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ABSTRACT

The Ruby Mountains-East Humboldt Range-Wood Hills-Pequop Mountains (REWP) metamorphic
core complex, northeast Nevada, exposes a record of Mesozoic contraction and Cenozoic extension
in the hinterland of the North American Cordillera. The timing, magnitude, and style of crustal thick-
ening and succeeding crustal thinning have long been debated. The Pequop Mountains, comprising
Neoproterozoic through Triassic strata, are the least deformed part of this composite metamorphic core
complex, compared to the migmatitic and mylonitized ranges to the west, and provide the clearest field
relationships for the Mesozoic-Cenozoic tectonic evolution. New field, structural, geochronologic, and
thermochronological observations based on 1:24,000-scale geologic mapping of the northern Pequop
Mountains provide insights into the multi-stage tectonic history of the REWP. Polyphase cooling and
reheating of the middle-upper crust was tracked over the range of <100 °C to 450 °C via novel “°Ar/3°Ar
multi-diffusion domain modeling of muscovite and K-feldspar and apatite fission-track dating. Important
new observations and interpretations include: (1) crosscutting field relationships show that most of
the contractional deformation in this region occurred just prior to, or during, the Middle-Late Jurassic
Elko orogeny (ca. 170-157 Ma), with negligible Cretaceous shortening; (2) temperature-depth data rule
out deep burial of Paleozoic stratigraphy, thus refuting models that incorporate large cryptic overthrust
sheets; (3) Jurassic, Cretaceous, and Eocene intrusions and associated thermal pulses metamorphosed
the lower Paleozoic-Proterozoic rocks, and various thermochronometers record conductive cooling near
original stratigraphic depths; (4) east-draining paleovalleys with ~1-1.5 km relief incised the region
before ca. 41 Ma and were filled by 41-39.5 Ma volcanic rocks; and (5) low-angle normal faulting ini-
tiated after the Eocene, possibly as early as the late Oligocene, although basin-generating extension
from high-angle normal faulting began in the middle Miocene. Observed Jurassic shortening is coeval
with structures in the Luning-Fencemaker thrust belt to the west, and other strain documented across
central-east Nevada and Utah, suggesting ~100 km Middle-Late Jurassic shortening across the Sierra
Nevada retroarc. This phase of deformation correlates with terrane accretion in the Sierran forearc,
increased North American-Farallon convergence rates, and enhanced Jurassic Sierran arc magmatism.
Although spatially variable, the Cordilleran hinterland and the high plateau that developed across it
(i.e., the hypothesized Nevadaplano) involved a dynamic pulsed evolution with significant phases of
both Middle-Late Jurassic and Late Cretaceous contractional deformation. Collapse long postdated
all of this contraction. This complex geologic history set the stage for the Carlin-type gold deposit at
Long Canyon, located along the eastern flank of the Pequop Mountains, and may provide important
clues for future exploration.
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H 1. INTRODUCTION

The continental margins that bound the Pacific
Ocean have been part of the Circum-Pacific orogenic
belt since the Mesozoic, with alternating phases of
contraction and distributed extension influenced
by subduction and relative plate kinematics (e.g.,
Atwater, 1970; Burchfiel and Davis, 1975; DeCelles,
2004; Dickinson, 2004; Shu et al., 2009; Li et al., 2014,
2018). Knowledge of the ~100 m.y. evolution of the
Mesozoic-Cenozoic North American Cordillera oro-
genic system, which resulted from east-dipping
oceanic subduction beneath the western margin
of the North American continent (e.g., Burchfiel and
Davis, 1975; Oldow et al., 1989; Allmendinger, 1992;
Burchfiel et al., 1992; DeCelles, 2004; Dickinson,
2004), is fundamental to our broader understand-
ing of non-collisional (e.g., “Andean-type”) orogens
and continental tectonics. For example, study of
the Jurassic to Paleogene evolution of the North
American Cordillera (e.g., Armstrong, 1968; Royse
et al., 1975; Villien and Kligfield, 1986; DeCelles and
Coogan, 2006; Kelly et al., 2015) has resulted in new
insights, such as the potential coupling between
arc magmatism and upper-plate shortening as
part of the general “Cordilleran cyclicity” models
(e.g., Ducea, 2001; DeCelles et al., 2009; DeCelles
and Graham, 2015) and a greatly improved under-
standing of the western Pacific realm (e.g., Li and
Li, 2007; Yin, 2010; Li et al., 2014, 2018).

Numerous studies have focused on understand-
ing the deformational history of the later stages
of the North American Cordillera orogen, includ-
ing thin-skinned Cretaceous—Paleogene Sevier
fold-and-thrust belt development and the com-
monly thick-skinned, basement-uplift-involving
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Paleogene Laramide deformation (e.g., Dickinson
and Snyder, 1978; Jordan, 1981; Livaccari et al.,
1981; Allmendinger et al., 1983, 1987; DeCelles et
al., 1995; DeCelles and Coogan, 2006; Greene, 2014;
Long et al., 2014, 2015; Long, 2015; Copeland et al.,
2017; Axen et al., 2018). This deformation is asso-
ciated with crustal thickening of the Great Basin
region as part of the interpreted Late Cretaceous—
early Cenozoic Nevadaplano orogenic plateau (e.g.,
DeCelles, 2004; Snell et al., 2014; Chapman et al.,
2015). Cretaceous—-Paleogene deformation was
preceded by Jurassic plutonism and deformation,
which is observed across Nevada-Utah (Riva, 1970;
Allmendinger et al., 1984; Ketner, 1984; Oldow, 1984;
Coats, 1987; Thorman et al., 1990, 1992; Miller and
Hoisch, 1995; Ketner et al., 1998; Wyld et al., 2003;
Thorman, 2011a, 2011b; Rhys et al., 2015). How-
ever, little consensus exists on the tectonic setting
and evolution of a Jurassic phase of Cordilleran
retroarc activity (e.g., Thorman et al., 1991, 1992;
Miller and Hoisch, 1995; Anderson, 2020). Dis-
tributed arc-backarc magmatism and shortening
likely started to thicken the crust in the Jurassic
(e.g., Miller and Hoisch, 1995; Haschke and Gunther,
2003; Cao et al., 2016), but this phase of activity is
rarely considered in models of the hypothesized
Nevadaplano. Reconciling widespread observa-
tions of Jurassic structures with an integrated
tectonic model is required to better understand
the initial conditions for the development and full
evolution of the proposed plateau (e.g., DeCelles,
2004; Chapman et al., 2015), subsequent collapse of
this thickened crust during Cenozoic extension (e.g.,
Gans and Miller, 1983; Miller et al., 1983; Snoke
et al., 1990; Wright and Snoke, 1993; Gébelin et
al., 2015), and significant mineralization across the
region (e.g., Howard, 2003; Bedell et al., 2010; Rhys
et al., 2015).

A longstanding dilemma in Cordilleran tectonics
has revolved around the apparent lack, or relative
insignificance, of Cretaceous deformation in the
hinterland of the Sevier fold and thrust belt across
present-day Nevada, including much of the pro-
posed Nevadaplano (e.g., Long, 2012; Long et al.,
2014). This has led to debate regarding the evolution
of a Cordilleran orogenic plateau. It also remains
unclear how the various Cordilleran domains were

kinematically and/or dynamically connected, such
as the magmatic arc, retroarc thrust belt, and the
thrust belt’s hinterland (e.g., Dickinson and Sny-
der, 1978; Bird, 1998; DeCelles, 2004; DeCelles and
Graham, 2015; Anderson, 2020). This apparent lack
of Cretaceous hinterland deformation may either
result from the concentration of deformation at
rarely exposed mid-crustal levels (e.g., Miller and
Hoisch, 1995; Camilleri et al., 1997) or overprinting
by Cenozoic extension that can be documented
through systematic field mapping and structural
restorations (e.g., Greene, 2014; Long et al., 2014).

To resolve some of these uncertainties, we
provide new interpretations on Mesozoic contrac-
tional deformation and Cenozoic extension based
on field investigations in the Cordillera hinterland
in northeastern Nevada. Here, we present updated
observations based on detailed geologic mapping
from the Pequop Mountains, which expose strongly
deformed rocks west of the Sevier fold-thrust belt
(Fig. 1A). The range occupies the northern extent of
the Pequop synclinorium (Fig. 1A), which may have
passively folded above more strongly deformed
rocks as inferred for the Confusion synclinorium
in western Utah (Gans and Miller, 1983; Long, 2012,
2015; Greene, 2014). The Pequop Mountains are
also the least deformed part of the composite Ceno-
zoic Ruby Mountains-East Humboldt Range-Wood
Hills-Pequop Mountains (REWP) metamorphic core
complex, which formed due to high-magnitude
extension (e.g., Snoke, 1980; Wright and Snoke,
1993; Camilleri and Chamberlain, 1997; Mueller et
al., 1999; Satarugsa and Johnson, 2000).

We first review the geology of the Pequop
Mountains and the greater REWP. We then provide
new thermochronology and geochronology (i.e.,
“OAr/3®Ar, fission-track, and U-Pb dating), system-
atic field relationships, and structural observations
from the northern Pequop Mountains alongside
new 1:24,000-scale geologic mapping (Figs. 1
and 2; Plate 1) (Henry and Thorman, 2015; Zuza
et al., 2018, 2019a). This work builds on Zuza et
al. (2020a), where we established that a signifi-
cant phase of contractional deformation occurred
in the Middle-Late Jurassic, as constrained by field
observations and Late Jurassic “°Ar/*Ar ages from
crosscutting lamprophyre intrusions emplaced
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into middle-lower Paleozoic strata. In the pres-
ent study, we document the evolution of Jurassic
contractional deformation and Cenozoic extension,
including active normal faulting, and provide a
detailed structural reconstruction of this complex
overprinting history that supports more regional
interpretations. We assert that most of the defor-
mation, including broad shearing, unit attenuation,
boudinage development, and brittle thrust fault-
ing occurred in the Late Jurassic (ca. 160-150 Ma).
Correlation of this phase of deformation with other
Jurassic strain documented across the Cordillera,
from the Sierra Nevada across its backarc and
retroarc regions, suggests that this deformation
contributed significantly to early crustal thicken-
ing of the proto-Nevadaplano plateau. Furthermore,
nominal evidence for Late Cretaceous shortening
and related crustal thickening in the Pequop Moun-
tains impacts broad models for crustal thickening,
burial, and more recent exhumation within the
greater Ruby-East Humboldt-Wood Hills-Pequop
metamorphic core complex. We interpret that
post-Eocene, possibly Oligocene-early Miocene(?),
low-angle normal faulting in the Pequop Mountains
was kinematically linked with the greater REWP
metamorphic core complex to the west based on
geometric and available timing constraints.

