how borehole and seismic interpretations were compiled, and practically integrated into,
the geologic cross-sections. The sixth section (2.626 explicitly discusses each of the cross-
sections, with attention toward the degrees of confidence that can be placed on various
structural features. The seventh section (2.7) summarizes the tectonic development of the
Dixie Valley basm in the area of the geothermal site. The final two sections (2.8, 2.9)
speculate on hesw the fgctomc settmg and history of faulting mﬂucnee‘ﬂuld transport in
the geothermal reservoir.

¢rvgfal
Overview of Problem. Normal faults are important in the mechanics of extensionsl ,

N
—tectonics-in-the-Basin-andRamnge. At mid-crustal levels, normal faults accommodate

large extensional strain (Wernicke, 1981). In the shallow crust, faults influence

SE18ni/ é/f
ot N P - seismogenicity and mdlégef the onentatlon of reglonal tectonic stress and transport
1 W

- (Zoback and Anderson 19) In the Basin and Rang% shallow faults conduct fluids and 7z Qo?é/;:
arekéreat?- 1mportanr-to the mineral and geothermal industries, whose-suecesses-depend-
_ up%n detailed know1e‘dge of past and present hydrothérmal systems.
In the Dixie Valley geothermal area (DVGA), shallow, permeable faults provide
the p%oductlon zone(s) for geothermal fluids (steam and brine). To/efﬁmently-extract )

T

fluids, therefore, one must know the locations and geometries of these permeable
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subsurface faults. The aim of this chapter is f%to ldentlfy the subsurface locations of

permeable faul}sg\and brittle rocks that have a tendency to mamtam Permeable faults.
T - 7 ot el

r AR e Qb sl l
Detailed Method. In this study, surfase observatlon has been a fundamental strategy as=a-.7, wrsv o

97 Tad ‘&M //Lé\/)‘/#ﬂéu;&
-source-fer-geologic constraints on shesubsurfa ¢ One can infer that the same structures 4.

1 Ty,
g ol s A Ve,
and rocks that occur along the Stillwater escarpment are present 1'n/tKe basementéjlﬁ/ Yot
h Lecs

Valley. In theory, the geology along the footwall escarpment should be mirrored by the
slip-face of the down—dropped block. Iﬂ;pme&ee however, this theory must be modified,,

e

e et i e = _______,.,/"”
3gr three reasons’
SRS e

REASON 1. A system of both large- and small-offset normal faults, within the

Dixie Valley fault system, accountffor the cumulativeﬁmet%{ﬁfegxie Valley
basement. In addition, the basement rocks{)a;ey:diégléa'éed by sgveral additierral-
generations of extensional faults (E-W set, N-S set, Boyer fault) (Chapter 1).
Thereforg,thew-geeiegy-in the down-dropped bedrockP%sdiérén%?nbered along high-
and moderate-angle normal faults in a complicated way, instead of simply /1 s-rr0 drexn
downdropped along one fault # Lo
REASON 2. The hanging wall i probably #§&6rmed by rolloverJ}a/ common
geologic phenomenon in whlch the hanging wall of an extensional fault is forced,
gravitationally, to sag down against the fault surface (Bally et al., 1981; Dula,
1991). Rollover causes changes in the dips of faults and strata that pr@te the
active normal fault system. Hat  4ront o ere Evanid
REASON 3. Our objectives require a wider-cross=seetional area, than just the slip
face of the hanging wall, # be understood geologlcally However no structure - cz 1.7/ 1 2<

ot AL ﬂ‘/{/l.
,'Awd "perfectflgl] c%ntﬁnﬁ?ou%%lfh distance. As the cross-sectional area is m_‘

2/, i a- discontinuities in the geology over distance—for example, structural thickness,

Vo I VY 7] 444;
stratigraphic thickness, fault orientation, and foldn%—a’gd-maaamm‘m Cross-

sections.

For these reasons, it is apparent that reconstructing the geology of the geothermal
Lanngt Qe LUl

reservoir rs.-net simply performed by extrapolating surface geology directly into the

subsurface. As this chapter demonstrates, surface geologic relations must be combined

with information from geothermal boreholes and seismic reflection surveys. The
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products of combining these new and re-evaluated data, are two geologic cross-sections,
v

C-C’ and D-D’ (Plate 25 that penetrate the deep basement of Dixie Valley. The cross-

sections are drawn to depths corresponding to those levels at which geothermal fluid

production has been most successful for the last decade.

Geologic Setting of the Dixie Valley Geothermal Area. Dixie Valley is a tectonically
activS fault-controlled and fault-bounded basin, or graben, in west-central Nevada
(Chapter 1). It is a northeast-trending trough roughly 120 km long and 13 km wide, and
is the lowest valley in the northern Great Basin. The valley lies between the Stillvrsftgr
Range, which borders the valley to the northwest, and the Clan Alpine Mountalnszt In

1 vt -ﬂMﬁ Yo 7
cross-section, the valley is asymmetric, slepm.gt northwestward toward the Dixie Valley

fault.
The basement geothermal reservoir in Dixie Valley lies beneath.a 1800 meters of
alluvial basin-fill, and includes Mesozoic rocks which are the same as those exposed
along the Stillwater escarpment (Chapter 1). In addition, a?gu% 600 meters of Tertiary
lacustrine sedimentary rocks, basaltic lava flows, and rhyolitic tuff are present in the
%Vasemmt where they depositionally overlie'Mesozoic 11th012§:g§/and underlie the
alluvial basin fill. Granite (probably Cretaceous) is also present in the ik , but W vccurs
~resides only in the footwall of the Dixie Valley fault.
In surface exposures, the Tertiary volcanic units cap Mesozoic rocks high in both
the Stillwater Range and in the Clan Alpine Mountains (Speed, 1976). The lacustrine
rocks are not exposed anywhere af the surface. Granite, similar to that which occurs in
the bottom of the boreholes, is exposed in New York Canyon, on the west side of the
Stillwater Range (New York Canyon stock, Chapter 1) (Waibel, 1987). Because neither
the ig&é;:shﬁf)r the lacustrine rocks are exposed in the map area (Plate 1), they éﬁ‘ not dee,
treated in deta11 in Chapter 1. Therefore )I will briefly outline their stratigraphy, as known
from geothermal wellbores:
2.1.1. High-Silica Tuff, Lacustrine Siltstone and Lacustrine Volcaniclastic
Sandstone. In most of the wells, lacustrine rocks #2 depositionally over/rocks of the
Humboldt igneous complex. However, in well 74 gafﬁﬂﬁ; /ﬁve meters (55m) of
Oligocene high-silica rhyolitic tuff overliefthe Humboldt igneous complex, and this tuff is
absent in the other boreholes (Waibel, 1987 ). Because other wells that=me close to 74-7
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drd Ny olndiis
e not intersect the high-silica rhyolite tuff, it is pess*ble that the tuff unit is an isolated

slide block. . e
- rocks s{ ) whieh 15
The”iacustrlne sedimentary sequence ; includes dark gray siltstone, intercalated

2
Ctmmien / A
with hghter colored (oﬂ;erll' whlé:) tuffaceous and volcaniclastic sandstone. The volcanic

e

components increase in abundance downwards. The thickness of the section ranges from

—he _ r,’r,m am re &
100 to 420 meters, wihaieh variation probably results om normal faultmggm:t of the

section. The minimum age of the lacustrine rocks is constrained #5 between Mlddle and
Late Miocene by overlying volcanic rocks. The.maximum-age-efte lacustrine rocks#s )& 5+ o ofae
—presentl-y—censtnamedZy underlying Ohgocene tuffs in well 74-7 (Waibel, 1987).

T T

However, as mentioned, the auto geneSIS o‘f the tuffs in 74-7 has not been established. =~ — ~#A>+*

/
7

Furthermore, attempts to obtain fossil dates from the sedimentary rocks have been
unsuccessful (Waibel, 1987). Therefore the maximum age of the lacustrine rocks is
/ﬁ“rw Ll —~
poorly eenstrained: Hgpar *
2.1.2. Miocene Basaltic Rocks. Basalt and minor intercalated Volcaniclastic

rocks overlie the lacustrine rocks. The basalts are 51m11a} to exposed basalts w&h&eh—cap ARt A

e i . - A

Table Mountain section has not been worke‘cfl;io-ut, and reconnaissance mapping by the

L . In 7Rat i o' g
author indicates that the stratigraphy is quite varied. Therefore, it is-misleadingte-say
A

%mmmmmm%mmmm
wWhsiAn //Wu A9 aLd 45 L —_—

unknown haw-exaetly correlafepis sttt At 2aldEy Ao uidide s inT pptradd te .

The basaltic rockseﬁemd Table Mountain range from flows to agglutinates,

; " \ St g8 ELp
scoria, and palagonitic tuffs (Waibel, 1987). Flows a!/c('aphamtlc and glassy, to
porphyritic and oxidized, or zeolitically altered, and typically contain either hornblende
Iy

or olivine and clinopyroxene. In the boreholes the basaltic rocks are less texturally

varied and are ubiquitously altered f They range—geaﬁe? in thlckne/s6 from 100 to 500
meters. The flows are thickest in boreholes thatpenetza%e the southwestern part (sectlon

18) of the ﬁeld and thinnest in##e-boreholes to the northeast (sections 7, 5, and 33). e,
Sherrce 0% treS 2 \ —»{‘t’!

age of #ze basalt t ranges from 17.5+ 0.9-Ma (Nosker 1981, Sou Hills localo to 13-Ma ’ .

(Nosker, 1981, K-Ar, Kltten Springs locale%o 8.5 +0.4-Ma (Waibel, 1987, southern ] ‘s

Stillwater Range locale)? Basalts were therefore erupted over roughly a nine (9) million-
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year period, and it is unknown whether the entirerange of basalts are present beneath

Dixie Valley.

,47‘ [ .mmodem setting of Dixie Valley is characterized by active, seismogenic
extensional faultfag. The valley occupies g part of the Central Nevada Seismic Belt, a
generally north-northeast trending zone of late Quaternary faulting and historical
seismicity that has been the locus of several moderate to large magnitude earthquakes
during the past 100 years. These earthquakes include the 1915 Pleasant Valley anﬁ54
Dixie Valley earthquakes (Savage and others, 1995). The valley is further characterized
by a broad geothermal area. At depths of less tha;' 500 meters, water at temperatures
greater than 40°C can be found throughout the valley (Trexler and others, 1983). At the
north end of the valley, fumaroles and hot springs occur along the Dixie Valley fault.

The surface features delineate a known geothermal resource which is located between the
endpoints of the 1915 Pleasant Valley and 1954 Dixie Valley surface ruptures
(Slemmons, 1954). Within the geothermal area, commercial development of a
geothermal field began in 1979 with exploratory drilling, and today the field supports one
60Mw plant which became operational in 1989.

Okaya and Thomgi?‘r} ‘7(1 985) concluded that Dixie Valley formed over the
last 15 million years, since the Lower Miocene. As an alternative, Hastings (1979)
suggested that Upper Miocene basalts (~8.5-Ma) were deposited on a surface of low
relief, and therefore predate the extensional faulting that caused the formation of Dixie
Valley. Variations in the thickness of Middle Miocene lacustrine rocks, indicated by well
bores and seismic analysis (this volume), suggest that Middle Miocene lakes formed in
fault:li)ounded basins, and therefore that the topographywas convoluteED It seems

probable that extensional and/or oblique-slip faulting was underway by Middle Miocene

time.

2.2. DIXIE VALLEY SUBSURFACE DATA

Data from geothermal boreholes and seismic reflection surveys, from northern
Dixie Valley (Figure 1), were made available for this study by Oxbow Geothermal
Corporation. The borehole data include well cuttings, and hard-copie'@suéee of
downhole geological and geophysical logs (Table 1). The seismic data include ten (10)
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lines, collected as both explosive and Vibroseis reflection surveys (Table 2). These data

are archived in SEG-Y format on 9mm magnetic cassettes.
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Figure 1. Location map showing seismic lines and geothermal wells. DV,Dixie Valley; SR, Stillwater

Range. Are ctsed

Boreholes and Well Logs. Boreholes at the geothermal site a%ase&&er production or

—Someé.

injection wells, or as hydrological observation points. Eae wellheads are semsetimes

AnA—
isolated, but usuallgﬁérustered in small groups, and are spacedfout along a northeast trend

/
which parallels the Dixie Valley fault (Figures 1, 2).
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Figure 2. Distribution of wells within the Dixie Valley geothermal field. Note the close spacing within

individual clusters, and the northeast trend of thew'eﬂsr# s ey
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#rn
From the wellheads, the boreholes usually deviate downward in-both-the—

“-horizontal-and vertical-directiens, so that their profiles are not straight in either &
: ) ; . S A
horizontal (plan) or vertical (cross-sectional) v1ew'\f A few wells am®, however, almost
n

perfectly vertical. For each borehole, there is a suite of well logs (Table 1).

STATIC  [NEUTRON/ [INDUCTION _[DIP GAMMA

MUD SONIC  [TEMP DENSITY [ELECTRICAL [METER [RAY
WELL# [LOG LOG LOG LOG LOG LOG LOG
45-33 X X X X X
27-33 X X X X X
28-33 X X X X X
82-5 X X X
45-5 X X X X X
25-5 X X X X
82-7 X X X X X
73-7 X X X X X X
74-7 X X X X X
63-7 X X X X
84-7 X X X
76-7 X X X X
41-18 X X X X X
32-18 X X X X X
52-18 X : X X
65-18 X X X X X X
SWL-1 X X X X
SWL-2  [X X X X X X X
SWL-3  |X X X X X
62-21 X X X X X
76-28 X X X X

Table 1. Summary of borehole logs from the Dixie Valley geothermal site.

Seismic Reflection Surveys./w i,i\)f(tffn seismic lines span the area of the Dixie Valley
geothermal field (Figure 1). LThe survey lines run either perpendicular or parallel to the
Dixie Valley fault, while a few lines are oblique to the fault From the entire body of
-Bixte-Valtey seismic data, ten (10) surveys wereptea&ébd for study (Table 2). Nine of

the seismic surveys—Line 6 excluded—were reprocessed at the University of Nevada,

Reno, between the Fall of 1996 and the Fall of 1997, by the Consortium for Economic
Migration and Tomography (CEMAT} and myself.

Line # | SOURCE
SRC1-N|Vibroseis
SRC1-S |Vibroseis

SRC3 |[Vibroseis

101 |Explosive
103 |Explosive
105 |Explosive
5 Vibroseis
6 Vibroseis
9 Vibroseis

10 |Vibroseis
Table 2. Summary of ten (10) seismic reflection surveys within the stpd area ‘grovnded and owned by
Oxbow Geothermal The data from Line 6 & lost. e 75 =
Airios Apie Al it CCpLA O Lfy A
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2.3. GEOLOGIC CROSS SECTIONS AND CRITERIA FOR DATA USABILITY
_ ~_'the..ox:i‘ep‘tatix;>nsvof@eologic crossfsections C-C’ and D-D’ (Plate 1) a?ézsé%eﬁg-}f'gr)
-restricted;-for-they. must-be drawn perpendicular to the Dixie Valley fault—Fhe-neeessity™
—for-thesetross-sections 10 be perpendicular to the rangefront-is-a-primary-consideration, .
:,emg—x&em{amedkas followss because the sense of slip along the Dixie Valley fault is
exactly normal, and not oblique (Caskey,1996), gcks and structures in the hanging wall
h #us b&//y\ Q/({u[/{tf"/'
ms% directly do }?hp from their counterparts in the footwall. Cros\.fs)ectlons through
the basement of Dixie Valley must be drawn in the direction of shpj.immm—z@&—
distances-hetween-displaced sfrucfures,-andtherefore-to minimize the error in using
exposed geology as an interpretive basis for subsurface geology.

The locations of the cross}?ections arczEo restricteg,, mainly by the spatial
density and distribution of wellbores and seismic lines. Crosg/fsections must be drawn
through the most dense groupings of wells, in=e#der to use the maximum number of
boreholes as control points. Therefore, cross-sections C-C’ and D-D’ intersect wells in
sections 18 and 7, respectively (Figure 1). Alsc; for maximum point control, cross>°
sections must be drawn along trajectories that are nearly co-linear with, or that intersect,
one or more of the seismic sections. )

es roxrmi %

The tity of c?ata depends, therefore, on the nearness of boreholes and seismic

lines to the zestrieted locations of the geologic cross-sections. Many of the boreholes and

) ) ) cannst G2 reil
seismic lines are far from the geologic sections, so theyafeﬂﬂe%esias cross-sectional
constraints. In other cases, boreholes and seismic lines lie partially in the planes of

. . R . NN s lisae

sections, and still others lie directly in the vertical planes of cross-sectlons.A§_ome of the
subsurface data is useful, th@/ while most of the data must be excluded. Schemes for the
proper selection of usable borehole and seismic data are outlined below.

.’//’\\.

T B N p

; \
1 Boreholejand Well Log Data 'Selectton/ The linear, northeast-trending distribution of
P
individual boreholes (e.g. well 45-33), and groups of boreholes (e.g. section 7 wells),
provides very few constraints for the geologic cross-sections. Fault-normal cross-

sections intersect far fewer boreholis{, than sections ethemwise-drawn parallel to the
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borehole trend. This-kind-ofrestricted-borehole-coverage tscompensated for in two

ways.

82.T.

3000
63-7(2) 82-7(2

_13-7

2000

>
»

feet

1000 R
Lir 6N\
N\  76-a7 AN

0 ?oot 1000
ee
Figure 3. Map view of well profiles in section 7. Wellheads are black circles, deviated well profiles are
gray. Note the traces of cross-section D-D’ (Plate 3) and selsmlc ling 6. Daghed line .Are 250 feet from the
traverse line, and encompass the parts of boreholes which .ate Aadrr e IR € vertical plane of

section D-D’. A

~

First, by very accurately locating the borehole trajectories in both the vertical and

horizontal planes, and second, by deciding (albeit arbitrarily) on the distance within

__which a given datum can be assumed to be in the plane of section. Figure 3 shows the

horizontal projections of deviated and vertical boreholes in section 7, and part of the trace

of cross-section D-D’. I have arbitrarily assumed that portions of boreholes w1th1n 250

horizontal feet (dashed lines) to either side of the geologic traverse can be
—bezmrthe plane of section. Effectively, therefore, section D-D’ has in its plane most of the
profiles of wells 63-7(2) and 84-7. In addition, the plane of section includes the upper

boreholes
@halfs@ of borehole 74-7, and the lowermost parts of 82-7(2) and 73-7(2).
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Figure 4. Map view of well profiles in section 18. Wellheads are black circles, deviated well profiles are

gray. Note the line of cross-section C-C’, which is also the trace of seismic Il%e 9. Dashed lines are 500 : it

feet on either side of the traverse line, and encompass parts of the boreholes w:
the plane of cross-section C-C’.

Like section D-D’, section C-C’ is also drawn perpendicular to the Dixie Valley
fault. Figure 4 shows the horizontal projection of deviated and vertical boreholes in
section 18, andé,the trace of cross-section C-C’. Since the distribution of wells is wider
in section 18 than in section 7, I have assumed that parts of boreholes within 500 feet
(dashed lines) on either side of C-C’ can be é%ng/éexgzc&be—m the plane of section.
Effectively, C-C’ includes the complete profiles of borehole 32-18, and most of the
profiles of boreholes SWL-3, 41-18, and SWL-1.

Of the various welljlogs, the gamma-ray logs and formation logs were most useful
in the interpretation of borehole geology. Gamma-ray logs measure the natural
radioactivity, which is proportional to the potassium content, of rocks through which the
borehole is drilled. Gamm’z-: ’fggs were used to pick the precise depths of formation tops, —
based on sudden changes indthe gamma ray signature. Formation logs (mud or lithologic

s
logs) provide two types of data. First, they catalog the type of rocks which are extracted,
A
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in the form of fine cuttings, from the borehole. The mud logs can therefore be used to
cross check the gamma logs. In addition, mud logs give information about the state of
drilling circulation fluid, or mud. Mud:;xmaiagon information is useful, in that open
fractures in the subsurface can sometimes absorb the entire column of drilling fluid.
These zones are noted, on the mud logi as “lost circulation zones”, and probably indicate

4

the positions at which the boreholes intersect large, permeable faults.

T4 ’f“’ Ly has been
ngs_'mzc Line electzon The selectlon of usable seismic sureys s based partially on

the geographlcégamess f the—-wweys to the geologic cross/d ectlons but primarily on the

quality of the reprocessed (or previously processed) images. Only the reprocessed images

from lines 5, 101, and SRC-3 clearly show faults and stratigraphy. The successeson S iiaidad M pfz
these lines w‘Zc@rc due primarily to the high volumes of data contained in each of these

three surveys. The velocity modeling technique (discussed below) used to reprocess the

data, requires high data volume for accuracy.

/Z Lines 5 and 101 intersect and/or trend parallel to cross-sections C-C’ and D-D’,

and both of the seismic lines intersect boreholes in section 18. Therefore, lines 5 and 101

are quite useab®. Line SRC-3 is too far nort/l}g from C-C’ and D-Iz’{3 soi\@@ images 4 s -

are neither included in the geologic cross-sections, nor treated in this chapter. (Note:

other interpretations and discussions of reprocessed lines SRC-3, 5, and 1 _O:Ié can be
found in Unruh and others (1997).)

Hard)co:opies of previously processed seismic images were also available with the
seismic data. These were used to constrain interpretations of the reprocessed, depthj\’
migrated images. The post-stack, DMQO migration of line 101, demse by Simtech
Consulting Services for Caithness Geothermal (1994), was particularly useful. Older
: ﬁ%;ﬂ | Arepereef :
images, such as those frem Line SAby Sunmark Exploration (1980), were not as helpful.

2.4. RECONSTRUCTING SUBSURFACE GEOLOGY: CONCLUSIONS FROM
EXISTING GEOLOGIC DATA.

. _ . B / 71“p PRV 4 épﬁ’e 4
Information about rocks and structures in the subsurtace can be drawn from exietng

M W . At (:‘./
data. For example, structures-eatelegaed at the surface (Chapter 1)

-structures exist in the subsurface. Boreholes yield stratigraphic information, as well as
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the orientations and positions of some fractures and faults. Seismic reflection images

yield information about the geometry and relative ages of structures in the subsurface.

Geologic Conclusions from Surface Observations. B nse dasen
2.4.1. Fault Characteristics. The characteristics of subsurface normal faults ase 1A i Vs
. ——demonstrated-by_exposed footwall normal faults. Observations of exposed faults and
related structures—from within the Dixie Valley fault system, the E-W fault set (D,,), the
Boyer fault (D,,), and the N-S fault set—give information about tm,
kinematics, and relative ages of faults in the subsurface. '
Exposed faults of the Dixie Valley fault system (e.g. faults RF2, RF4, RF4), as
well as shear bands and foliated fault gouge, strike between N25E and N70E, and dip
Aol itaod
between 42° and 75° degrees. The higher dips reflect the dips of actual fault surfaces.
For example, a bedrock expgsure of the range-front fault (Dixie Valley fault, sensu

strictu), on the northeast side of Little Cottonwood Canyon, dips 67° to the southeast.

éllallower dipsjrefleet-the-dips-of Minor slickensided surfaces, weakly}?oliated gouge,
S = —

et tr—_, fre————

S —

fractures, and shear bandsA dnd may not be representative of the true dips of fault
surfaces.qSurface ruptures constrain the kinematics of the Dixie Valley fault. Modern
earthquake ruptures and Holocene paleoscarps, which offset stream channels and other
alluvial features, show that the sense of motion along the fault is normal, without an
oblique component of slip (Caskey, 1996). These surface observations indicate, thus, -
that subsurface faults in the Dixie Valley fault system dip steeply to the southeast, are
accompanied by a host of lower-angle, related structures, and have normal offset.
in 798l cuetir Lange -FM )
The N-S fault set (Chapter l)com;iu}s%s;‘? number of isolated.&¥ faults.
K NElre
These faults may either pr@ate the Dixie Valley system or be syntectonic with it.
Therefore it is likely, but not certain, that these faults account for some displacement of
the basement of Dixie Valley. -
Lt Lopdaf +Z,

The Boyer fault is a major structure along the Stillwater escarpment, abexj‘e the
geothermal field (Chapter 1). The fault dips shallowly to the west-northwest, and
truncates the E-W fault set. It is certain that the Boyer fault exists in the subsurface, and

also that it is cross-cut by the Dixie Valley fault system.
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E-W faults (Chapter 1) pre/zlate both the Dixie Valley fault system and the Boyer

fault. The E-W faults strike west-northwest frcnd—norﬂwvesmrard—mrsteeply.scmﬂmeast—:f

—facing-slepes; and dip to the southwest or northeast/ One can assume that the same

e - S

onentatlon and relative age re}ahons exist in the subsurfacg’béaveefﬁhe—&WwdaDme——

Malley-fault-sets. —Akggjﬁce the E-W faults truncate Miocene basaltic dikes, they
probably pogiate regional basaltic volcanism. Therefore onj can assume that
southwest- and northeast-dipping E-W faults not only exist in the subsurface, but also
that they offset Miocene basalt.