M 2. REGIONAL GEOLOGY

The Cenozoic Basin and Range extensional
province (Hamilton and Myers, 1966; Stewart,
1978, 1980; Allmendinger et al., 1983) consists of
north-northeast-trending basins and normal-fault-
bounded mountain ranges (Stewart, 1971; Fletcher
and Hallet, 1983) (Fig. 1A). Extension was preceded
by (1) Neoproterozoic-Paleozoic passive margin
sedimentation (Stewart, 1972; Bond et al., 1989;
Hadlari et al., 2012), (2) contraction along Lauren-
tia’s western margin throughout the Paleozoic (e.g.,
Antler and Sonoma orogenies) (Roberts et al., 1958;
Gehrels et al., 2000; Cashman et al., 2008; Lawton
et al., 2017), and (3) development of the Jurassic-
Paleogene North American Cordillera (Coney and
Harms, 1984; Ketner and Alpha, 1992; DeCelles,
2004; Best et al., 2009; Yonkee and Weil, 2015;



http://geosphere.gsapubs.org

GEOSPHERE | Volume 17 | Number 6

Yonkee et al., 2019). Twelve to 15 km of Neopro-
terozoic—Paleozoic carbonate and siliciclastic rocks
accumulated along the passive margin (Stewart
and Poole, 1974). Sedimentation was interrupted
by the Mississippian Antler orogeny, which created
a north-trending highland in central Nevada and a
parallel Mississippian siliciclastic trough to the east
(Poole and Sandberg, 1977; Speed and Sleep, 1982;
Trexler and Nitchman, 1990; Gehrels et al., 2000;
Ketner, 2008; Beranek et al., 2016).

Mesozoic subduction, magmatism, and deforma-
tion define the geologic framework in north-central
Nevada (latitude of ~41-40°N) (Fig. 1). Triassic
subduction initiation along the western margin of
North America led to an early pulse of plutonism
in the Sierra Nevada arc (e.g., Dickinson, 2004;
Schweickert, 2015; Cao and Paterson, 2016; Levy et
al., 2021), which was followed by magmatic pulses
in the Middle-Late Jurassic and Late Cretaceous
(e.g., Paterson and Ducea, 2015; Kirsch et al., 2016).
The Triassic magmatic arc was flanked to the east
by an extensional backarc basin (Wyld, 2000, 2002)
and shallow-marine shelf farther east (e.g., Gehrels
and Dickinson, 1995). Major east-vergent crustal
shortening (>50% strain) in the Middle Jurassic
Luning-Fencemaker thrust belt closed the back-
arc. This thrust system, well documented across
the Blue and Eugene Mountains of west-central
Nevada (Fig. 1B) (Wyld, 2000, 2002), propagated in
sequence eastward across western Nevada until the
Late Jurassic (Wyld, 2002). Jurassic retroarc defor-
mation coincided with the accretion of terranes
against the Sierra forearc (e.g., Schweickert et al.,
1988; Schweickert, 2015), increased North American—
Farallon convergence rates (Yonkee and Weil, 2015),
and increased crustal thickness in the Mesozoic Sier-
ran arc (Profeta et al., 2015; Cao et al., 2016).

Luning-Fencemaker activity in west-central
Nevada (Oldow, 1984; Wyld et al., 2001, 2003; Wyld,
2002) was approximately coeval with Middle-Late
Jurassic deformation in central-eastern Nevada and
west-central Utah (Riva, 1970; Allmendinger and
Jordan, 1984; Coats, 1987; Hudec, 1992; Miller and
Hoisch, 1992, 1995; Thorman and Peterson, 2003;
Rhys et al., 2015; Anderson, 2015, 2020) (Fig. 1B).
In northeast Nevada and western Utah, the Juras-
sic deformation is referred to as the Elko orogeny

T o T o VYL
A How ' OR | D 115 W . tow
Y /  Golconday G ] sl
CA | NV W DL i thrustp il £ VY
) Luning~ =Y _lej;'Ea P, TR a3 Wi Al
i Fencemaker; profie pEed | Salt ¢ yi MT
; A umboldt | Péduop T2
| thrustibelt ;¢ /5 | Lake T
/ ; 3 " AT Mitns | Gity @ :
£ ¥ ) Y& b
e Yy 4 W Pequpp | A gEtid e
{4 : sl Fig. 1B G L aoN]
. ': j : ”" ‘.
.. Roberts # 417,
M . Sevier
~ /foldand
“  thrust
belt:,‘ |
35°N_
1

EHR--East Humboldt Range SlI--Silver Island DV--Dolly
NR--Newfoundland Range ~ EM--Eugene Mountains
Cl--Crater Island B--Blue Mountains

Varden

Present-day configuration
after McQuarrie and Wernicke (2005)

Figure 1. (A) Regional map of the Great Basin schematically showing major Paleozoic-Mesozoic

thrust systems (Best et al., 2009; DeCelles, 2004). Al

so shown are the location of the Butte, Pequop,

and Confusion synclinoria in green (Gans and Miller, 1983) and the location of the Pequop Moun-
tains in red. N.—northern. (B) Present-day McQuarrie and Wernicke (2005) base map showing
distribution of ranges in northern Nevada. Jurassic deformation has been documented in the
blue ranges, although other ranges probably experienced Jurassic deformation that has not yet
been confirmed. Middle-Late Jurassic deformation corresponds to Luning-Fencemaker thrust-
ing in the west and Elko orogeny in the east. Cities for spatial reference: BM —Battle Mountain,

Nevada; E—Elko, Nevada; W—Wells, Nevada; Wm

(Fig. 1B), with a probable foreland basin to the east
(Thorman et al., 1990, 1992; the “Utah-ldaho trough”
of Bjerrum and Dorsey, 1995). Middle-Late Jurassic
deformation is also reported in eastern California
(Hoisch et al., 2014), southern Nevada (Giallorenzo
et al., 2018), and possibly Utah (Yonkee et al., 2019),
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—Winnemucca, Nevada; Wr—Wendover, Utah.

generally associated with coeval intrusions (Elison,
1995; Miller and Hoisch, 1995).

Deformation, metamorphism, and magmatism
spanned ca. 165-145 Ma in the Toano, Pilot, and
Pinon Ranges, and the Ruby, Dolly Varden, Silver
Island, Newfoundland, White Horse, Gold Hill, and
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Figure 2. (A) Geologic map of northeastern Nevada, simplified from Crafford (2007), showing the Ruby Mountains, East Humboldt Range, Wood Hills, and Pequop Mountains. Also
shown is the location of three new 1:24,000-scale quadrangle maps (red outline, enlarged on right): Pequop Summit (Henry and Thorman, 2015), Independence Valley Northwest
(IVNW; Zuza et al., 2019a), and Independence Valley Northeast (IVNE; Zuza et al., 2018). Igneous ages from the Pequop Mountains (red crosses) from Henry and Thorman (2015), Zuza
et al. (2020a), and Bedell et al. (2010). Argon sample (i.e., multi-diffusion domain [MDD] and traditional *°’Ar/**Ar ages), U-Pb zircon, and Carlin-type gold deposit (CTD) locations also
shown. Late Pleistocene extension rates in the East Humboldt Range are from Wesnousky and Willoughby (2003), and in the northern Pequops are from this study. Also shown is the
Clover Creek sequence along the East Humboldt Range (shown in Fig. 5). (B) Simplified cross section along Z-Z’ (in Fig. 2A). Note that the section is at a different scale than Figure 2A

and is based on more detailed geologic mapping presented in Plate 1. Approximate location and orientation of drill hole WNC119 shown. Figure adapted from Zuza et al. (2020a).
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)

Plate 1. 1:24,000-scale geologic maps
and associated cross sections of the In-
dependence Valley NW, Independence
Valley NE, and Pequop Summit quadran-
gles, Elko County, Nevada. Maps from
Henry and Thorman (2015), Dee et al.
(2017), Zuza et al. (2018), and Zuza et al.
(2019a). Note that the quadrangle maps
have not been modified, and some ar-
tifacts of unit and contact continuity
across map boundaries are present.
Full maps and accompanying text files
can be found on the Nevada Bureau of
Mines and Geology’s server: https://
gisweb.unr.edu/GeologicMaps. To view
Plate 1 at full size, please visit https://
doi.org/10.1130/GEOS.S.14608005 or
access the full-text article on www
.gsapubs.org.
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Knoll Mountains of northeast Nevada and north-
western Utah (e.g., Allmendinger and Jordan, 1984;
Hudec and Wright, 1990; Miller and Hoisch, 1992,
1995; Ketner et al., 1998; Wyld and Wright, 2014,
2015) (Fig. 1B). Hallett and Spear (2015) reported
1568-148 Ma monazite ages from paragneiss and
schist samples from the East Humboldt Range
(Fig. 2), and a phase of deformation preceded the
Late Jurassic Dawley Canyon granite in the Ruby
Mountains (Hudec, 1992; Jones, 1999). Jurassic
plutons and dikes vary from pre-, syn-, to post-kine-
matic (Elison, 1995; Miller and Hoisch, 1995; Milliard
etal., 2015; Rhys et al., 2015). The ca. 157 Ma Silver
Zone Pass pluton (Mortensen et al., 2000) crosscuts
metamorphic foliations in Cambrian rocks in the
Toano Range (Ketner et al., 1998) (Fig. 2).