2.4.2. Characteristics of Mesozoic Tectonic Stratigraphy. The tectonic
stratigraphy of thrust sheets and fault blocksf’fong the Stillwater escarpment (Chapter 1),
is no doubt repeated in the Dixie Valley basement. However, the-mtemai-structure of
each structural domain may be-subject-te vag(amover short distances. For example, in
Cottonwood Canyon the Boyer Ranch Formation is infolded with underlying sandstones
and slaty siltstones./The macroscopic and megascopic folgs’ trains (F2) that are partially
revealed in the rangefront may be repeated in the subsurface. As a result, the depth to the
Boyer Ranch along the hinge crest of a fold may be less than the depth@éhm

Although the existence of geologic variance isﬁ é& e , the geometries of folds
and other discontinuous structures are norﬁ/gredictable. Therefore, all of the structures
and strata that are exposed in the rangefroﬁ:, must be #npesed=mrandier extrapolated into
the Dixie Valley basement,%oss faults, ase without making inferences about possible

geometric changes. For example, the minimum exposed thickness of any unit must be
A7 rrdt

p ,.
the thickness shown for/chat:mnt.;s down-dip equlvaleng/ Also, the dip of a fault along the -

rangefront must be equal to the attitude of that fault in the subsurface.

Geologic Conclusions from Existing Borehole Geology.

. 2.4.3. Characteristics of Borehole Faults. %exx»&tm@gd-y—a_ﬁﬁbsurface data
Irnety e

Dixie Valley fault system. In boreholes, stratigraphic offsets between formations in

closely-spaced wellsfofster a mest simple conclusion: Tertiary faub:s, other than thp
. ) ) prodeces? wer el tc/
Dixie Valley fault, do exist. Downhole investigations have reveztey a w1de,4=ange—o

_details. Borehole televiewer data, coupled with borehole stress and flow tests (Hickman

and Zoback,1997; Barton and others,1997), have shown that permeable faults are sub-
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parallel to the range-front fault (Table 3). From this condition, one can assume that a lost | .., 7,‘;,,,27%4'

circulation zone or an inflow zon% within a boreho%marks the location of a fault that P o7

strikes to the northeast, and dips steeply to the southeast.

WELL RANGE OF FRACTURE/FAULT STRIKE
37-33 020° to 070°
73-B7 350° to 060°
74-7 012° to 058°
62-21 010° to 050°

Table 3. Summary of orientations of permeable, subsurface fractures, as shown by the high temperature
borehole televiewer in selected wells (after Barton and others, 1997).

C{f Borehole televiewer data also reveal the orientations of additional populations of faults or
fractures that do not correspond to permeable zones (Table 4). Table 4 shows that there-
-exist a fair number of fractures/faults et strike to the west, northwest, and north. It can
be assumed, therefore, that faults indicated by alternative sources—formation-top
displacements or seismic profiles, instead of inflow or lost circulation zones—may strike
in ﬁtﬂmwg%/ﬁﬂl approximately 260° to 030°, and may be impermeable or semi-

permeable structures.

WELL RANGE OF FRACTURE/FAULT STRIKE
37-33 270° to 320°
73-B7 260° to 335°
74-7 295° to 030°
62-21 : all azimuths, no discrete sub-populations

Table 4. Summary of orientations of secondary fracture populations that are not correlated with permeable
zones, as shown by the high temperature borehole televiewer in selected wells (after Barton and others,
1997).

2.4.4. Characteristics of Borehole Stratigraphy. The Tertiary volcanic and
lacustrine W erisrepeated in nearly every well. However, the thickness of
the Tertiary unité;mh of the wells in sections 18 and 7, is-different: Chart 1 shows
the variations in apparent thickness & the Miocene basalt and the Miocene lacustrine

rocks, from southwest to northeast.
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Chart 1. Stratigraphic thickness variations in the Tertiary section.

A The great range of thickness-variations suggest that both the basalt and the lacustrine

e e

L

g2t

o
s

ﬁ

P

o

have bLen
rocksase structurally thmn% along normal faults. One can assume that the greatest

thlcknesifm each fomatlo%approximates the maximum intact formational thickness.
Therefore, the intact thickness of the basalt is approximately 575 meters, and the intact
| thickness of the lacustrine section is approximately 330 meters. Furthermore, one can
—ee%d(/e that boreholes with the greatest thicknesses of rock may intersect the fewest

faults. Stratlgraphlc thickness variations could also be due, in part, to primary

} depos1t10nal factor§
rstructumlr{—hsﬂmng ie. the basalt and/or lacustrine sediments may have pooled in tectonic

)

besrn—7r
basm§ -Femattormﬁlﬁmnng may have eccuszed along the margins of the tectonic basins.

!

Geologic Conclusions from Seismic Reﬂectton Interpretatton. “The accuracy of | — vy i e -
- [T Eln s H g e /

rawn from seismic SECth/d

deLnds on. thequahty ofthe mterpretatleﬂ«iﬁ/-tﬂm interpretive qual*t‘y depends on three
factors. Flrst, the interpreter must have confidence-in-the-good-quality-ofdébre original
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dataé Second, the-interpreter-mustknow-something-about-the processing techniqui. Last,

-te-interpreter-must-understand the geologic setting of the survey area, < R A 24
2.4.5. Quality of the Original Data. The Dixie Valley seismic data are generally
regarded to be of high-quality. Raw, unprocessed seismic records contain strong
hyperbolic reflections from faults and stratigraphy. In addition, the records contain a
‘—/x%fm%dmn amount of noise.
2.4.6. Processing Technique. Our seismic data reprocessing focused on depth
imaging, instead of time imaging. Time imaging (Serpa et al.g)iit 988) tends to either flatten
or exaggerate the geometry of low angle reflectors and is often insensitive to high-angle
reflectors—I call this the ‘high-angle fault problem’. Depth imaging, on the other hand,
preserves the true geometzy of structures, and therefore can be an improvement over
time-imaged data/,.{ M{/ )
(6a) The High-Angle Fault Problem. Seismic imaging of steeply dipping
Basin and Range normal faults at all %stal levels has historically been impaired: for two
important reasons. Because-aef-faulting, extensional tectonic environment)s ,{'uxtapose
unconsolidated or poorly indurated alluviu% with crystalline and sedimentary basement
rocks. This geologic contrast giv’gs&—éﬂ%% large variations in the velocity of seismic
waves. Velocitids %ﬁ%ﬂ%ﬁ%{@é@%& high-angle faults where the change
in lithology is sharp (e.g., between alluvium ?md basement), while the vertical change in
velocity is usually relatively smooth. Typically, time migration methods are unable to
incorporate these strong lateral velocity variations into the migration of seismic data.
Instead, they incorporate one-dimensional velocity models in which velocities vary only
wirih, _a depth (Okaya and Thompson, 1985). The one-dimensional models inaccurately
represent the velocity structure of the subsurface, especially in areas of large extension
and rapid sedimentation like Dixie Valley: Therefore, the time-migrated images are
distorted or W
The second reason is that many time migration techniques incorporate a Common
Midpoint (CMP) stack (so-called “post-stack” migration techniques]. K property of the
ecifically Moveout (NMQ) correction, ca'::ses steep reflections

in the raw data, from structures vmmve a dip greater than about 15 degrees, to be
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filtered out. Consequently, reflections from steep fault surfaces are often

before the data is even migrated. Faults are thus rendered invisible in the seismic image.
Hgll clopw d;/WW

/ Steeply ipping strata are also filtered out by the NMO correction. Typically, the

geometry of a fault can be 1nferred from offsets and truncations of horizontal strata.

//’}."Wér
However, basement rocks and alluv1um in the Basin and Range are often deforrned and mers Aave Lo

_many-tises rotated 1ntoj{§§ater#t‘}gn 15 degreesdip. MIme migration of a
Basin and Range seismic survey, the stratigraphic indicators of a fault may be invisible as
well.

An example of the destruction of high angle reﬂections/by/the CMP stack/NMO
correction?l(givenfm} Dixie Valley Line 5. Figure 5 shows NMO corrected, stacked
data from Line 5. Although shallow reflections from basinal strata are fairly strong, note
that the stacked image shows no reflections that dip more than ~17 degrees (Figure Sa,
boxed area). Figure 5b shows ﬁgprocessed image of Line 5, thaehaﬁleﬁ‘out the

NMO correction. In this image, reflections from basin strata attain dips of =45 degrees

(Figure 5b-S), while one obvious fault reflection (fault B) dips as great as ~65 degrees.

—
Figure 5. (A) Seismic image from Line 5, as processed by Sunmark Exploration in 1979, using CMP el L

stack and NMO correction. . M Tl

(6b) Kirchhoff Pre Stack Migration versus Post Stack Migration.

<7 Migration techniques which do not stack seismic traces before migration are “pre stack”

techniques. Pre:stack migrations leave out the CMP stack and therefore bypass the NMO
correction, so that the image retains the reflections from steeply dipping faults and strata.
The depth imaging techmqu/eé used to reprocess lines 5 and 10/1; incorporated Kirchhoff
pre Astack mlgratlon (Louie et al., 1988; Louie and Qin, 1991).

Kirchhoff prebstack migration is a depth migration method. The (X, Y) axes of
the final image correspond to distance and depth, instead of distance and travel-time. A
migration using the Kirchhoff method ;s-lmﬁﬁg;&em a few minutes to a few hours,

-amd depending on the size of the seismic data set.

—npderstart.  The migration is based on an amplitude interference scheme. The program

searches for amplitude information in the raw seismic records, according to a schedule

(the velocity model) (Vidale, 1988). It then adds the amplitude energy into a final image
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in a way also in accordance with the velocity model. Thus, if the velocity model is
accurate, amplitudes from wavelets that occur consistently in each record (i.e., real,
reproducible reflections) add together constructively in the final image. On the other
hand, amplitudes from wavelets that occur inconsistently (i.e., noise and artifacts) tend to
cancel out, or destruct, in the final image.

‘ The success of the Kirchhoff migration relies on the accuracy of the velocity
model. Construction of a velocity model can proceed in various ways, but the end
product is the same: a mathematical matrix in which the value of each matrix element

corresponds to a velocity. The matrix has the same dimensions as each seismic record in

.!,
the data set. The.mest 51mp1e4way of creating a velocity model is to generate a matrix of e B TR
LRI Gch - .
numbers that are all the same: a single- ve+1001ty model. A second-ordemattempt would be) T
ﬁnlf ﬁl/t

At el

to-creats a geologic cross section, gmn% each lithology a specific velocity value. A more
(,Dr? oy
elegant model would-buthd from direct observation of the raw seismic data. We used one
A
such direct method— simulated annealing optimization— in the processing of lines 5 and

101.

(6¢) Simulated-Annealing Velocity Optimization. Simulated Annealing
Optimization (SAO) is a process, in the form of aﬁ)roglfarg -t/l;:s.'t\ﬁ;;gsewa&emef—
unmigrated, or raw, seismic data, to construct a digital model of the velocity structure of
the subsurface (Pullamannappillil and Louie, 1994). It is a computationally intensive
process which may run from days to weeks, again depending on the size of the data set,
and the desired resolution of the model. :

SAOQ is a robust and reliable procedurefth/at operates completely on field

observation of P-wave arrival times, and with very few assumptions about unknown

ATL—
geologic structure. Thessewess=ae@s-P-wave first arrival times, picked manually from
the seismic recordsx}o[Whe velocity domains through whi P-

o % . = o el A
waves have traveled. SAO has been effective in many studies ((ihﬂez-Perez et cetera)... o s
In Dixie Valley specifically, SAO velocity modeling was shown to be sensitive to high
velocities in the footwall of the D1x1e Valley_fault, and{& low velocities in the alluvium,
e S ~— Sisude s

to a depth of at least 1KM, usmg no a priori mformatlyn (HOD_]&S et al. _1-9537) -
2.4.7. Interpretation of Reprocessed Seismic Images. Below, I present my

{ Mrpretatlons of- Mauﬂsylmages from lines 5 and 101. Where possible, I provide
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angle of 38°. Simulated annealing optimization constralned the velocities in line 5

(length=11.82 km)\to depths of 1.5 to 2 km. At these depths, the seismic velocity reached

5.8 km/s. Because velocities in the shallow crust do not get much higher than 5.8 km/s, it

is assumed thar_ihexelom the deepest part of the model has reached a maximum.