Following an apparent pause in deformation in
the REWP region between Late Jurassic and Late
Cretaceous (cf. Kelly et al., 2015), east-directed fold-
thrust shortening was well established across Utah
by the Late Cretaceous Sevier orogeny (Fig. 1A;
e.g., Armstrong, 1968; DeCelles, 2004; DeCelles and
Coogan, 2006). REWP geology reflects related hin-
terland deformation and magmatism (e.g., Camilleri
et al., 1997). In the Ruby Mountains—-East Humboldt
Range (Fig. 1), Cretaceous deformation includes
folded thrust faults that have been intruded by
Late Cretaceous peraluminuous melts and were
thus interpreted as Late Cretaceous structures (e.g.,
McGrew et al., 2000; McGrew and Snoke, 2015).
Late Cretaceous intrusions, mostly leucogranites,
compose more than two-thirds of the Ruby Moun-
tains and East Humboldt Range (Lee et al., 2003;
Howard et al., 2011) and are interpreted to be crustal
melts in thickened crust (McGrew et al., 2000; Lee et
al., 2003; Hallet and Spear, 2013). Crustal thickening,
presumably during Sevier fold-thrust deformation,
is interpreted to have caused the growth of the
Nevadaplano orogenic plateau west of the Sevier
front (DeCelles, 2004; Chapman et al., 2015). Ana-
tectic melting may have alternatively been driven
by westward underthrusting of basement and/or
lower Proterozoic-Paleozoic strata from the Sevier
thrust front (Best et al., 1974; Gottlieb, 2017). Minor,
probably Cretaceous, leucogranites are present in
the Wood Hills (Camilleri, 2010a) and Pequop Moun-
tains (Zuza et al., 2018, 2019a).

Thermobarometry on metamorphic rocks
exhumed within the REWP indicates that the lower
section of the 12-15-km-thick Neoproterozoic—
Paleozoic passive-margin sequence experienced
pressures of 6-8 kbar at temperatures of 500-700 °C
(Hodges et al., 1992; McGrew et al., 2000; Hallett
and Spear, 2013), which requires burial to depths
>25-30 km. Similar geobarometric pressures in
the northern Snake Range, southeast of the REWP
(Fig. 1A), suggest burial to >25 km depths (Lewis et
al., 1999; Cooper et al., 2010). Monazite and zircon
ages in the REWP constrain this burial event to be
Late Cretaceous (Hallett and Spear, 2015). A Lu-Hf
age of prograde garnet is ca. 83 Ma (Wills, 2014).
In contrast, lower pressure estimates of ~3.5 kbar
from the East Humboldt Range and ~4.1 kbar from
the central Ruby Mountains (i.e., near the Daw-
ley Canyon granite) (Hurlow et al., 1991; Hudec,
1992) suggest burial only several km deeper than
predicted stratigraphic depths. Camilleri and Cham-
berlain (1997) and Lewis et al. (1999) invoked large
cryptic thrust sheets to deeply bury these rocks.
However, field evidence for these thrust sheet(s)
has not been documented in either the REWP or
northern Snake Range, which has led to an ongoing
debate over the timing and magnitude of Late Cre-
taceous contraction (e.g., Miller et al., 1983; Miller
and Gans, 1989; Thorman et al., 1991; Camilleri
and Chamberlain, 1997; Thorman, 2011a, 2011b).
Thorman et al. (2019) and Zuza et al. (2020a) pre-
sented field relationships and peak-temperature
constraints from the Pequop Mountains that indi-
cate the Neoproterozoic-Paleozoic passive margin
section was not buried significantly beyond strati-
graphic depths.

Regionally, the integrated effects of Mesozoic
magmatism and crustal shortening led to crustal
thickening associated with the development of the
inferred Nevadaplano orogenic plateau (Coney and
Harms, 1984; DeCelles, 2004; Chapman et al., 2015;
Bahadori et al., 2018). The subsequent collapse
of thickened crust and progressive extension of
the Basin and Range province started in the Late
Cretaceous or Cenozoic (e.g., Camilleri and Cham-
berlain, 1997; Colgan and Henry, 2009; Wells et al.,
2012; Long, 2018). Cenozoic basins that may reflect
local extension include the Eocene Elko and Copper,
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Oligocene(?) Clover Creek, and Miocene Humboldt
basins (Henry, 2008; Henry et al., 2012; McGrew
and Snoke, 2015; Smith et al., 2017; Canada et al.,
2019). The primary driving force for regional exten-
sion is debated, with end-member models arguing
for control by boundary conditions (i.e., relative
plate motion), internal body forces (i.e., gravita-
tional collapse), or a combination of mechanisms
(Jones et al., 1998; Colgan and Henry, 2009). The
time lag between plateau buildup and subsequent
collapse is used to test these models, and thus the
timing of peak crustal thickness and extension ini-
tiation is critical. Accordingly, evidence for major
Late Cretaceous—early Cenozoic extension might
favor gravitational collapse models (e.g., Sonder
and Jones, 1999), whereas primarily middle Mio-
cene extension would suggest that plate-boundary
reorganization during this time drove Basin and
Range extension (e.g., Atwater and Stock, 1998).
The lack of widely distributed Late Cretaceous
to Oligocene basin deposits appears to preclude
significant pre-Miocene extension (e.g., Henry et
al., 2011).

M 3. GEOLOGY OF THE PEQUOP
MOUNTAINS

The Pequop Mountains are a mostly east-tilted
range consisting primarily of Neoproterozoic—
Mesozoic strata that are variably metamorphosed
and deformed (Figs. 2 and 3; Plate 1). The range is
surrounded by Cenozoic basins, with well-exposed
Miocene deposits on the western and northern
extents (Fig. 2) (e.g., Camilleri et al., 2017). Early
mapping by Thorman (1962, 1970) established
the range’s structural framework, stratigraphic
units, and metamorphic facies and identified two
major low-angle faults: the Pequop fault and Inde-
pendence thrust fault (Fig. 2). The lack of detailed
constraints on Paleozoic stratigraphy precluded
robust interpretations of faults’ juxtaposition rela-
tionships and kinematics. Subsequent mapping
and analysis identified the Pequop fault as a nor-
mal fault and better constrained the Independence
thrust fault (Camilleri, 1994; Camilleri and Cham-
berlain, 1997).
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3.1 Pre-Cenozoic Bedrock Geology
Northern Pequop
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Group, which underlies ZEpm, is 3-5+ km thick (Misch
and Hazzard, 1962) but is not shown in these strati-
graphic columns (Fig. 3) because these rocks are not
exposed in the Pequop Mountains.

Igneous rocks in the northern Pequop Moun-
tains consist of Jurassic dikes and sills, probable
Cretaceous leucogranite, and Eocene intrusions

Figure 3. Compilation of schematic stratigraphic columns (with associated references) across the study region in north-
eastern Nevada, including associated stratigraphic depth and corresponding pressure estimates assuming p =2.7 g/cm?®
(e.g., Sharma, 1997). Individual unit names are provided in Table 1. Columns are not hung on a particular datum but
were qualitatively aligned for comparison. Blue ellipses show Jurassic intrusions and the stratigraphic location they
intrude. Mississippian Tripon Pass (Mtp) and Joana Limestone (Mj) occupy the same stratigraphic position, and their
occurrence varies along strike in our mapped geology. Approximate location of Long Canyon gold deposit shown in the
Pequop Mountains column.
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TABLE 1. REGIONAL STRATIGRAPHY IN NORTHEAST NEVADA

Southern Ruby Mountains

Pequop Mountains

Toano Range

Newfoundland Range

(Colgan et al., 2010) (this study) (Ketner et al., 1998) (Allmendinger and Jordan, 1984)
Age Symbol Name Age Symbol Name Age Symbol Name Age Symbol Name
P Ppc  Park City Group T T Triassic undifferentiated P Pk  Kaibab Limestone P Ps Permian sandstone
Pa  Arcturus Group P Pg  Gerster Formation Pa  Arcturus Formation PP [P(?)c Penn.-Perm. conglomerate
Pe Pe Ely Limestone Ppl  Plympton Formation Pp Pequop Formation D D Devonian undifferentiated
M Mdc Diamond Peak Formation Pk  Kaibab Limestone Pf Ferguson Mountain Fm S Sl Laketown Dolomite
& Chainman Shale
Mpj  Pilot Shale and Joana Pl Loray Formation Pe Pe  Ely Limestone O Ofh  Fish Haven Dolomite
Limestone
D Ddg Devil's Gate Limestone Pp Pequop Formation M Mdc  Diamond Peak Formation Oe  Eureka Quartzite
& Chainman Shale
Dn  Nevada Formation Pe Pe Ely Limestone Mj Joana Limestone Ocp Crystal Peak Dolomite
S SIm  Lone Mountain Dolomite M Mdp Diamond Peak Formation Mp  Pilot Shale Osp Swan Peak Quartzite
(0] Op  Pogonip Group Mc  Chainman Shale D Dg  Guilmette Formation Ok  Pogonip Kanosh Shale
€ €u  Upper Cambrian Mtp  Tripon Pass Limestone Ds  Simonson Dolomite Ogc  Garden City Limestone
€m  Middle Cambrian Mj  Joana Limestone Dsv  Sevy Formation € € Cambrian undifferentiated
€Z <€Zpm Prospect Mountain Quartzite D Dg  Guilmette Formation S SI Laketown Dolomite
Ds  Simonson Dolomite O Ofh  Fish Haven Dolomite
DSIm Lone Mountain Formation Oe  Eureka Quartzite
S Srm  Roberts Mountain Opl  Pogonip Lehman Fm
Formation
Sl Laketown Dolomite Opks Pogonip Kanosh Shale
(0] Ofh  Fish Haven Dolomite Oph  Pogonip House Formation
Oe  Eureka Quartzite O€ O€np Notch Peak Formation
Opl  Pogonip Lehman Formation € €d  Dunderberg Shale
Opks Pogonip Kanosh Shale €0  Oasis Formation
Opkl  Pogonip Kanosh Limestone €s  Shafter Formation
Opkqg Pogonip Kanosh Quartzite €dl  Decoy Limestone
Oph  Pogonip House Formation €mp Morgan Pass Formation
O€ O€np Notch Peak Formation €cl  Clifside Limestone
€ €d  Dunderberg Shale €t  Toano Limestone
€0  Oasis Formation
€s  Shafter Formation
€dl  Decoy Limestone
€mp Morgan Pass Formation
€cl  Clifside Limestone
€t  Toano Limestone
€ks Kilian Springs Formation
€Z €Zpm Prospect Mountain Quartzite
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and volcanic rocks (Brooks et al., 1995; Henry, 2008;
Bedell et al., 2010; Camilleri, 2010a; Smith et al.,
2013; Henry and Thorman, 2015; Zuza et al., 2018).
Jurassic intrusions range from granite to gabbro,
including numerous, but volumetrically small, dis-
tinct lamprophyre dikes. Camilleri and Chamberlain
(1997) reported a lower intercept U-Pb zircon age of
154 + 5 Ma from a boudinaged granitic sill near the
western mouth of Meyers Canyon (individual bou-
dins up to ~3 m thick and ~12 m long over a total
100 m southeast-strike length). We re-dated this sill
to confirm its age. A foliated granite that intruded
the Cambrian Shafter Formation along the western
flank of the range gave a U-Pb zircon age of 159.9
+ 1.9 Ma (Fig. 2; Bedell et al., 2010). “°Ar/**Ar dating
of hornblende from lamprophyre dikes from across
the range confirms a Late Jurassic age of ca. 160 Ma
(four samples in Henry and Thorman, 2015; Zuza et
al., 2018, 2020a). Outcrops of garnet-bearing, two-
mica leucogranite on the western flank of the range
are interpreted as Cretaceous based on sparse data.
Five zircons from one sample yielded 2°°Pb/%8U
ages between 69 and 87 Ma among many Triassic,
early Paleozoic, and Proterozoic inherited grains
(Bedell et al., 2010). “°Ar/*Ar dating of muscovite
yielded climbing spectra with maximum ages of ca.
85 Ma (Zuza et al., 2018).

3.2 Deformation

From oldest to youngest, the deformational
phases that affected the Pequop Mountains
are Mesozoic contraction, a Late Cretaceous—
Cenozoic (?) phase of low-angle normal faulting,
and Miocene-to-present high-angle normal fault-
ing. Mesozoic contraction is associated with the
Independence thrust fault, which traverses the
range (Plate 1) and generally places lower Paleo-
zoic over middle Paleozoic rocks (Thorman, 1970;
Camilleri and Chamberlain, 1997; Camilleri, 2010a)
and the development of a northeast-trending,
~B-km-wavelength syncline in the southern Pequop
Mountains (Snelson, 1955; Coats, 1987; Swenson,
1991) (Fig. 2). The age of this syncline is only con-
strained to be post-Triassic by the youngest units in
the fold (located southeast of the Fig. 2A map extent;

Coats, 1987; Swenson, 1991). Additionally, Camilleri
and Chamberlain (1997) proposed the emplacement
of a hypothesized Windermere thrust sheet between
the Middle Jurassic and Late Cretaceous to explain
deep burial of the stratigraphy. Surface expression
of this fault was subsequently obscured or elimi-
nated by later extension. According to the Camilleri
and Chamberlain (1997) model, the Independence
thrust was active after Windermere thrusting in the
Cretaceous—Paleogene between 84 Ma and 41 Ma.
Camilleri and Chamberlain (1997) suggested
that Pequop normal-sense fault motion (Fig. 4)
occurred between 84 Ma and 75 Ma on the basis
of decompression and/or exhumation recorded by
metamorphic rocks in the Ruby Mountains-East
Humboldt Range to the west (McGrew and Snee,
1994) and an interpreted crosscutting relationship
between the hanging wall rocks and incision of
the >41 Ma Nanny Creek paleovalley (Brooks et al.,
1995; Henry, 2008; Henry et al., 2011). This episode
of faulting was attributed to orogenic collapse and
exhumation-related decompression. Most recently,
Cenozoic high-angle normal faulting tilted the range
eastward and is associated with the development of
a Miocene basin on the western flank of the range
(e.g., Camilleri, 2010a; Zuza et al., 2019a) (Fig. 2).

3.3 Metamorphism

In the Pequop Mountains and Wood Hills,
regional syn-kinematic metamorphism was over-
grown by static, post-kinematic, randomly oriented
biotite and tremolite grains in the foliation plane
of interbedded pelitic marble (e.g., Thorman, 1962,
1970; Camilleri, 1998). The structurally and strati-
graphically lowest units exposed along the western
flank of the Pequop Mountains exhibit the highest
metamorphic grade, with garnet, muscovite, bio-
tite, and tremolite present in the Z€pm through €t
units, and biotite and muscovite variably presentin
most of the Cambrian rocks (Fig. 2). The Cambrian
Morgan Pass Formation (€mp) and Dunderburg
Shale (€d) commonly consist of biotite-musco-
vite schist, with foliation-parallel micas crosscut
by obliquely oriented post-kinematic micas. This
is most commonly observed as syn-kinematic,
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foliation-parallel biotite crosscut by post-kinematic
muscovite, such as observed in the Cambrian Kil-
ian Springs Formation, €mp, and €d schists (e.g.,
Thorman, 1962; Zuza et al., 2019a). Similar, variably
oriented tremolite in the Cambrian stratigraphy was
interpreted to represent post-kinematic metamor-
phism (Thorman, 1962). Retrograde chlorite exists
in some rocks. Limestones in Devonian and higher
units do not contain any metamorphic minerals,
and the Mississippian Chainman Shale is distinctly
not metamorphosed.

Argon thermochronology on both foliation-
parallel and orthogonal biotite (five samples) and
muscovite (eight samples) suggests cooling through
their respective closure temperatures in the Late
Cretaceous (broadly 70-90 Ma) (Zuza et al., 2019a).
Camilleri and Chamberlain (1997) reported a titanite—
whole-rock isochron age from the Cambrian Toano
Limestone of ca. 84 Ma and a titanite U-Pb age of ca.
75 Ma from the Wood Hills. Titanite has a high closure
temperature of 600-700 °C (e.g., Spencer et al., 2013),
although its close association with hornblende could
suggest that the titanite grew during the same pro-
grade metamorphism that produced the hornblende
grains. A Lu-Hf garnet age of ca. 83 Ma in the Cam-
brian Dunderberg Shale in the Wood Hills (Wills, 2014)
suggests Late Cretaceous prograde metamorphism.

Concordant Ar age spectra that provide well-
defined Late Jurassic (ca. 160 Ma) plateau ages
for hornblende from lamprophyres from the struc-
turally higher eastern part of the range near Long
Canyon indicate that these rocks were not heated
above 500 °C (e.g., Harrison, 1982) since ca. 157 Ma
(Henry and Thorman, 2015; Zuza et al., 2019a, 2020a).
Biotite analyses from this same region show dis-
turbed Late Jurassic—Cretaceous spectra (Zuza et al.,
2020a), which indicate these rocks probably expe-
rienced temperatures close to the biotite closure
temperature of ~300 °C (Harrison et al., 1985) in
the Late Cretaceous.

3.4 Cenozoic Basin Deposits, Igneous Rocks,
and Previous Extension Interpretations

The Cenozoic sedimentary and igneous rock
record provides constraints for Cenozoic paleo-relief
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Figure 4. (A) Sketch geologic map showing the
Pequop plate, apatite-fission track (AFT), and
quartzite samples discussed in this study. Map
units and symbology are as in Plate 1. Ordo-
vician Eureka Quartzite (Oe) is present in the
hanging wall and footwall of the Pequop plate,
but Oe in the Pequop plate is brecciated (bx)
whereas it is an intact major-cliff former in
the footwall. View in Fig. 4B shows different
character of Oe. (B) View looking north across
Meyers Canyon, looking at the geology in part
of Figure 4A. The Ordovician Eureka Quartzite
and Pogonip Group in the foreground (yellow
text) is in the footwall of the Pequop plate and
the rocks in the background (red-orange text)
are in the hanging wall, here separated by a
high-angle normal fault that drops upper plate
rocks against lower plate rocks. The character
of Oe changes from a prominent cliff-forming
unit in the lower plate (Oe in Fig. 4A) to a rub-
bly hill in the upper plate (Oe(bx) in Fig. 4A).
Quartz microstructural observations for (C) a
strongly lineated sample with interlobate grain
boundaries (N41.005619, W114.602907) and
(D) brecciated sample with polygonal texture
and brecciation (bx) (N41.009524, W114.584972).
(E) Sketch of Pequop fault field relationships, in-
cluding Ordovician footwall rock.
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and extension in the REWP region. In the northern
Pequop Mountains, the 41.0-39.5 Ma Eocene Nanny
Creek volcanic and sedimentary sequence (i.e.,
basal conglomerate, 40.95 Ma plagioclase-biotite
tuff, 40.2 Ma tuff of Big Cottonwood Canyon, and
39.5 Ma dacite-rhyolite lavas) was deposited in an
east-trending paleovalley (Brooks et al., 1995; Henry,
2008; Henry et al., 2011; Henry and Thorman, 2015)
(Fig. 2). The ~1.5-km-deep, Nanny Creek paleovalley
was incised into the Mesozoic Nevadaplano by an
eastward-flowing stream system from relatively
high topography (Henry, 2008; Henry et al., 2011)
(Fig. 2). Although the paleovalley contains volcanic
rocks as old as ca. 41 Ma, when it began to form is
not well constrained. Other paleovalleys in north-
eastern Nevada contain tuffs as old as 45 Ma (Henry,
2008). The Nanny Creek paleovalley likely began
to incise in the Late Cretaceous or possibly in the
Middle-Late Jurassic when regional uplift started.