Therefore, 1t ‘was acceptable to.extend the velocity model to 3 km (Figure 6a). (NOTE: Lol
wha ol pig gz St

for comparzsonfshaﬁtar lines 9 and 10 (lengths=3.9km and 5.63 km) are constrained only

down to 1 km (see Honjas and others, 1997) ).

Figure 6. Reprocessed seismic data from Line 5. A) Velocity model of the subsurface beneath Line 5,
created by simulated annealing. B) Kirchhoff pre stack migration of Line 5, based on simulated annealing
velocity model. C) Interpretive geologic section.

The image from line 5 (Figure 6b) shows many important structures. Most
, the i/nllage shows thessunsfaeesef an east-dipping, high angle normal fault, fault B
(Figure 6b-B). Steeply dipping and westward-thickening alluvial and lacustrine strata
appear asaagwnward bulge in the hanging wall of fault B. The form suggests syntectonic
growth of strata in aﬁiemm—éreppingg asymmetric graben (Figure 6b-G).

On the western margin of the graben, alluvial strata appear to be truncated by and

drag-folded against the steeply dipping-sesfseeof-fault B. ‘R‘.thmt‘,:}ﬂe same strata /441 2aelionn

~hecemadthinwer, but are not obviously truncated. This suggests three possibilities: 1) that

strata on the east side of the graben are draped over a topographic irregularity, poésibly a

rollover fold; 2) that the strata are forced-folded (Benoit, 1996) over a blind normal fault; .
ay’

or 3) that the strata aretesdsgs-truncated by a fault with an low apparent dip, and a strike / .., =7
/

& Ty

that is almost parallel to the trend of Line 5.
LoHH
Truncation by a fault (fault V) iz the most likely reason for the apparent thinning

of the strata on the east side of the graben. In theLine 5 seismic inﬁgge (Figure 6b-V), the
T N
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Figure 6. Reprocessed seismic data from Line 5. A) Velocity model of the subsurface beneath Line 5, created by
simulated annealing optimization of P-wave arri@ilsp®) Kirchhoff pre stack migration of Line 5, basegdjgn the
velocity model above. C) Interpretive geologic section.




surfaee-of fault V is faint, but the relative offset of the youngest (highest)@aternary
X y T
alluvium in the image, by fault V, is fairly clear (Figure 6b-Vo). s “Atg
Another fault, fault A, is inferred by-retative offset of the top of the basalt/(‘o /%&

22

between wells SWL-1 and SWL-3 (Figure 6b-A). Many steep and closely-spaced,«n'ﬁ ‘ Fh
dipping reflectors in the area of fault A (Figure 6b-R) indicate that the zone to the west of
SWL-1 is strongly deformed by a series of sub-parallel, steeply east-dipping normal

faults. , e
Can B 1Aenyrf

M //‘/Ih;c;d/ition to faults, thedrrage-from: [ifie<S-famtly. reveals the floor of the basin}\  Lan

i Meﬂngafaﬂheﬁc'ﬂre‘easgéust te.xheaght-of posrtmn Q the-intersectionzef Line 10

e e,

(Figure 6b-F). The top of the basin=Hleermg basalt is pinned at a central locatlon by well

et Y
SWL-3, which lies almost el in the plane of Line 5 (F 1gure£c) Isateiseﬂy the top of
e 1ponag
the basalt is hards¥ to follow (black arrowsy Westward (to the left from SWL-3), the

basalt reﬂectlon loses coherency, but its position is well?&nstramed by borehole SWL-1.
/o g AZLL#
Eastward (to the right of SWL-3), the basalt reflector maintains coherency At peéi&eﬁ-

—the hagrld A ja,
thhcrc:we&/(appears to bej shght own-to-the-east c&emﬁhﬁmak by fault B.

7]+ .y
depth, at this ~~ Lrr 101

(discussed below) pins the top of the basalt. The relatlvely shallow m
point (1571 m) requires that structural compleaﬂty—-probably down-to-the-west
displacement along fault V—eseists between posttion Q and+he Line 101 interseetten.

17 e 24P
The depth of the basalt continues to shallow toward the eastern edge of the profile,

___probably due to hanglng wall rollover and down-to-the-west antithetic faulting.

——

(7b)Line 10 ézterpretatior;éy vlr,ine 101 runs sub parallel to the Dixie
Valley fault (Figure 1), and is oblique to C-C’ by 72°. Simulated annealing optimization
constrained the velocities in line 101 (length=15.04 km) to depths of 1.5 to 2 km. At
these depths, the velocity reached a maximum, and the model was extended to 3 km
(Fi igure 7a). {jﬂie line 101 rrigsatenr reveals more subsurface structure than Line 5 ﬁ_,

reatz
two reason§ Firstzsémil; there 1s-n$»data density in Line 101, because it is longer.

\

wad
Second}®, line 1014s an explosive-source survey, and therefore the data quality is

superior.

Figure 7. Reprocessed seismic data from Line 101, A) Velocity model of the subsurface beneath Line
101, created by simulated annealing. B} Kirchhoff pre stack migration of Line 101, based on simulated
annealing velocity model. C) Interpretive geologic section,

C e -
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Figure 7. Reprocessed seismic data from Line 101. A) Velocity model of the subsurface beneath Line 101, created

by simulated annealing optimization of P-wave arrivals. B) Kirchhoff pr%tack migration of Line 101, based on the AL,
velocity model above. C) Interpretive geologic section. =
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S
Most notably, the image from Line 101 eapmms the basalt at the floor of the
U & prirts
basin. The top of the basalt is pinpointed by borehole 65-18, which k

line 101 and is nearly vertlcaK’ Figure 7Qstrowﬁhc—pfgjscimn_o£65~1—&eﬂte—the-setsmw~

_seetienqmvhi‘cﬁﬂl‘e‘Mmcem “basalt=is-patterned- The top of the basalt in the well bore |,
At~ oy Z e
coincides exactly with one reﬂectlon horizon on the seismogram whieh-I believe towbe-the .- 2¢# 7 °
basalt-formatrorrtop and the basin floor. The reflector is traceable laterally, and shows
considerable topography, suggesting that the surface of the basalt may be an erosionif
Lt ikr) : Dy
surface, a pnmary basalt flow surface, orafaél}teés&sﬁagg 7%
2, a2
Mhﬂt the topographydegg the top of the Miocene basalt ﬁ*mamly an
effect of down-to-the-southeast normal faulting (Figure 7c). Three southeast-dipping,
low- to moderate-angle faults (faults C, D, and E) show up in the seismic image, both as
i JPaiax ‘ . )
reflectors and-:j{g offsetsstrata. The existence of atkef these faults (Figure 7b-C,D, E) is
corroborated by the pos{étack migration of Line 101 -demeby Simtech Inc. (1994)
(Figure 8). The three faults displace easiy=Tertiary alluvium, but are overlain by
Quaternary alluvium. Therefore, faults C, D, and E must prg:@ate the Dixie Valley fault

system, and may belong with the E-W fault set (Chapter 1) (discussed below).

Figure 8. Post stack, migrated time image of Line 101, done by Simtech Inc. in 1994. A) CMP stacked
image with F-K migration. B) Geologic interpretation. Although the finer details of my interpretations L eup- o
differ between post stack and pre stack (Figure 7b) migrations, the fundamental structural relationships are - Jd
the same. Faults B, C, and D occur in the similar positions in each seismic profile, and none of these faults / . "7'4( o
penetrate Quaternary alluvium. This cross-cutting age relation indicates that fauits B, C, and D are older |
than the Dixie Valley fault system, and probably correlate to the E-W fault set (Chapter B—_____

Offsets of the Miocene basalt along faults C and D explain thickness Xmations
<famgr] in boreholes in sections 18 and 7. In section 18, the basalt is thickest irf'wells 65-

i e A
18 and SWL-2b-~¢dbout 570 meters) 65-18 and SWL-2b probal&{y penetrate through

nearly intact SCCtJ%nS of the basalt, in the hangmg wall of fault B (Figure 7c). Other < |
- =T n M genesrated | TAUChndioss,

s@ellsm s&bsmmaﬂyﬂmma; basaltg— 300 meters. These wells

project into Line 101 at approximately Hreatitade-ef the intersection of Line 5 (Figure

7c), where the basalt has beer cturally thinned along fault B N> % ,7

In@&ection 7\boreholes the basalt is generally very thin (&reuﬂd 215 meters). These
. wah o g
—seetienF=boreholes project, mte Line 101; approximately-atthedatitude-of section D-D’, cts20en
b/{% Z o ahdse —4‘44

7
The'basalt thlckness,\along the D-D’/101 intersection 1sA greater than the thickness at the
Line 5/101 intersection. However, when compared with wells 65-18 and SWL2, the o= wrrnalf

C r2
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Flgure 8. Post stack, time-migrated image of Line lOWby Suntech lnc in 1994, A) CMP stacked image with F-K
migration. B) Geologic interpretation, showing faults and stratigraphy. The Miocene basalt is highlighted. Although the finer
details of my interpretations differ between post stack and pre stack (Figure 7b) migrations, the fundamental structural
mlaﬁonﬂ' mthesamcinboﬂlproﬁles Faults B, C, and D occur inA#fe similar positions in each geismic profile, although
the faul Alsoagmbenwoecursinbomsecﬁons,to t of well 65-18. None of the
faults pcnctmt?lhc alluvium to the surface, and are confined to the Miocene (Tmb, Tls) EIMI’ERW (Tvs) section. The
relative s%uttmg age relations indicates thdt faults B, C, and D are T88oh older than the Dixie Valley fault system, and
may b’éfong with the B-W fault set (Chapter 1).
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T cln

—setatizre thickness of the basalt in section 7 still implies substantlal stru al thinning, e

probably along fault C (Figure 7c), and perhaps some formational thinning as well.
Large thickness variations also occur in the MiMLacustrine
-reeles in section 18 are a maximum of 200 meters thick while in section 7 they are a
maximum of 330 meters thick. I interpret the-discrepancy in{acustsise thicknessesboth
as structural thinning along faults C and D, and as northeastward ferraticnal thﬁ([emng
towards a structural basin in the hanging wall of fault E (Figure 7c-LB). 7 ‘
fﬁ——d e ,wexaé{(7 VEE ANV bt . T vt Vé() Cer Ji77 TR e

N NI M Ll b 2
2.5. RECONSTRUCTING,SUBSURFACE GEOLOGY: PR CEDURES§ 7 cteire

, There are two ggg@gsws of information that allow the geology of the Dixie
i L
/ Valley basement to be reconstructefl. The first is an accurate classification of subsurface

’

f/”y/s/‘o'\ e ) . T . . .
A ' stratigraphy and/or tectonostratigraphy. This has been treated at length in Chapter 1, and

o

( briefly in this chapter. The second—and the focus of this section—is t-knowledge of

\'\) the locations and attitudes of subsurface faults.

ratt ,nsgwmnfonnaﬁmraboubthe types anilT m

pPA LGS
orchole data glves ves some inforfmation about the -—~—-___

- ﬁW‘L Y 4
/(?elatlve ages of subsurface fault},

>
——

locations of faulfs at various Us enesdimensional points, and the possible range of

. st;f,v.%xf pProvise
orientations thet aults ean-have~ Seismic data re’fe&l-t-he two dimensional locations and
A <an be Aeduced.

geometries of faults, and censtrains the ages of faults relative to basm-ﬁ%Here I
7

| EeomeesoruTs e

\ _‘_/dcscnﬁe y method of integrating these various sources of information, and demonstrate
AR rov mate
that preperintegration-can-shaw the reug&three-dlmensmnal geometries of faults and

formationsA cam Lo LU 73

S Y
Procedure for Integrating Surface Observattons into Geologtc Sectio s shown, 7 . ‘Afji;"
t