West of the Pequop Mountains, widely dis-
tributed, but generally thin (all <1 km) Eocene
lacustrine and volcaniclastic sediments are inter-
preted to record accumulation in the extensional
ca. 48-38 Ma Elko Basin (e.g., Solomon et al., 1979;
Haynes, 2003; Lund-Snee et al., 2016; Smith et al.,
2017). Whether the Elko Basin was a wide lake basin
covering most of the REWP region or represented a
series of infilled paleovalleys cut by normal faults
is debated (Hickey et al., 2005; Henry et al., 2011;
Lund Snee et al., 2016), but the distribution and
thickness of Eocene deposits favors infilled pale-
ovalleys (Smith et al., 2017; Henry, 2018). Eocene
deposits in the Pequop Mountains are all distal ash-
flow tuffs and locally derived lavas. The absence
of any significant Eocene lacustrine sedimentary
deposit in the Pequop Mountains, adjacent Wood
Hills to the west, and Windermere Hills to the north
(Mueller, 1993; Mueller et al., 1999; Henry, 2008;
Camilleri, 2010a, 2010b; Fig. 2A) likely indicates the
Elko Basin did not extend into this region.

Mueller et al. (1999) interpreted two pre-middle
Miocene episodes of extension in the eastern Wind-
ermere Hills and the adjacent northern end of the
Pequop Mountains (Fig. 2A), primarily on the basis
of the volcanic-sedimentary record: an Eocene (ca.
39-35 Ma) episode based on west-tilted rocks of
that age in the Windermere Hills and a south-tilted

section dipping into a shallowly north-dipping fault
active between ca. 35 and 15 Ma in the northern
Pequop Mountains. However, the 39-35 Ma rocks
in the Windermere Hills comprise a volcaniclastic
sequence that overlies the same 40.95 and 40.2 Ma
tuffs found in the Nanny Creek paleovalley in the
Pequop Mountains. Overlying middle Miocene
deposits are concordant with the west-tilted Eocene
rocks. Based on these characteristics, the Eocene
sequence has more recently been interpreted to
fill a paleovalley and not to indicate contempora-
neous extension (Henry, 2008; Henry et al., 2011).
The 35-15 Ma episode of extension is interpreted
based on an ~900 m, south-dipping sequence of
conglomerate, laminated siltstone, and sandstone
in the northern Pequop Mountains assigned to
the “lower Humboldt formation,” which is an infor-
mal unit thought to be a lower part of the middle
Miocene-and younger Humboldt Formation (Sharp,
1939; Frerichs and Pekarek, 1994; Wallace et al.,
2008). These “lower Humboldt formation” rocks
were interpreted to be part of the hanging wall of
the north-dipping “Holborn” fault (Mueller et al.,
1999). However, this sequence is absent between the
Eocene and Miocene rocks in the west-dipping sec-
tion 4 km to the northwest. Two sandstone samples
from the south-dipping sequence yielded detrital
zircons with ages that ranged continuously between
42 and 27 Ma (Drescher et al., 2019). From these
data, Drescher et al. (2019) interpreted deposition
of the south-dipping rocks, active faulting on the
north-dipping fault, and significant extension at ca.
29-28 Ma. However, the reported ages are maximum
depositional ages, and the rocks could be signifi-
cantly younger. The absence of ca. 29-28 Ma rocks
in, and lack of an angular unconformity between, the
Eocene and middle Miocene section in the adjacent
Windermere Hills (Fig. 2A) limits the magnitude of
any extension between Eocene and Miocene.
Camilleri et al. (2017) combined the “lower Hum-
boldt Formation” in the northern Pequop Mountains
and the Clover Creek sequence (discussed below)
into the east-northeast-trending Holborn basin that
formed due to north-directed extension between 38
and 16 Ma. However, north-south extension inter-
preted by Mueller et al. (1999), Camilleri et al. (2017),
and Drescher et al. (2019) would be an anomaly
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in northeast Nevada, because all other Cenozoic
basins formed from west-northwest extension (e.g.,
Colgan and Henry, 2009; Henry, 2018).

A major phase of extension in the REWP meta-
morphic core complex has been interpreted to occur
in the Oligocene. Crosscutting relationships with
intrusions in the Ruby Mountains-East Humboldt
Range suggest mylonitization and normal-sense
exhumation between ca. 29 Ma and ca. 23 Ma (e.qg.,
Snoke, 1980; Wright and Snoke, 1993). Oligocene-
Miocene cooling was reported based on zircon and
apatite helium thermochronology (~200-100 °C
closure temperatures) in the Ruby Mountains and
Wood Hills (Wolfe, 2016; Gonzalez et al., 2019; Met-
calf et al., 2019; Mueller, 2019). Argon mica ages
suggest initiation of exhumation of the Ruby Moun-
tains at 25-22 Ma (Gifford, 2008), and a “°Ar/*°*Ar
compilation in McGrew and Snoke (2015) shows
several 21-25 Ma muscovite and biotite cooling
ages in the East Humboldt Range. However, basins
coeval with this phase of extension are not known
in the area, and Oligocene deposits are absent, thin,
or equivocal in the broader REWP region (Mueller
etal., 1999; Henry et al., 2011; Camilleri et al., 2017).

The best case for Oligocene basin sedimen-
tation is a 3-km-thick sedimentary section in the
hanging wall of the detachment fault in the East
Humboldt Range that contains Eocene through
middle Miocene deposits (Snelson, 1957; McGrew
and Snoke, 2015) (Fig. 5). Nearly 1500 m of con-
glomerate and sedimentary breccia in the middle
of the section was initially assigned to the “lower
Humboldt formation” and most recently to the late
Oligocene(?)-early Miocene sedimentary sequence
of Clover Creek (Fig. 5; McGrew and Snoke, 2015).
McGrew and Snoke (2015) reasonably interpreted
megabreccia consisting of internally brecciated
blocks of non-metamorphosed Devonian Guilmette
Formation in the middle part of this section to be
rock-avalanche deposits from active normal fault
scarps. The lower part of the section consists of
the tuffs of Big Cottonwood Canyon and Campbell
Creek, which probably accumulated in a paleovalley
that drained eastward from a caldera source of
the tuff of Big Cottonwood Creek near Tuscarora
and continued to Nanny Creek (Henry, 2008). We
report new “°Ar/*°Ar ages to better constrain this
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East Humboldt Range Cenozoic Deposits
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Figure 5. Generalized stratigraphic column of Cenozoic rocks in the northeastern East Humboldt Range (modified from Mueller and Snoke,
1993; Henry et al., 2011; McGrew and Snoke, 2015). “°Ar/**Ar age sources (red superscripts): (1) Brooks et al. (1995); (2) Henry et al. (2012); (3)
M. Brueseke, personal commun. in McGrew and Snoke (2015); (4) this study (Table 2).
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'Supplemental Material. Supplemental Text contains
figures (i.e., structural data and topographic profile
across Pleistocene fault) and argon domain diffusion
(MDD) modeling methods and data table. Tables S1
and S2: Argon data. Table S3: Apatite fission-track
(AFT) data. Table S4: Zircon data. Please visit https://

doi.org/10.1130/GEOS.S.14607981 to access the sup-

plemental material, and contact editing @geosociety.
org with any questions.
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stratigraphic section, including the thickness of any
Oligocene deposits.

Miocene sedimentary, volcaniclastic, and
tuff deposits exposed along the western flank of
the Pequop Mountains make up the Humboldt
Formation (Camilleri, 2010a; Camilleri et al., 2017).
New “°Ar/®Ar ages in this study bracket the age
of the Humboldt Formation and are consistent
with ca. 16 Ma to older than ca. 5 Ma ages from
the Knoll Basin, north of the Pequop Mountains
(Camilleri et al., 2017). The age of the middle-to-late
Miocene Humboldt Formation indicates that major
basin formation and probably extension began at
ca. 16 Ma (e.g., Colgan and Henry, 2009).

3.5 Long Canyon Gold Mineralization

The northern Pequop Mountains have been the
focus of recent investigations because of the dis-
covery of the Long Canyon Carlin-type gold deposit
(CTD) on the eastern flank of the range (Fig. 2) (e.g.,
Bedell et al., 2010; Smith et al., 2013; Milliard et al.,
2015). The deposit is ~145 km east of the typical Carlin
and Cortez CTD trends but shares their characteristics
of probable Eocene associated intrusions, dissem-
inated mineralization, and carbonate host rock
(Muntean et al., 2011). Although not directly dated,
Long Canyon mineralization is assumed to be Eocene
based on the correlation with typical CTDs in Nevada
(ca. 42-36 Ma; Ressel and Henry, 2006; Muntean et
al., 2011). Eocene rhyolite dikes and dacite lavas in
the Pequop Mountains (Bedell et al., 2010; Henry and
Thorman, 2015; Milliard et al., 2015; Zuza et al., 2018)
were probably sourced from a larger plutonic com-
plex that may have been the principal heat source for
mineralization (e.g., Bedell et al., 2010). Of note, CTDs
in northern Nevada appear to have formed at rela-
tively shallow depths <5 km (Kuehn and Rose, 1995;
Arehart, 1996; Cline and Hofstra, 2000; Nutt and Hof-
stra, 2003; Ressel and Henry, 2006; John et al., 2008).

M 4. METHODS

We present new geologic mapping, thermo-
chronology, and geochronology focused around

the northern Pequop Mountains to constrain the
geologic evolution of the REWP. Our geologic map-
ping of three 7.5 quadrangles at 1:24,000-scale,
published as open-file reports (e.g., Henry and
Thorman, 2015; Zuza et al., 2018, 2019a), are pre-
sented in Plate 1 as a synthesized map figure. No
attempt was made to improve edge matching, such
as contacts, faults and polygons, across quadran-
gle boundaries. Field observations and structural
analyses are based on this mapping.

OAr/ABAAr multi-diffusion domain (MDD) thermo-
chronology was conducted at the New Mexico
Geochronology Research Laboratory at the New
Mexico Institute of Mining and Technology on
muscovite and K-feldspar following the general
methods outlined by Lovera et al. (1989) and Long
et al. (2018). Analytical details of the argon mea-
surements and MDD models are provided in the
Supplemental Text', including isotopic data in Sup-
plemental Table S1 and MDD modeling conditions
in Supplemental Table S2. Minerals were extracted
from the same sample of a Cretaceous leucogran-
ite (sample H18-40, location in Fig. 2A; N40.93581;
W114.63277) in the western Pequop Mountains.

We conducted new “°Ar/*Ar dating from import-
ant Cenozoic rocks from across the study area,
including sedimentary, volcaniclastic, intrusive, and
tuff deposits (Fig. 2; Table 2). All “°Ar/*Ar analyses
were conducted at the New Mexico Geochronology
Research Laboratory using standard procedures
described in Zimmerer et al. (2016) and Henry et
al. (2017) (more information in the Argon Supple-
mental Tables 1 and 2 [footnote 1]).

Apatite fission-track (AFT) dating of three sam-
ples from the Ordovician Eureka Quartzite in the
central part of the northern Pequop Mountains was
conducted to track the low-temperature cooling of
the range. Depending on grain size, cooling rate,
grain composition and annealing kinetics, and
mineral inclusions, apatite grains analyzed by AFT
partially anneal at the approximate temperature
range of 100-120 °C, known as the partial anneal-
ing zone (PAZ) (Gleadow and Duddy, 1981; Ketcham
et al., 2007). Track-length data can be inverted in
a thermal model using software such as HeFTy or
QTQt (Ketcham, 2005; Ketcham et al., 2007; Gal-
lagher, 2012). Apatite minerals were separated,
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mounted, etched, and analyzed for AFT ages and
confined track lengths following standard meth-
ods of Donelick et al. (2005) by GeoSep Services.
Grains were analyzed with a quadrupole inductively
coupled plasma-mass spectrometer (ICP-MS), and
ages were determined using a modified radioactive
decay equation calibrated for the ICP-MS using the
Durango fluorapatite standard (Donelick et al., 2005).
U-Pb geochronology on zircons from a foliated
and boudinaged Jurassic sill in Meyers Canyon was
conducted by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at the Ari-
zona LaserChron Center. Details of the LA-ICP-MS
method are in the Supplemental Text (footnote 1)
and analyses are in Zircon Supplemental Table 1.

B 5. THERMOCHRONOLOGY AND
GEOCHRONOLOGY RESULTS

5.1 Argon Multi-Diffusion Domain Modeling

K-feldspar and muscovite were analyzed via
MDD thermochronology methods from the same
Cretaceous leucogranite (sample H18-40, location in
Fig. 2A; N40.93581; W114.63277) (Fig. 6). The musco-
vite age spectrum reveals a steep rise in age from ca.
60-72 Ma over the initial 10% of the spectrum before
generally climbing to a terminal age near 77 Ma
(Fig. 6A). The K-feldspar yields significantly younger
apparent ages beginning near 35 Ma and climb-
ing to an overall flat segment at ca. 50 Ma for the
final 40% of gas released (Fig. 6A). The Arrhenius
parameters derived from the step-heating experi-
ment have a form consistent with MDD behavior
(Fig. 6B). The activation energy for the K-feldspar
is derived from the initially linear segment of the
Arrhenius plot, whereas that for muscovite is cho-
sen to be consistent with the value of 64 + 9 kcal/
mol reported by Harrison et al. (2009). Log(r/r,) plots
are derived from the Arrhenius data and have forms
mimicking their age spectra that further support an
MDD model to explain the climbing age spectra that
also reveal moderate inflections (Fig. 6C).

The muscovite and K-feldspar were mod-
eled independently using a cooling-only solution
(Fig. 6D). The output thermal histories that yield
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TABLE 2. “Ar/**Ar AGES OF CENOZOIC TEPHRA AND OTHER VOLCANIC ROCKS, PEQUOP MOUNTAINS AND EAST HUMBOLDT RANGE, NORTHEAST NEVADA

Ages (Ma)’
Sample? Rock type Location, Quadrangle (Q) Latitude 83 Longitude 83 Material® Age +2s K/Ca +1s n* Comment
(weighted
mean)

Single crystal

Northern Pequop Mountains

H14-77 [AS1] Miocene tephra West Pequop Summit Q 41.09474 -114.62503 s 12.30 0.03 21.8 5.1 9/15 25 to 85 Ma xenocrysts

H14-78 [AS1] Miocene tephra West Pequop Summit Q 41.09283 -114.61868 p 15.65 0.18 0.63 0.61 14/20 17 to 75 Ma xenocrysts

H15-39 [AS1] Miocene tephra Northwest Pequop Mountains ~ 41.18124 -114.67054 s 15.18 0.04 113 5.1 13/16  16.8 Ma xenocrysts

Independence Valley NW

H17-32 [AS2] Pliocene tephra Independence Valley NW Q 40.99053 -114.63470 s 4.46 0.24 393 243 1/24  Youngest single grain

! ! " " ! " 4.84 0.79 271 17.3 3/24  Mean of youngest three grains

H17-66 [AS2] Miocene tephra Independence Valley NW Q 40.98078 —-114.64449 s 6.23 0.02 39.4 9.3 3/23  High K/Ca group

! Miocene tephra Independence Valley NW Q " ! s 5.87 0.21 137 1.0 17/23 Low K/Ca group

! Miocene tephra Independence Valley NW Q " ! s 6.04 0.07 17.6 9.9 20/23 All data; 25 Ma xenocryst

H17-53 [AS2] Miocene tephra Independence Valley NW Q 40.95686 -114.64283 s 8.14 0.03 52.9 7.6 1/24  Youngest single grain, distinct from 10.3 Ma
population

! ! " " ! " 10.31 0.03 54.2 6.2 6/24  Coherent group of six grains; 14 to 39 Ma
xenocrysts

WNC119-34 [AS2] Miocene tephra Independence Valley NW Q 40.96452 -114.64935 s 9.84 0.11 117 5.6 5/24  Best age estimate; 11 to 17 Ma xenocrysts

! Miocene tephra Independence Valley NW Q " ! p 10.14 0.09 020 0.01 11/24 Possible age

! Miocene tephra Independence Valley NW Q " ! s/p 9.85 0.07 3.8 6.2 16/24 Age mostly determined by sanidine data

WNC119-425 [AS1] Miocene tephra Independence Valley NW Q 40.96452 -114.64935 s 10.78 0.03 123 2.4 3/16 2016 analysis; dominated by 12 to 32 Ma
xenocrysts

WNC119-425R [AS2] Miocene tephra Independence Valley NW Q 40.96452 -114.64935 s 10.74 0.03 14.2 22 3/24 2018 analysis of new mineral separate; dominated
by 11 to 33 Ma xenocryts

East Humboldt Range

H5EH-118 [AS1] Miocene tephra Welcome Q, Clover Creek area  41.08834 -115.08176 s 15.62 0.12 85 5.9 11/15 17 to 574 Ma xenocrysts

8713-9 [AS1] Volcanic sandstone Welcome Q, Clover Creek area  41.07487 -115.07893 s 23.87 0.03 289.4 1/35  Maximum age; youngest single grain distinct from
25.0 Ma population

! ! Welcome Q, Clover Creek area " ! s 25.03 024 48.6 241 6/35 Maximum age from six grains; mostly 27 to 40 Ma
xenocrysts.

H10-79 [AS1] Tuff of Campbell Creek Welcome Q, Clover Creek area  41.04325648 -115.0682496 s 28.93 0.07 545 5.6 16/19 Matches ages and K/Ca in Henry et al. (2012)

H13-47 [AS1] Tuff of Big Cottonwood Canyon  Welcome Q, Clover Creek area  41.07627 —-115.09308 s 40.21 0.02 74 18.5 8/20  Matches ages and K/Ca in Henry (2008)

Step heating Age plateau +2s %*°Ar’ Isochron +2s MSWD  “Ar/*®Ari  +2s Integrated age =+2s

H14-107 [AS1] Basalt clast in conglomerate ~ Welcome Q, Clover Creek area  41.08963 -115.01308 p 1546 0.06 717 1539 0.17 1.43 298.4 6.7 15.77 0.05

H14-92 [AS1] Basalt lava Welcome Q, Clover Creek area  41.08933 -115.05340 p 15.33 0.05 926 15.28 0.06 0.51 302.1 5 15.42 0.04

H15-34 [AS1] Basalt dike Welcome Q, Angel Lake 41.02343 -115.08770 p 17.3 0.3 87.4 NM 1.02 17.9 0.5

(1) “°Ar/*Ar analyses at the New Mexico Geochronological Research Laboratory (methodology in Zimmerer et al., 2016, and Henry et al., 2017). Neutron flux monitor Fish Canyon Tuff sanidine (FC-1) with assigned age = 28.201 Ma

(Kuiper et al., 2008).