- there are many detailed surface obsérvations. that help to constrain the linework in / Liady e

geologic cross-sections. These observations are applied intrinsically, and to describe
-their explicit use would W cross sections must account for, and
conform with, three fundamental observations:
1) One large-offset (fseit RF4) and several small-offset (&f&s RF2, RF4)
inactive normal faults are exposed in the footwall. Gsesszgeeaonsmet-
-demonstrate some mechanicalreasomn-forthe-existenee-of these-faults.
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2) The Dixie Valley fault, or rangefront fault, is the active strand of the Dixie
Valley fault system. Cross};ections catﬁlot place young, large-offset faults

basinward from the rangefront, where surface evidence for these faults is

. absent.
P S
- ?/,t/'b‘lf 3) Subsidiary normal faults, that may or may not be actlve exist and are
1A Al
e pth permeable in the hangmg wall. Crossf ections must demeﬂsfgate-&-meehm&wal-
“3»"!{“{’ .., .. .—=easendfor the existence of these faults, and areasen-for their bemg-permeabé.&zf
/(/’1 #

Procedure for Integrating Borehole Geol(i?/ into Geologic and Seismic Sections.
Q) Data from boreholes that are considered to e in the plane of section (Figures 3 and 4),4 Aave Ao
&upenmposed-ente—dcvraied well profiles (Figure 9). Fi
—mud-log-data-that-have beenplaced along-the three dimmenstonalprofiles-of-borcholes— wh A

from-seetion=-. Once these stocksd profiles have been constructed, they can be projected Aty
%j ' . -f'ﬁ
7

into any two-dimensional, vertical or horizontal plane. In Figure 9, for example, the

ho r iz oneadly ey,
boreholes # have been pro;ected into aﬁ-ar:bﬁ%vemcal plane that strikes parallel to —_;7‘% ;,
the Dixie Valley fault. Figure 4 shows boreholes from section 18 that have been /2»;{,_4 Y
projected mto a horizontal plane representing the valley ﬂoor In Figures 6 and 7, sestian. R
38 boreholes havoe%een prOJected into the planes of seismic lines 5 and 101, to provide it ~
tvan? —

/’-_——‘\
111%% constralnts The method allows borehole data to be used as accurately” as Y ,» ?L Lo
RS S v/ PR ‘. o
poss1ble, for tross-section drawing and seismic interpretation. S
— thidrodei

Control points on the borehole profiles are located exactly in the X, Y, and Z Lty

dimensions. Therefore, in addition to providing cross-sectional constraints, borehole data

can be used to make structural contour maps (described below).

/Elg’ure 9. Ex%tmple of gamma log (formation log) and drilling fluid (mud log) data that have been
%upenmposed onto deviated proﬁle&of‘bore oles from section 7. Tick marks-to-the,left of the” prgaﬁle
indicate Lost Circulation (LC) zones, and ticks fo the right indicate infloW zones. Thé three- dlmensmnal//
profiles have then been projected, in this example, mto an arbxtrary, vertical, two- dm;ensxonal plane that

Procedure for Integrating Seismic Interpretattons into Geologic Cross-Sections. )LT\
depth sections, it is a simple matter to project a structure up to the surface, or down to tli/

1 L2t 9t
geothermal reservoir. For example, fauit A in Line 5 is very well defined between 1 and
. . o . I ety
1.5 kilometers depth, but is less clear at 3 kilometers. Therefore, in the interpretation of
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I
)
Line 5 (Figure 6¢), the lower third of fault B is largely a projection from shallower

depths. _ . . . !
PO nids can bo 1 diniifred 1n A liiles apol Qisersec. jeels.
/ﬁ%mmmmm&o;ectrng the faultsb laterally, into areas where
78 RIS fEenabic,
seismic and borehole coverage is relatively sparsg For example {auitsmfacermages o ﬁ/ pryL L

blrirdr 1 KD sfbtcisct LAl o uitd=A az_g?
-1y show apparent dips,, Without knowing the true strlke of a fau th would be highly/ /mnp 6 </ /e
/i I/' /~\~—A—— U S ﬁ_ﬂ

L “‘/”:‘/‘/L inaecurete to project apiaﬂm%%% from one section to another,("It would be rv 5/(7
W. L ~inaseurate-ag-wel-to-attempt-to correlate faults between seismic profiles based onthe 4 r#1/ /M

W;,s-"" _-sembilanec of their reflective charaetﬂe/frs, Th‘r‘;:fzhfferent fault sets, with different
orientations (Chapter 1), are known to exist. Without secondary evidence, there is a good
chanc/e4that a fault con;latiowr instag(ce l;elvtweﬁe;? I;Ci;e,s ; éa*r}:d 101—would be wrong.
A Lhe problem of Tateral fault correlation 15-deali-with-by-creatingandsinterproting rAsd:an L
i ‘;:,f structural contour maps (Figure 1(;3) The\ maps mﬁé’sersmlc depth measurements and
secondary-ewdeneo.-—borehole gef%sﬁl%’e generahzed topography-&l&-the
top of the Mlocene aDrs eep topographic gradrents reveal—the rough 24 A e,
locations and three- dlmensmnal attitudes of major faults in the subsurface. Fhereforer-//z,, 7 e
npgs, faults can be more soundly projected laterally, between various seismic and geologic |
sections.
m/&g\:ﬂ&; /Structural g)mou’r‘r‘ﬁap of the top of the‘Miocene basalt. Filled circles’ indicate
}sa-l epths measure)d/ from seismic mterpreiatlons of lines 5 and 101; tnangl indicate depms/meaM
i o from geothermal boreholes.

4

S

oage hree different subsurface fault sets: and»oldegt' set (blue), a middle-aged set (green), and a . el <t
W youngegt set (red). The faults are labeled to correspond with their counterparts in the ';‘ﬂ% »

C 4
W’f ?seismic sections. The oldestp(sé{ ?r‘fg'l?ldes faults C, D, and E. In seismic profiles, these

? The interpretation of structural gradients (Figure 10b) suggests the presence of “ e

faults do not cut Quaternary alluvium. In addition, the contour map suggests that the blue

faults (espemally fault D) are cross-cut by fault V, a Quaternary fault. The contour map
Abw 7 AdL to Avitiisuness @” v
therefore corroborates 3‘6 relatively old ages of faults C, D, and E. Because faults C, D,

“en

and E belong to thie oldest set of Tertiary faults, it is likely that they correlate with the E e, 2z,
D _

W fault set (Chapter 1). “‘"“% '

£

The middle-aged fault set (green) and the youngest set (red) include faults A, B,

V, and the Granite/Dixie Valley fault (descnbed below). Faults A and B are shown by
e pL o

seismic line 5 to cut/zgh;-mielﬁ{ ﬁ'}s'm_ However, these faults do not break the surface
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Figure 10a. Structural contour map of the top of the Miocene basalt. Filled circles indicate besalt-depths 2 27 */
measured from seismic interpretations of lines S and 101; filled triangles indicate depths measured from
geothermal boreholes.
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and are overlain by aﬂn%{;rﬂ‘me 600 meters of alluvium. Fault V, on the other hand, '
penetrates the P:igﬁ:éét- E)ﬁtemary alluvium (Figure 6B, 6¢), and may enge/gdte:(\aasﬂoll e
geochemical anomaly (Hinkle, 1995) and a vegetal-spectral anomaly (Nash, 1997) at the
surface (Figure 10b). Thesemgets mdlcate that fault V is a young Quaternary fault and
possibly an active fault. The red faults probably correlate w1th the Dixie Valley fault

DA vt
system, as they are active and young, and have a tresé similar to tﬁe Dixie Valley fault.

<7
7 The green faults lack a good surface analogue, but may be part of the N-S fault set

e
s

(Chapter 1).

Figure 10t StructuraLcontqur map of thetog of the Mmcene basalt, as.above; showing interpretive
,k!ﬁ);s of large > fanlts (red lmes}e/ d smallef fauifs (blue lines) that dlsplace the  topr of the Miocene..-=

{_Wasalt. e

2.6. SUBSURFACE CROSS&ZS)ECTIONS THROUGH THE GEOTHERMAL
RESERVOIR
T AL pPrec e//m,, Se.che Cn,y

A;bov? I have used directand-indirect-observatienal-datass-borehole logs, surface

observations, and seismic profiles#to draw conclusions about subsurface geology. 1

have also combined the various data, in contour maps, to mterpret structural geology
AT 2RI oA <ba.s
where'drrectobsematxons are lacking. Here, I draw on all of these measusess

Conarrue?”
toeensfram geologic CI‘OSSZQCCUOHS The geologic sections are based dominantly on

éazn s
stratigraphy from pwe&dborehole%wus thatﬁe extrapolated Fo g rearin LI/L.
~dowmsard from the structural contour maps (Figures 10a, 10b). Where possible,stie-

. . Aol wigen. Loz
sections-iwvolee surface observatlon:i1 to interpret basement geology at the most poorly

understood structural levels. 7y A
S . h\%{ . 2
T Z ,
Compilation and Drafting of Cross Sectzo oss Sections. - 'Femmtam-preemx}@ll borehole and ’,3 e
o i S L

s

gelsmlc data were manipulated and measured in digital format, using AutoCad (release /  “ervtg

e -

ks

14). Cross-sections C-C’ and D-D’ were also drafted in AutoCad. \To show the-data., sz - v?t_

e A e s e A s e

R
—orginfer-each feature in the geologic sections, the linework is color coded. Linework

based upon borehole geology is colored red. Linework based upon seismic interpretations
g%m q:rd,u ot 't"/“/‘om
and/or structural contour diagrams is dark blue. Blaek—}mewerlets based on observations

of exposed geologic relationships in the footwali.
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Figure 10b. Structural contour map of the top of the Miocene basalt, as above, showing possible locations
and trends of large faults that displace the top of the basalt. Color indicates relative age: blue=oldest,
red=youngest. The orientations of the faults agree with the orientations of mapped fault sets in the footwall,
and measured fracture sets in geothermal boreholes (Tables 3 and 4). Soil/vegetal anomaly is from Nash
(1997).




Elementy of Cross-section C-C’.

sectionsj In addltlon to four widely-spaced boreholes,,st{rﬁ’?cg

the%ter:see&ensaef

2.5.1. ’G@*zﬁ&m‘t Constraints fromSMoreholesA WW -
(1a)_The Granite fault.

.
T;,”g?' —

Lln%lOl and Line 5.

e e

(fi abanmsg ;//{pj;’/,wu/ s

C-C’ is the better constrained of the two geologxc

/h 7Zr‘r¢puf
A common and predlctablehmmn the

@eholes is the structural top of the Cretaceous granite, in the footwall of the
Joreholes thatdel through the Dixie Valley fault (SWL-2a, SWL-
2b, SWL-1, and SWL 3) penetrate ss#e-the granite. From three boreholes, the three-point

Dixie Valley fault;

/«%44
solution to the structural togloi’m&ramte gives the oriengafion of théfop of the éanite
A
- drereinreferred-to-as.the ‘Gramte fault (Table 5).

b

\ _____
TOP OF GRANITE
WELL X (arbitrary crds) Y(arbitrary crds) TVD(f?)
SWL-2a 699893 1895103 7350
SWL-2b 700790 1895350 8200
SWL-3 701700 1896125 _—8675——— P
THREE-PT SOL"N, -> 032°, 54° SE SURFACE S&D OF DV |(> 034°, 67°SE = ¥+
GRANITE FAULT FAULT : 7
Table 5. Data for a three-point solution to the structural top of the Cretaceous granite (the Granite fault),in _, °
the footwall of the Dixie Valley fault, beneath section 18. /@W@
.
|
The three-point solution indicates that the Granite fault strikes 032°, and dips 54° SE. Apw L
£t g
The strike is}(exactly parallel with the up-dip, surface trace of the Dixie Valley fault. The'/ ﬁ’f e
XA A
dip, however, is thirteen degrees (13°) shallower than surface measurements of the Dixie| At
Valley fault. prald
As shown in Figure 4, the entire-psefideref borehole SWL-3 lies within the plane ,
>a Mw»v & ) 5%4
of crossfsection C-C’. In /‘C -C’, therefore, the Granite fault is its W
calculated dip (Table 5) through the top of the Cretaceous granite in SWL-3 (Figures 11a, ra?
11b). From the SWL-3 tie point, the planar, up-dip projection of the Granite fault /g‘ff&
intersects the surface 550 meters (1800 ft) southeast (basinward) of the mapped trace of <7

the Dixie Valley fault. This suggests two possibilities: -~

A

Chapter 2

LoNnTs noaTiei
1) ket the Granite fault is the down—ulpfpr&;eehe/rtl of the

Dixie \fa]ln\l Fanlf and 7,//: LS

W/W

thatthe=surface geometry—ef-&m@xxie—‘éaﬁcyv{&u%ls hlghly 1rregular Surface
isoftieBhic Valicy Tl ke ol
_ineasurements-of-th mleValley fault plahe indicate- that it-dips 67°,




m}héﬁﬁv_ar“d”To-e{fneﬁe with the nw} dip of the Dixie Valley fault,

therefore, the Granite fault would first have to shallow upwards from 54°, and
then steepen upwards to 67° at the surface.
2) <la$ the Granite fault is not the Dlxmﬁabﬁf;“ bmdlary fault which
is parallel to, but basinward of] the Dixie Val% ault. It may be mmpler/L/d
more appropriate,/to assume that normal faultsﬂ steepem&pwafds‘arrdbmme*
listric dewmwards-(Proffett, 1977; Bally et al., 1981; Wernicke, 1981), and that
the fault surface does not have any serious geometric irregularity.
CI—L?' To illustrate the two possible configurations of the Granite fault, C-C’ is drawn in two
ways. The first model (Figure 11a) shows geometricirregularity-atomg—the Dixie-Valley—
-fault-surface-and-eoneludes-timt the Granite fault iﬁl'le down-dip equivalent of the Dixie
Valley fault. This model (Figure 11a), allows the Dixie Valley fault to cut at a shallow
angle through mcompetent Triassic siltstone (Tru) and argillite (Trfc). The fault surface
then steepen}%ere it cuts across competent quartzite (Jbr) Qm R ates
h&faulmmoﬂ"mma&wed‘snrface-dip'ofthe‘BIXIe"Vﬁﬂé_?ﬁﬁaNL
model indieates thrat the Dixie Valley fault has a rheology-dependent, ramp-flat geometry,

2
similar to that of a thrust fault.