Decay constants after Min et al. (2000); |, = 5.463 x 10 yr~". Isotopic abundances after Steiger and Jager (1977); “°K/K = 1.167 x 10-*.
NM = not meaningful. Ages in bold are best estimates of emplacement or eruption age.
(2) Full data tables location in brackets, either Argon Supplemental Table 1 [AS1] or Argon Supplemental Table 2 [AS2] (text footnote 1).
(3) n = number of analyses used in age calculation/total number of grains analyzed.
(4) s—sanidine; p—plagioclase.

(5) %°Ar = percentage of *Ar used to define plateau age.
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Figure 6. *°Ar/3*Ar muscovite and K-feldspar multi-diffusion domain (MDD) model results from
single sample H18-40 (location in Fig. 2A; N40.93581; W114.63277). (A) Measured age spectra and
model spectra. (B) Arrhenius plot for measured and modeled data. In addition to the characteristic

“knee” in the data, the linear slope corresponds to the activation energy, consistent with MDD

behavior. (C) Log(r/r,) plot starting at zero by convention. (D) Modeled cooling histories derived
from the MDD method for these two phases that were taken from the same sample. (E-F) The
predicted age spectra are shown in E, and plausible cooling paths are shown in F (i.e., monotonic
variable-rate cooling versus an Eocene reheating episode).
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model age spectra matching the measured age
spectra show general cooling from ~400 °C at 80 Ma
to ~150 °C by 35 Ma. Each mineral only constrains
a part of the thermal history that is dictated by the
age range revealed in their age spectra. However,
we also created forward-modeled thermal histo-
ries with discrete segments with the intention of
generating thermal histories compatible with both
minerals (Figs. 6E and 6F). For instance, the purple
line in Figure 6F that connects the muscovite and
K-feldspar constrained segments demonstrates that
both minerals can be well modeled with a thermal
history that involves rapid cooling at ca. 70 Ma, slow
cooling between 70 and 45 Ma, and rapid Eocene
cooling (purple age spectra models in Fig. 6E). Sim-
ilarly, a thermal history that cools to ~200 °C by
70 Ma and then reheats ~300 °C near ca. 45 Ma
followed by protracted rapid cooling (orange line in
Fig. 6E) yields model age spectra that closely match
the measured spectra. In summary, the coupled
K-feldspar and muscovite MDD analyses from the
same sample suggest two main phases of cooling
in the Late Cretaceous (ca. 75-70 Ma) and Eocene
(ca. 40 Ma).

5.2 Apatite-Fission Track Ages

Three samples were collected (PFW 1, PFW 2,
and PFW 3), and their map view configuration
(within 1.5 km) and structural positions (within
~50 m stratigraphically and structurally below the
Pequop fault) were close enough that we expected
similar thermal histories to affect the samples
(Fig. 4). Complete AFT data are presented in the AFT
Supplemental Table (footnote 1) and summarized in
Table 3. All samples failed a chi-squared probability
test (P(x2)<5%; Galbraith, 1998), suggesting vary-
ing age groups with multiple kinetic populations.
Dpar values are not particularly dispersive, and
Dpar shows no obvious trend versus age or track
length (e.g., Craddock et al., 2014; Li et al., 2019).
Pooled AFT ages and mean track lengths for sam-
ples PFW1, PFW2, and PFW3 were 36.6 + 3.8 Ma,
372 + 4.8 Ma, and 23.7 + 4.1 Ma, and 15.2 + 1 pm,
15.1 £ 1 ym, and 15.6 + 1.1 ym, respectively (Fig. 7;
Table 3). Alone, these ages suggest that the rock
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TABLE 3. APATITE FISSION-TRACK (AFT) ANALYSES
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Sample Latitude Longitude Ns Pooled AFT age Error MTL  Error Mean Dpar %Dpar <1.5pum P (x2)
(Ma) (1o)  (um)  (10) (Hm) (%)
PFWA1 40.97812 -114.57 397 36.6 3.8 15.05 1.16 1.73 2.5 0
PFW2 40.97287 -114.575 417 37.2 4.8 15.05 0.9 1.74 5 0
PFW3 40.96679 -114.581 151 23.7 41 15.58 1.13 1.62 35 0
Note: MTL—mean track length; Ns—number of spontaneous tracks.
samples cooled through the AFT PAZ sometime in A
the late Eocene to Oligocene. - 0.30] PFW1 . B Time (Ma)
; 8 7 | Measured MTL:15.1921.1 100 80 60 40 20 0
The rfslatl\_/ely long and narrow rarTge of_track § Modeled MTL:15.30#15 _—
lengths implies moderately fast cooling (Fig. 7). 5 0201 GOF: 0.95 20 §PFW1 I
Th AFT th lated directl \C Measured age: 36.6+4 M.
ese apparent ages may not be related directly 0.0 G g0 | Modeled age: 36.4 Ma __
to any specific tectonic event, but rather may record ; GOF:0.92 . .
residence in, or relatively slow exhumation through, 0.00 e % 100 ——r =
the time- and space-varying PAZ (Gleadow and 030} PFW2 g
N > Measured MTL:15.05+0.9 £ 140
Brown, 2000). Therefore, we inverted the AFT ages g Modeled MTL:15.14+1.1 2
and track-length distributions to generate a mod- g 0201 GOF: 0.98 180
eled thermal history for our samples (e.g., Jolivet et fra 010 : H
al., 2001; Ketcham et al., 2007). Modeling of 10,000  dooodeoddoi - [ - - 20 $ PFW2
possible paths was conducted using the HeFTy 0.00 1 _ Measured age: 37.2+5 Ma
) . i PFW3 - O 60 Modeled age: 37.2 Ma _
software v1.9.1 (Ketcham, 2005), with multi-kinetic 0.30 } Measured MTL:15.58+1.1! K GO.F: 0:98 . :
annealing and c-axis projection models of Ketcham §‘ Modeled MTL:15.72£1.0 - 2 100 |
et al. (2007). Model constraints were loosely set 3020 _(_3_0':: 0'8?,_ " ]
with initial conditions of 200-100 °C at 100-80 Ma, £ o0l § 140
so that the rock samples were at or below the AFT e 180 llLL
PAZ in the Cretaceous and at 10 °C surface tempera- 0'006 2 4 6 8 10 12 14 16 18 20 b ;
ture today. All three samples show cooling below Length (um) 20 4 PFW3
o - %) Measured age: 23.7+4 Ma
100 °C over the 35' 20 Ma range. PFW1 and PFW2 C € 4o | Modeled age: 23.5 Ma -
show earlier cooling (ca. 35-30 Ma) than PFW3 20 } All samples together . 2 GOF: 0.9 .
— i ~ PFW1, PFW2, and PFW3__ ® C :
(ca. 25-20 Ma) (Flg_]' 7). i e Dpar > 1.5 pm i 3 100 9 i IMIH\I\H|m|\1umluuml;ummum:mnmmm\:u‘m
The cause of this apparent ~10 m.y. discrepancy S 60~ - £ HHH“S\"‘” 25:20)Ma|
in cooling history for samples that should have 7 100 =140
experienced similar thermal histories is unknown. aEci 180
Attempts to model all three samples in a single © 140
HeFTy thermal model failed to produce accept- Ly 100 80 60 40 20 0
T 1 i
able cooling histories. To explore this further, we 180 }H‘W‘H“M“‘H‘“‘ Time (Ma)

investigated how variable apatite annealing kinetics
may have affected the modeled thermal histories.
Sample PFW3 showed the most variability in Dpar
values, which ultimately reflect solubility and
annealing rate (Burtner et al., 1994; Barbarand et
al., 2003). Sample PFW3 had 35% of analyses with
Dpar values <1.5 um, whereas the other two sam-
ples had >96% of Dpar values >1.5 um (Table 3;
AFT Supplemental Table 1 [footnote 1]). Because

100 80 60 40 20 0
Time (Ma)

Figure 7. (A) Apatite-fission track (AFT) results from Ordovician Eureka Quartzite samples; sampling
locations shown in Figure 4. (B) Individual HeFTy thermal models for the three analyzed samples:
PFW1 and PFW2 show 40-30 Ma cooling, whereas PFW3 shows 25-20 Ma cooling. Green and
purple envelopes represent acceptable and good model fits. (C) HeFTy thermal model of all three
samples together, using only measurements with Dpar >1.5 um. Note that no acceptable models
could be generated with all of the data, but by removing measurements with Dpar <1.5 um, ac-
ceptable and good model results were generated, showing 40-35 Ma cooling of all three samples.
GOF—goodness of fit; MTL—mean track length.

Zuza et al. | Tectonics of the Pequop Mountains
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lower Dpar values are indicative of lower resistance
to annealing, or faster annealing rates, in apatite
grains, these low Dpar measurements are best
optimized in a thermal model with higher tempera-
tures or later cooling. Modeling all three samples
together using only Dpar values >1.5 um yielded a
very good model fit with 40-35 Ma cooling (Fig. 7C).
We prefer this modeled thermal history because
it (1) fits all three samples that were expected to
share a compatible thermal history and (2) involves
reasonable evaluation of the different kinetic pop-
ulations in our samples. Additional confirmation
comes from comparison with the K-feldspar MDD
models discussed above. The structural position of
the Ordovician Eureka Quartzite (Oe) AFT samples
is higher than the K-feldspar MDD samples, but
the two modeled Cenozoic thermal histories are
compatible. The K-feldspar MDD models document
cooling from ~250 °C to 150 °C at 40-35 Ma, and
the AFT analyses suggest cooling to <100 °C over
this timeframe (Figs. 6 and 7). Within the modeled
uncertainty bounds and the different structural
positions, these histories demonstrate significant
post-40 Ma cooling.

5.3 “Ar/*Ar Ages from Igneous and
Sedimentary Rocks

We provide 16 new “°Ar/**Ar ages from Ceno-
zoic rocks in the REWP region (Table 2). Single
crystal analyses were conducted on sanidine or pla-
gioclase grains, and step heating was done of three
basalt samples (Table 2). Age interpretations are
summarized in Table 2, including our interpreted
eruption or depositional ages in bold. Below, these
ages are discussed in relation to their geologic and
stratigraphic context.