Figure 11a. Geologic cross-section C-C’, asperity model (see Plate 2 for larger-scale version).

The next model (Figure 11b) shows the-susface-efthe Dixie Valley fault withesR a -&Z@
geometﬁ&ifreg&}aﬁﬁr, and suggests that the Granite fault is not equivalent with the Dixie |
Valley fault. In this model, the Granite fault steepens upwards to 67°, to a projected
surface trace:u&:'ahdim approximately 850 meterfs,’ southeast of the Dixie Valley fault.
The Dixie Valley fault p&aﬂe};*the ranite fault, and steepens upward to coincide

<gxnetiyywith the Stillwater rangefront. Both faults sole into a- Seares surface
' e
at an elevation of about -2600 meters (-8500 ft). < /%7%
Figure 11b. Geo}})gxc cross~sect10n C-C’, listric model (see Plate 2 for larger-scale versxon) '9'/{/ 7 see
2 ‘% r’,!@

given by offset of stratigraphic horizons between boreholes SWL-3 and SWL-1. The top
of the Miocene basalt (Tmb) in SWL-3 is 186 meters lower than-thessame-herizea in

SWL-1. This suggests that the two boreholes are separated by a down-to-the-southeast

n_ormal fault.
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Figune 11a. Geologlc cross-section C-C'a. The section incorporates a ramp-flat geometry for = //:j

the surface of the Dixie Valley fault.
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(Ic) Lost—Czrculatzon-Zon -Faults ( Two faults, LC1 and LC2, are 1Nyl d

Tomstraired-sotely by Lost Clrculatlon (LC) zones thatesew in well SWL-3. Mp
bt At Slgitr g V.
directions of these faults are_@h:lgzspeculatlve One or the other, or both, may dip to the

;&, Izl At
SE rather than to the NW. Because permeable ults beleagvtc)\ Dixie Valley system
n

(Hickman and Zoback, 1997), and the Dixie Valley system includes only high-angle

ol KA5himed 75 6. 50-707
faults (Chapter 1), the magnitudes-efthe dips on LC1 and LC2 are reasoneble. Because /

Wi T/
pe—r“ bie*f%ults -are assumed'{tgstrtke -parallel-to-the-Dixie-Valley fault, the faults drawn

—throughrtirse TCzoties also reflect-a-true-dip(€-€*-is-perpendiculas-to the Dixie Valley
—fautty—--
Note that the Granite fault, as well as & fault V (discussed below), intersect LC
V2278

berernle
zones at the bottom of SWL-3 and in 41-18. In these cases, the LC zones additronally

Arel

constrain the onentatlons of faults that have been ldentlﬁed by other means.
14 fr=d

o
2.5.2. €=C*EaultConstraints from Seismic Images and/or Structural Contour

Lo A (0rnloA FFPP
Maps. ’I‘here%re{ﬂee faults in C-C’ that are jointsr-identified-by-the seismic reflection

images from lines 101 and 5, and the structural contour map of the top of the basalt.
These are faults V, C, D, and E.

(2a) Fault V. The existence of fault V is suggested mainly by steep
UTlowte (hoFiaty pre
topographic gradients on the\ top of the Miocene basalt (Figure 10b). Vague traces of the-

fault V susfaee and displaced basin strﬁ% in the seismic image of Line % also suggests’

LML

that fault V is real. A third fesmt of evidence, surface soil anomalies, s also verify the
existence and=age-of fault V.

. .l =
A Yo 50
offset;{,' and therefore post-dates, faults C and D. The seismic image shows that |

4 /

fault V offsets the youngestW@latemary alluvium in the image (Figure 6b, 6c). retie b
High soil CO, emissions (Hinkle, 1995), and a vegetal-spectral anomaly (Nash, 1997) e lls

ey o

. On the structure contour map (Figure 10a,b), fault V_ i -+ Zrprrere+

occur west of section 18 (Figure IOb) The anomalies occur-ﬁeﬂg the surface prOJectlon
Zines |
of fault V, and suggest that the tlp of fault V is close to the surface. These forms of .

geological evidence indicate that fault V is a Quaternary to recent fault. Therefore the
fault is ah()' i in cross-section C-C’, to offset older faul
Z i1 tpesendd A e s
penetrate-hi gh into the youngest Quaternary alluvium. DT o s

(2b) Faults C, D, and E. Faults C, D, andﬁglow up clearly on both
seismic images from Line 101 (Figures 7b, 8b). In the reprocessed seismic image (Figure
Chapter 2 132




LA 1 vt (170 AL 7 . -
7b), faults C, D, and E appear to penetratﬁ midway into the Quaternary basin fill. +; : ez "7

Alternatively, the time migrated image of Line 101 (Figure 8) indicates that faults C, D,
it e da

and E penetrate only the lowest unit of the basin fill (Tvs). 1 t tve
maeeuracyofﬁ‘re‘mterpretatmns it is clear that faults C, D, and E are older than fault V.

/ﬁ

Furthermore, the faults are'ley( to moderatefangie, down to-the-southeast faults, similar
to older Tertiary faults (the E-W set) mapped in the exposed footwall (Chapter 1). From
these lines of evidence, it ."{?:l(i/l?gy that faults C and D are relatively old faults, perhaps as
old as Late Miocene. Therefore, in section C-C’, faults C and D are shown to be
truncated by fault V, and are overlain by nearly the entlre column of basin fill.

VS IRt

2.5.3. C-G&Hanlt C'onstramts from Surface ‘Observations. -Fherearcomty

L

fault have been drawn to correspond to surface observations. These=are: the Dixie

Valley fault, and the Boyer fault)

(3a) The Dixie Valley faulz: and related splays. Surface measurements of
the Dixie Valley fault, in at least Mogﬁw%w that the fault dips about 67° SE. One
splay of the fault (Plate 1) dips approximately 45° E. These measurements constrain the ALY 4 A,
shallow geome{nzes of the rangefront faults in section C-C’. The steep, mp&e/r part of the
Dixie Valley fault is drawn in black, while the lower part of the fault, thet is constrained
by boreholes (described above), is drawn in red. The footwall splay to the northwest
(left) of the Dixie Valley fault (Figure 11a, b) is drawn w1th a dip that is steeper than 45°, s

Zﬁle surface measurement of the fault

beena-loeahzed—shp#surfaee not representative of the true attitude of the entire fault-

surface.

(3b) The Boyer fault. The geometry of the Boyer fault in the deep

: : : : L e )
subsurface is-hrglhds speculanve% ,;l‘he dip of the Boyer faulg, in C-(Zg is equivalent to the

S Kar | 9 “ed
;&e@zﬂ@;—piaegan estimate of the—degfee-ef hanging wall rollover that occurs along the

top of the Miocene basalt, The pogtlon of the Boyer fault depends on the thickness of
unit Jgh, in the upper plate, Nch A9 PAFLs BRIl wads

oty ’T—/,r;
2.5.4. 82 Stratigraphic ("onstramts ﬁ'omSectzon 18 Boreholes Stratrgraphy

in the vicinity of boreholes SWL-3, SWL-1, 32 18, and 41- 1/81 1s*mteﬁeted from
Lops
—Sformatioa=tep-dataateng the well profiles. The stratigraphic topsmae préjfé;cted between

boreholes, and forced to honor the faults described above. The stratigraphy in the far-
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o SE 24 oA ,/// Y p
offset well, 62-21, Asw loosely constrained by that well. 62-21 lies approximately 950
it
meters 23 100 ft) from the trace of C-C’, but is included in the section because it is the

i _ 2,
only-fag=effset control point. Jmﬁfﬂ";{f P

2.5.5. C=E Stratigraphic Gonstraints from Seismic Images and/or BEEGE /1 c1eTZ el
Contour Maps. Stratigraph}/fg, in the wide arga between boreholes 41-18 and 62-21/1s
constrained by the structural contour map of the top of the basalt (Figure 9a). The-prefitle—

~-afthe top of the basalt was taken directly from the structural contour map, and then

modified to en};:l;asiie) {aulmtlons Th%mometry of Wzdeﬂying 5
lacustrine sectlor}1 c‘enm%o%h&ba’;;éiop‘profﬁe as Ci(f;hi W v ol |
bottom of the section. The lacustrine rock/s( pinch out-_%rt:the greatestepeossible southeasterss
extent, because well 65 18 does not penetrate the lacustnne section.

2.5.6. =& Stratzgraphz&Cansﬁ%fs from Surface Observations. Surface

A L1 T
constraints are incorporated into C-C’ to show the possible Mc geometry of the
Pl AP,
deepest Mesozom umts The contacts between Mesozoic rocks are probably xaggez but Aeve Gz e
cweld

. T he thicknesses of the units areﬁbeﬁer! known
however. Well 41-18 penetrates the lowerebeuﬂé&ry of hypabyssal volcanic rocks (Jvh),<__

that are associated with the Humboldt igneous complex. The maximum thickness of Jvh,

in cross—sectlon must equal the distance between the tie point in 41- 18>’and the tower Ztaltl

e

R TvA
v ' »beuﬁdafy of the Tertiary lacustnne section (about 655 meters). This thlckness is
4 5 Aepuoles o Aolretitny

maintained near the wells, but- gfa&uaﬂj(dccrem to the southeast (right) of 41-18, iz
. W ~gder to meet the minimum thickness constraints provided by w;zltl %2 -21 (about 425
' n vid
A7 - meters). Note that theﬁ’gnnm i thickness of Jvh is 264 meters. The =77 %/ACA!?

L # -great-incernsisteney-in-minimum thicknesses may bestlee result 9%' erosion of Jvh in the
footwall oxes-a%eg-pcﬁud'ufcxpesa;e, or perhaps-due-to=my misinterpretation of the

Tmb/Jvh contact 1n 62-21 A
The maximum thickness of gabbroic rocks (Jgh) beneath unit J vhrls m W
—~completelylp surface exposures. The—.ap-dap thlckness of Jgh in thew
%W apyproxxmate}}; 386:2dmeters This thlckness ﬁextrapolated to the subsurface where unit
B gh:r%'é;}]f‘le Dixie Valley fault, but then decreases southeastward to zero at well 62-21,
The lowerbowéa:rycf)—f unit Jgh, as demonstrated ~af{feeaswui‘fléxposures is the Boyer

7K
fault, so that the posxtmn the Boyer fault i dependeﬁt’on the thickness of J gh
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. pand yre-ladda
The most speculatlvegemtﬂg c-C em? the lowest part of the Mesozoic

section, where the Boyer Ranch {formation (Jbr, Jbrl) and sub-adgnéﬁpfandstones and
slaty siltstones (Tru) are shown to be megascopically folded. The thlckqesses of these
units are partially constrained by well 62-21, but the fold geometéés-ar? unconstrained.
The presence of larg% subsurface folds is{;ssmeéi&,’however, since the same units are

strongly deformed into megascopic, west vergent F2 folds at the surface (Chapter 1).

Lence nuicen oy /Jb{ﬁ;(/z/,/ Ly bwi et
Lo Tiwe LS AELL -«/t/-éll”

Elements of Cross-Section D-D’ %@mf:eenﬁvbﬁﬂ D-D’ are»less Wellmﬁ%ﬁeg than

VY T2 Tty 41 Al sidid ciosel
~the-controtsen C-C’. Boreholes along D-D’ are m‘lf spaced, and lines 5 and 101
intersect D-D’ at nearly a common point. Therefore, D-D’ is more of an interpretive
section than C-C’.Mﬂany of the geological and geophysical constraints in
D-D’ are the same as those outlined for C-C’, so in many cases the reader will be referred
to previous discussion. b M D\D/

2.5.7. P8’ Fault Constraints fromxS'eﬁz_@J Boreholem

(7a) The Gabbro fault. The majority of wells in section 7 terminate

within gabbroic rocks of the Humboldt igneous complex. These wells are production
wells that tap permeable fractures within the gabbro. Boreholes 74-7, 63-7sidetrack2,
and 84-7 each intersect a single fracture within their respective sections of gabbro. In
each case, the fracture is similar in width and depth, and is the only large, producing
structure in the column. This evidence suggests that the wells intersect the same fracture,

e

herein referred to as thew) - 7 ozt “fcif/ /2 7
{ Boreholes 74-7, 63-7 sidetrack2, and §_;7/ suppLy—mfonnatm.n.ferA three-point
solution tﬁr@f the Gabbro fault (EBIEB) 57 s Ve Grvsr w Sl O,

TOP OF PRODUCING
FRACTURE
WELL X (arbitrary crds, ft) Y(arbitrary crds, ft) elevation(ft)
74-7 704591 1899061 -5224
63-7stk2 704867 1899130 -5398
84-7 704465 1899515 -4651
THREE-PT SOL’N- > 049°, 53° SE SURFACE §&D OF DV | > 034°, 67°SE
GABBRO FAULT FAULT

Table 6. Data for a three-point solution to the structural top of the producing fracture (the Gabbro fault) in
each of the named wells.

Chapter 2 13
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The three point solution indicates that the Gabbro fault strikes §32°, and dips ~§4° SE.
The strike is sub-parallel to the wp=dig surface trace of the Dixie Valley fault, while the
dip is fourteen degrees (14°) shallower.

As shown in Figure 3, the-entire-prefile-ef borehole 84-7 (a vertical borehole) lies
almost directly within the plane of cross-section D-D’. In D-D’, therefore, the Gabbro
fault is drawn according to its calculated dip (Table 6) through the producing fracture that
lies 75 meters above the o Wr)f borehole 84-7 (Figure 12; Plate 2). From the tie
point in 84-7, the planar, up-dip projection of the Gabbro fault intersects the surface 360
meters (1200 ft) southeast (basinward) of the mapped trace of the Dixie Valley fault.
These relations suggest-pesm-b-le—fault geometri&&ha&ae—slmllar toﬂ%ge/;f the Granite
fault (page 26). In short, the Gabbro fault may be the down-dip gy Vd(?ﬁge Dixie
Valley fault (implying the existence of a fault-surface asperity); %%:Gabbro fault may
be a separate fault-(implying-hstrie-fault-geometry):

The two models—repwﬁ%ed-by C-C’ (Figures 11a, 11b) illustrate the two possible
fault:susfaee-geometries,as-if-theywere-mutwally-exetusive. Section D-D’ presents the
geomet?ge-i-n-yo% a third 4;%, by incorporating both an asperity on the Dixie Valley
fault surface, and a listric fault-susfaee geometry for the Gabbro fault. This model is
most appropriatmplaining the observed properties of the Dixie Valley fault system,
especially the configuration of subsidiary faults. The implications of the combined model
are treated in detail below, in the discussion section (section 2.8).

Srrald sl 322 s1est”
(7b) Sivatigraphic-Offsg-Faulls. Steatigraphic-offvctst fho top of the

724 - /7/,.5“@
Miocene basalt (Tmb), between boreholes 74-7, 63-7sidetrack2, and 84-7, appapenxlgbdo g

—netexist. However, the Miocene lacustrine section, beneath the basalt is displaced, and ) _ .

g
suggests that a down-to-the-southeast fault must come between borehole 84-7 and % o

boreholes 63-7 sidetrack2 and 74-7.

(7¢) Lost-Circulation-Zone-Faults. Two faults, LC3 and LC4, are
constrained solely by:éosw?lrculation (LC) zones that=eesur in wells 84-7 and 63-7. The
d1p directions of these faults are again higtdy speculative (see faults LC1 and LC2, page
]) Fault LC3 may be responsible for the apparent down-to-the-southeast stratigraphic

offset of the lacustrine section, mentioned above.
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2.5.8. BQB:'-Fam‘t-ConstraintA; {’rom Seismic Images and/or Structural Contour

Maps. Fherearefwo faults in D-D’ gt aregéﬁ&e%mm:&hesexsmlc reflection

images%nes 101 and 5, and the structural contour map of the top of the basalt.
These are fault V and fault D.

(2a) Fault V. Evidence for the existence and relative age of fault V was %
presented in the previous discussion of cross-section C-C’ @ In D-D’ the same -
R Ly

evidence is assumed to apply.mmmﬂp%&’érossjse"ctlon D-D’ d-leseet;ls the soil-
4
geochemical and vegetal-spectral anomaly of Hinkle (1995) and Nash (1997) that %i%‘“

associated with fault V. The lateral extent of the anomaly is therefore shown at the top of

the Quaternary basi\ﬁfﬁll (Figure 12). .
AT 475

The apparent dip of fault V i% slightly greater than-the dip aless-the-samse~fault in
C-C’, because D-D’ is less oblique to the strike of fault V. In addition, the t6%advestical-

displacement along fault Y{ in section D-D’ s is greater than the displacement along the

1
same fault in section C-C’. Th?dlscrepancy is caused by s forcing &F stratigraphic
markers to correspond with seismic interpretations. At the latitude of D-D’, seismic lines
101 and 5 are very close together, t&-eitlrer side’of fault V. In my attempt to reconcile the

interpretations, ¥ inconsistencies between the seismic interpretations have become

'~

i exaggerated vertlcally The estimate of total displacement along fault V istherefore.&
rangeé‘between 330 meters (C-C’) and 460 meters (D-D’).
(2b) Fault D. _Again, é'xdence for the existence and relative age of fault

et e

D was presented in the-premieus discussion of crossjsectlon C-C’ (page 28). In D-D’, the
same evidence is assumed to apply The difference between the two sections/1s that D-
D’ intersects fault D in theioemﬂ of fault V, and at nearly a right angle. As a result, the agpow et
dip of fault D is greater than is=#y in section C-C’. The displacement along fault D, as
Ha crrlann irues
shown by structural—fepogr&pknc»gmdmnfs (Figure 9b), increases from south to north. As

a result, D-D’ shows a5t vertical dlsplacement of approximately 550 meters, while C-
C’ shows only 240 meters ofrﬁmv;/‘ aiong the same fault.
IR DL
2.5.9. B Fault Constrazms rom Surface Observations. Faults in D-D’ that
A
are constrained by surface observations are#s@etiw-the same as those in C-C’, except for
the Boyer fault (see the preceding discussion of the Dixie Valley fault and related splays,
%.4& e oucs P ALY
page 28). The position of the Boyer fault is constrained in the subsurface by ag=dip

stratigraphic thickness of unit Igh {described below, section 2.5.12)
lap L}
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2.5.10. D-D’ Stratigraphic &mram% from. Sectzon 7 Boreholes The

stratigraphy in the vicinity of boreholes 74-7, 84-7, and 63- 7s1detrack2),ols interpreted
7 atong:the well profiles. As with C-C’, the stratigraphic tops are

projected between boreholes, and forced to honor known or hypothesized faults. The
stratigraphy in the far-offset well, 62-21, is only loosely constrained by that well. 62-21
lies approximately 520 meters (1700 ft) from the trace of D-D’, but is included irz%s‘éction

A
because it is the only fasseffeet control point. )

Infere peeg 19 DD
2.5.11. & Stratigraphic-E€omstyaints from Seismic Images and/or Structural

Contour Maps. Stratigraphic geometry, in the wide area between boreholes 63-7stk2 and
62-%1'4 is—é‘gmgwﬂ:;tmcuml contour map of the top of the basalt (Figure 9a).
The prefite=af-the top of the basalt was taken directly from the structural contour map,
then modified both to emphasize fault terminations, and to conform with cesstraints

-offered-birseismic interpretations. The geometry of the top of the underlymg lacustnne ,
a"bv\ &M

iy
section. custrine rocks do not pinch out to the southeast, e en though well 65-18 :,

——— S50 ﬁ/r/%

does not penetrate the la@e section. Evidence fro M orehole%\g.nd seismic '

line 101 501nd1cates that the lacustrine rocks increase in thlckness to the northwest. In D-

section conforms with the basalt-top profile, as does the geometry

T

rpfacigl T
D’, I have attempted to demenetmie the northwestward thickness vanatlon as a contrast

with C-C’. T e Mz—Ze' -
n DL
2.5.12. Mtrattgraphw-éems from Surface Observatzons Surface
constramts%—D’ are slightly different from those in section C-C’, owing to 455~

wi Tz sH/
variations in mapped thicknesses of the-feetvwall umts Hypabyssal volcanic rocks (Jvh)
1 Aha. ah/&—n;u

are absent in the’section welli./ This observation is bome out by-upedqsexposure‘%/ in
the footwall of the Dixie Valley fault (Plate 1). "All three of the wells in D-D’ terminate
in gabbro (J iz Yo rated-with the Humboldt igneous complex. The i@thickness of
SH
Jgh in the
- ,‘m » .

thickness, because the upper surface of the gabbrog in the»fooéw%s an erosional
surface. The-feetsw=H thickness of 950 meters-is-applied to Jgh in the subsurface, and &

i is approximately 950 meters. This figure represents a minimum
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measured struetmesiy downwards trom the bettem of the lacustrine rocks. Since the
/ano/% S :
Boyer fault is known to 4umt Jgh in the footwall, the thickness of unit Jgh in the
Ak :
hﬁngr{%%onstrams the subsumface geometry of the Boyer fault. In-etherawerds.the

Boyerfauli-delineates the minimurm (iickiess o tnit Jgh at afygivenpeint. ..
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Figure 12. Geologic cross-section D-D'. The section incorporates a ramp-flat geometry for
the surface of the Dixie Valley far © and listric geometries for the subsidiary faults.
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Figure 12. Geologic cross-section D-D’ (see Plate 2 for larger-scale version).

2.7. GEOLOGIC HISTORY OF THE DIXIE VALLEY BASIN, BENEATH THE
DIXIE VALLEY GEOTHERMAL AREA

Geologic relationshipsfw/itilin the upﬂﬁed%ﬁﬁtgoivﬁ-&;g;lbﬁzl‘(stb'f;ﬂgcﬁxxw
COIREr L ol Ul :
Valley gu}t-l,- establish a loose order of tectonic events. These events were responsible for
the developihent of Dixie Valley as a fault-controlled basin.

The oldest episode of faulting—vepresented by the E-W fault set (D,,}—post-
dates regional basaltic volcanism and dike intrusion that occurred before ~14.5 ma
(Dilek, personal communication). The E-W fault set includes a series of west- to west-
northwest trending, down-to-the-southeast normal faults in the Dixie Valley footwall (e.g.
the Black Canyon fault), and a series of northwest- to north-trending down-to-the-
southeast normal faults in the hanging wall. The difference in trend, between fault
blocks, may result from reorientation of early structures by later faulting. Tertiary
lacustrine rocks may have formed in tectonic basins that were controlled by the E-W fault
set, and post-14.5-Ma volcanism may have occurred along with or after displacement on

the E-W faults. The E-W faults pre-date the deposition of late Tertiary and Quaternary

alluvium, but probably controlled localized deposition of the earliest Tertiary basin fill

The Boyer fault operated with or after displacement on the E-W fault set.
Although it is a major structure along the Stillwater escarpment, and although it must
exist in the Dixie Valley basement, its effect on the vertical tectonics of Dixie Valley are
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unknown. It may have been a shear zone into which the E-W fault sets were rooted
(Chapter 1).

The Dixie Valley fault system, and a series of north-to-south-trending faults (N-S
set, Chapter 1), developed after displacement along the E-W and Boyer faults ceased.
The Dixie Valley fault system includes the Dixie Valley fault, and a series of northwest
trending, large- to small-offset normal faults. The faults generally displace basement and
alluvium down-to-the-southeast, but antithetic faulting does occur. The N-S faults appear
to be sub-vertical faults with down-to-the-east displacement, and may either pre-date or

approximate the age of the Dixie Valley fault system.

2.8. DISCUSSION

Development of the Dixie Valley Fault System. Geologic cross-sections C-C’ and D-
D’ s have been constructed around three different fault models. The fundamental
difference between each model is the change in fault-surface geometry, of the active,
rangefront fault (Dixie Valley fault). Any one of these fault models can be manipulated
to fit observational and interpretive geologic data, as the cross-sections demonstrate.
However, each fault-surface geometry alters the nature of conclusions that can be drawn,
from cross-sections, regarding fault development, offset, and permeability.

2.8.1. Basic Conclusions from Fault Models. The first model, Model A (Figure
11a), gives a ramp-flat geometry to the surface of the Dixie Valley fault. In this model, N
the Dixie Valley fault is responsible for 100% of approximately 3.9 kilometers of total
vertical offset, between the hanging wall and footwall. Model A requires that faulting in
the Dixie Valley system evolved in steps toward the center of the basin. Model A also
suggests that geothermal fluids, at the level of the geothermal production zone, are
mobile because of permeability along the active rangefront fault, or Dixie Valley fault.

The next model, Model B (Figure 11b), gives the Dixie Valley fault a smooth,
upward-steepening, listric plane. In this model, the Dixie Valley fault is responsible for
43% of 3.9 kilometers of total vertical offset. Model B suggests that faulting in the Dixie
Valley system evolved in steps toward the Stillwater Range. In addition, Model B
indicates that fluid mobility at production zone levels is the result of permeability along

an inactive strand of the Dixie Valley fault system, the Granite fault.
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exposed vertical displacement, as measured from map relations along the same fault
(Chapter 1). In domain 4a (Chapter 1), the combined minimum displacement across
faults RF2, RF3, and RF4 is at least 400 meters. Therefore, the minimum displacement
on fault RF4 must be less than 400 meters. Figure 13 also provides a mechanical
reason—a structural flat—for the locking and consequent basinward propagation of the
active strand of the fault system.

The progression of events shown in Figure 13 also explain permeability along
hanging wall faults, other than along the Dixie Valley fault. It suggests that the fault that
doubles as either the Gabbro or Granite fault began to move synthetically with the Dixie
Valley fault, around time 4 (Figure 13, TIME 4). At the same time, fault V incurred
antithetic displacement. The two faults operated syn-kinematically with the Dixie Valley
fault from that time forward, and may be active in the modern setting. This may explain
why the Gabbro fault, in particular, is permeable, and why fault V is close enough to the
surface to engender a chemical anomaly. Both fault V and the Gabbro/Granite fault are
characterized, however, by low displacement over a large time span. Their expression at
the surface appears as a subdued topographic low, therefore, instead of as an escarpment
or a series of palacoseismic ruptures. This topographic low channels the highstand playa
(Figure 14) as well as the youngest alluvial surface (Qy). Therefore, any palaeo-ruptures,
associatéd with the two minor faults, may have been eradicated by sub-aqueous erosion
and rapid alluvial aggradation.

In conclusion, the structural geometries in Figure 13 suggests that Model C is
most applicable toward the geologic setting of the geothermal reservoir. The
development of the Dixie Valley fault system seems to have been profoundly affected by
a ramp-flat geometry along the Dixie Valley fault-surface. A fault-flat is really the only
mechanism by which way large fault-splays can be abandoned and uplifted. Fluid
mobility, along the subsidiary, listric faults in the hanging wall, is also affected by the
ramp flat geometry. The Gabbro fault, for example, is permeable because it is active;
but, it is active because it is a late-stage mechanical effect of the last time that the hanging
wall of the Dixie Valley fault was temporarily locked against the lower corner of the
footwall flat (Figure 13, TIME 4).

Geologic cross-section D-D’ gives the most accurate representation of recent

subsurface faulting, although is relatively poorly constrained overall. Section C-C’
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(Figures 11a,11b) is the best constrained geologic section, but the Dixie Valley and
related faults in C-C’ may actually resemble the same faults as they are drawn in D-D’.
Specifically, the Granite fault should remain a separate fault (as in Figure 11b), while the

Dixie Valley fault should retain the ramp-flat geometry (as in Figure 11a).

Structural Controls on Fluid Transport and Permeability.

2.6.2. Inflow Zones, Lost Circulation Zones, and Rangefront Parallel Faults.
Hickman and Barton (1997) point out that permeability along extensional faults is a
function of the relative orientation of least horizontal stress, S, to the dip direction of
the faults within that stress regime. Their studies, in Dixie Valley, show that rangefront-
parallel faults, which dip parallel to the orientation of S, are both permeable and
critically stressed for failure. Their studies also suggest that transverse faults, which do
not dip parallel to S,,,,, are either semi-permeable or impermeable.

As I and others (Barton, 1996) have described it, the Dixie Valley basement
consists of numerous fractures of greatly varied orientations. Barton (1996) uses inflow
zones (measured by spinner logs) to connect high fracture permeability with fracture
orientation. Lost circulation zones also play an important part in the hydrodynamics of
the reservoir, particularly as fluid reinjection points or recharge conduits. Barton (1996)
does not specifically describe the stresses or fracture orientations associated with lost
circulation zones. However, it is likely that LC zones obey the same permeability rules
that apply to inflow zones.

This study has shown that the Gabbro fault, the Granite fault, and fault V are
young faults, that strike parallel to or to within approximately thirty degrees (30°) of the
surface trace of the Dixie Valley fault. Furthermore, the investigations have shown that
these faults are permeable. In contrast, there has been no evidence or suggestion that
significant permeability (secondary permeability ?) exists along other faults (E-W faults),
that are dissimilar, in their strike and dip, to faults within the Dixie Valley system.
Therefore, the conclusions reached by this study corroborate the findings of Hickman,
Barton, and Zoback (1996, 1997), but do not preclude the possibility that secondary
permeability exists along faults C, D, and E, and other faults belonging to the E-W set.
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2.6.3. Fault Development and Spacing, and the Relation to Subsurface
Permeability. The geologic cross-sections suggest that the Dixie Valley fault surface
follows a ramp-flat geometry. Furthermore, the sections conclude that a flat, through the
incompetent Triassic units, influenced the development of major and subsidiary active
faulting. However, these fault-mechanical considerations do not readily suggest good
reasons for high fluid permeability at the level of the geothermal reservoir. In a simplistic
view, a great number of favorably oriented faults may translate to higher overall
permeability. If the ramp-flat-related fault mechanics, that we have been discussing,
result in the development of many, closely spaced faults, then perhaps the permeability
controls are obvious. Certainly, the chances of drilling into a fault get better with an
increase in the number of faults.

This simplistic explanation does not proceed far enough to explain the distribution
of permeability, laterally, from one end of the geothermal field to the other. In addition,
the spacing of faults does not explain, satisfactorily, why the Dixie Valley geothermal
area exists where it does. Indeed, to understand the broader controls on permeability is to
possess the greater knowledge. For, regarding the successful future development of
resources, one should seek foremost to understand what controls the spacing of faults,
rather than the quantity of that spacing.

The Stillwater escarpment contains a number of fault-splays, that stem from or are
truncated by the Dixie Valley fault. Some of these fault-splays are too small to map.
Others—faults RF2, RF3, RF4, RFS5, and RF6—are continuous along the rangefront for
up to several kilometers (Plate 1). Both the locations and along-strike distances of these
splays, exactly coincide with the surface exposure of incompetent Triassic marine rocks
(Tru and Trfc). Fault RF6 begins at the farthest southwestern outcrop of unit Tru.
Toward the northwest, the splays become more numerous, and cut with increasing
distance into the rangefront. The northern splay, fault RFS5, rejoins the Dixie Valley fault
just north of the apparent zero-thickness isopach (the Fencemaker thrust) of the Fumarole
Canyon sequence (Trfc); and, fault RF4 rejoins the rangefront at a position exactly
coincident with the Fencemaker thrust (Plate 1). The splays thus form a giant scallop, in
which faults are numerous and widely spaced at the center of the scallop, and die out at

the edges.
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Up to this point, surface observations have been used to substantiate and interpret
subsurface structural geology. Now that certain models and hypotheses have been
presented, let us use those models in reverse, to shed light on one aspect of the Stillwater
escarpment. A basic deduction from Dahlstrom’s rules, is that the relative angles,
between ramps and flats, depend on the relative competency of the host rocks. For
example, the angle between a given ramp and flat is more tightly appresed when the
ramp-host is highly competent, and the flat-host is highly incompetent. I suggest that
nature of the ramp-flat geometry (of the Dixie Valley fault) depends not only upon the
position of incompetent Triassic rocks, but also on the condition that strong, Humboldt
complex rocks overlie the Triassic rocks. Where gabbroic and dioritic rocks of the
Humboldt igneous complex exist in the footwall, the Dixie Valley fault must develop a
ramp. When the Dixie Valley fault intersects incompetent Triassic rocks in the footwall,
the fault must develop a flat.

Observational supporting evidence for these suggestions is prevalent in the
Stillwater rangefront. Fault-splays develop, according to the model in Figure 13, in
proximity to flat geometries. Therefore, splays directly above the producing geothermal
field (Plate 1) may delineate a partially uplifted and partially buried fault-flat. Figure 13
suggests that the uplifted portion of the flat is the exposed face of unit Trfc (Figure 13,
PRESENT), and that the buried part of the flat is not far beneath the modern valley floor.

Similarly, in accordance with the model in Figure 13, splays die out in proximity
to ramps. Therefore, in the Stillwater rangefront, a fault-ramp may extend southwestward |
from the junction between the Boyer and Dixie Valley faults (Plate 1). That junction
marks the southwestern-most extent of exposed incompetent rocks (Tru) and the terminus
of major fault-splay formation (RF6 fault). As well, a fault-ramp may extend northwest
from the junction of fault RF4 and the Fencemaker thrust (Plate 1). That junction marks
the northeastern-most extent of pelitic, incompetent Triassic rocks (Trfc) and the terminus
of major fault-splay development (RF4 fault).

The fault-ramp that extends northeastward from the Fencemaker thrust, may be
slightly different from the ramp that extends southwestward from the Boyer/DV fault
junction. To the northeast, the Dixie Valley fault surface may become less convoluted,
or nearly planar, because incompetent Triassic rocks (Trfc) do not exist in the footwall of

the Dixie Valley fault. To the southwest, however, Triassic rocks are present, beneath the
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Humboldt igneous complex, and tectono-stratigraphic competence contrasts are preserved
in the footwall. Southwestward form the Boyer/DV junction, therefore, the buried

surface of the Dixie Valley fault maintains an angular ramp-flat conversion.

2.9. CONCLUSIONS

In the Dixie Valley geothermal area, surface geology and subsurface geology
correlate quite well. Mapped surface fault-sets recur, with similar orientation and relative
age, in the Dixie Valley basement. Also, the thicknesslk (Bsf and presence of lithologic
units—especially Jvh and Jgh—are mirrored across the Dixie Valley fault. The
correlation of these structures and strata allow the geometry of the Dixie Valley fault to
be modeled in geologic cross-sections. The models suggest that the surface of the Dixie
Valley fault follows a ramp-flat geometry. The flat(s) occur through incompetent
Triassic pelitic rocks, while ramps form across competent rocks of the Humboldt igneous
complex, Boyer Ranch Formation, and Star Peak group.

The ramp-flat geometry of the Dixie Valley fault—surfaée directly influences the
development of major and minor faults, some of which are permeable. The number and
spacing of these permeable faults may ultimately determine total subsurface permeability
over a given area. Tectono-stratigraphic competence contrasts/in the footwall/cbréated,
fault surface irregularities. These irregularities ultimately inﬂuencé’iﬁle evolution,
distribution and, indeed, the existence of permeable faults. The along-strike position of a
fault-surface irregularity may be identified by exposed geology, though the exact
geometry may not be obvious. However, the very existence of such an irregularity
suggests that total subsurface permeability, over a given area, in the direction down-dip
from the surface fault trace, is relatively high.

The obvious conclusion from this is that future drilling in the current, producing
geothermal field should concentrate on the window between the Fencemaker thrust, and
the juncture between the Boyer and Dixie Valley faults. Southwestward from this
window, drilling should target areas above, and basinward of, fault-flats that occur along
the Dixie Vaiiey fauit surface. Northeast of the window, however, it is likely that totai

subsurface permeability decreases, because severe fault surface irregularity is absent.
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