First, new dates bracket the age of the Clover
Creek stratigraphic sequence (Fig. 5; McGrew and
Snoke, 2015). The lowest several hundred meters
of the overall section consist of Eocene (40.2 Ma
tuff of Big Cottonwood Canyon; sample H13-47 in
Table 2) and Oligocene (28.9 Ma tuff of Campbell
Creek; sample H10-79 in Table 2) rhyolite ash-flow
tuffs, andesitic flows, and volcanic conglomerate
unconformable on non-metamorphosed Permian

strata. Above the tuff of Campbell Creek, “°Ar/*°Ar
dating of detrital sanidine in a volcanic sandstone
that underlies the rock-avalanche deposits by
3 m constrains these deposits to be younger than
25.0 Ma or 23.9 Ma (sample 8713-9 in Figs. 2 and
5; Table 2). The former age is the weighted mean of
six sanidine grains that have similar K/Ca (Table 2);
the latter is a single youngest grain with a distinctly
higher K/Ca of 289 (not used in the mean of the six
grains). We are reluctant to rely on a single grain,
but the sandstone is younger than 25 Ma.

The upper >2 km of the Clover Creek section is
middle Miocene and younger based on “Ar/*®*Ar
ages of (1) 15.62 + 0.12 Ma (sample H5EH-118;
Table 2) on tephra in a sedimentary sequence previ-
ously assigned to the “lower Humboldt formation”;
(2) 15.25 = 0.04 Ma on rhyolite lava (M. Brueseke,
personal commun. in McGrew and Snoke, 2015);
and (3) 15.33 + 0.05 Ma on basalt lava that overlies
the rhyolite (sample H14-92; Table 2; Fig. 5).

We dated undeformed, vertical tholeiitic basal-
tic dikes that cut mylonitized Prospect Mountain
Quartzite in the metamorphic core complex at
Angel Lake, East Humboldt Range, in the footwall of
the major west-directed shear zone and detachment
fault (field photographs in Fig. S1in Supplemental
Text [footnote 1]). A plagioclase megacryst from
one dike yielded a plateau age of 17.3 + 0.3 Ma
representing 87.4% of released *°Ar (sample H15-34
in Fig. 2; Table 2).

The last set of new “°Ar/*°Ar analyses was con-
ducted on Miocene deposits of the Humboldt
Formation along the western flank of the Pequop
Mountains (Camilleri, 2010a; Camilleri et al., 2017)
(Table 2). The oldest dated tephra in the Pequop
Mountains give ages of 15.65 + 0.18 and 15.18
+ 0.04 Ma in two locations along the west and
northwest flanks of the range (samples H14-78
and H15-39; Fig. 2; Table 2; Henry and Thorman,
2015). °Ar/**Ar ages on tephra in the Independence
Valley NW quadrangle (IVNW; Fig. 2A) range from
10.8 Ma to <4.6 Ma (Table 2). Precise ages of some
tephra are uncertain because they contain multiple
age populations that must include xenocrysts. For
example, sample H17-53 contains a coherent group
of 6 grains that yield an age of 10.31 + 0.03 Ma and
asingle 8.14 £ 0.03 Ma grain (Table 2). Stratigraphic
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relationships permit either age. The oldest dated
tephra (10.8 Ma), from drill hole WNC119 (Fig. 2;
Plate 1), was collected 3 m above the base of the
sequence, which rests on Paleozoic rocks (Table 2;
Zuza et al., 2019a).

5.4 U-Pb Dating of Foliated Granite

Nineteen U-Pb analyses (Fig. 8) of zircon from
foliated granite sample H14-82 from Meyers Can-
yon (location in Fig. 2 and sample photograph
in Fig. 9C) yielded 17 concordant ages spanning
152 Ma to 162 Ma (Zircon Supplemental Table 1
[footnote 1]; Fig. 8). The weighted-mean age of all
concordant analyses was 156.7 + 1.3 Ma (MSWD =
4.8). Our preferred age interpretation is based on
the main population of 13 analysis, which yielded
a weighted-mean age of 155.6 + 0.8 Ma (MSWD
= 1.4) (Fig. 8). Either interpretation suggests a ca.
155-157 Ma age for this foliated granite, which over-
laps the 154 + 5 Ma age reported by Camilleri and
Chamberlain (1997).

B 6. STRUCTURAL OBSERVATIONS IN THE
PEQUOP MOUNTAINS

The following description of structures across
the Pequop Mountains builds on published map-
ping by Thorman (1962) and Camilleri (1994). This
summary describes the geology in our compiled
geologic map in Plate 1.

6.1 Range Structure

Paleozoic bedding and tectonic foliations
across the northern Pequop Mountains primar-
ily strike north-northeast and dip east-southeast
(Fig. S2 [footnote 1]; Plate 1). Two west-dipping,
north-striking map-scale normal faults bound the
western flank of the range (Fig. 2). The eastern-
most of these normal faults (named the eastern
range-front faultin Fig. 2B) has late Cenozoic basin
deposits dipping ~15° east in its hanging wall; one
anomalous location shows an ~34°E dip (Plate 1;
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Fig. 2). Borehole data indicate this eastern fault dips
~35° west, which would restore to an original dip
of ~50° west when accounting for the 15° east dip
of the late Cenozoic sediments in its hanging wall.
The western range-front normal fault (Fig. 2B) has
been more recently active, offsetting latest Pleis-
tocene fan surfaces with fault scarps up to ~3 m.
Gravity modeling (Saltus and Jachens, 1995) sug-
gests that the Independence Valley, just west of
the Pequop Mountains, contains >2 km of Cenozoic
sediments, which is consistent with >3 km of slip on
the western range-front normal fault. Restoration
of displacement on the eastern range-front normal
fault, including Paleozoic stratigraphy, the Inde-
pendence thrust, and the Pequop fault observed
in borehole WNC119, documents at least ~3 km
of west-side down displacement (Fig. 2B). Nor-
mal faulting on the eastern flank of the northern
Pequop Mountains (Plate 1), and basin sedimenta-
tion in Goshute Valley, was negligible as evidenced
by drill-core data and range morphology (Zuza et
al., 2019a).

The northernmost part of the Pequop Moun-
tains contrasts with the rest of the range in that
Paleozoic and middle Miocene rocks roll over to
moderate (~40°) northwest to west dips, form-
ing a northeast-trending anticline (in the Pequop
Summit quadrangle, Fig. 2A; Plate 1). West dips
continue northward into Paleozoic, Eocene, and
Miocene rocks in the Windermere Hills, which are
bounded on the east by a major, east-dipping nor-
mal fault (Mueller, 1993; Mueller et al., 1999; Henry
and Thorman, 2015) (Fig. 2A). We interpret this to
be an extensional anticline formed by the propa-
gation of oppositely dipping normal faults in an
antithetic accommodation zone (Faulds and Varga,
1998). The west-dipping, range-bounding faults
of the Pequop Mountains propagated northward,
whereas the east-dipping, range-bounding fault
of the Windermere Hills propagated southward.
Opposite tilts of strata in their footwalls generated
the northeast-trending anticline. Camilleri and
Chamberlain (1997) and Camilleri (2010a) inter-
preted the anticline to be related to a Mesozoic
northwest-vergent thrust fault, with an overturned
anticline in the Wood Hills linking northeastward
across the Independence Valley to the anticline in
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the northern Pequop Mountains. However, involve-
ment of middle Miocene rocks in tilting suggests
the anticline most likely formed during middle Mio-
cene extension.

High-angle, mostly west-dipping normal faults
are observed within the range and offset the Paleo-
zoic stratigraphy and other major structures. Most
of these faults have minimal stratigraphic offset, but
several have offsets of hundreds of meters, such
as a north-striking, down-to-the-east normal fault
(labeled “north fault” in Fig. 4) mapped near Meyers
Canyon (different from the “Meyers Canyon fault”
of Thorman, 1970, and Henry and Thorman, 2015).
Although exposures of Ordovician Eureka Quartzite
across the north fault imply apparent down-to-the-
west motion, the formation is at different structural
levels (Fig. 4). Specifically, Eureka Quartzite has
contrasting deformational styles across the fault.
The Oe in the hanging wall of this fault is entirely
brecciated with no coherent bedding, whereas
the footwall Oe is a significant north-trending cliff-
forming unit across the western flank of the range
(Fig. 4) with well-developed stretching lineations.
The spatial distribution of brecciated Oe is not con-
centrated around the north-striking “north fault,”
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and therefore we interpret that proximity to the
normal faultis not the primary cause of brecciation.
Instead, the brecciated Oe may have developed at a
higher and colder structural level than the intact Oe,
and during either Mesozoic contraction or Ceno-
zoic extension, the colder brittle unit brecciated,
whereas the hotter unit did not. The structurally
higher Oe is in the hanging wall of the Pequop fault,
whereas the structurally lower Oe is in the footwall
(Plate 1). Regardless of the interpretative mecha-
nism, the quartzite units on either side of the north
fault are distinctly different, and thus we infer they
originated from different structural levels.
Preliminary microstructural observations from
quartzite outcrops in the northwest corner of
Figure 4 further corroborate different structural
levels. The rock in Figure 4C was collected from a
well-lineated cliff (lineation trend/plunge: 115/06)
(C in Fig. 4B). Quartz grains are highly interlo-
bate, suggestive of grain-boundary migration
recrystallization (GBM), which may have oper-
ated at temperatures of 500-700 °C (e.g., Jessell,
1987; Stipp et al., 2002). This temperature range
is approximate given the dependence on water
content, grain size, bounding grains, and strain
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Figure 9. Field photographs of Jurassic intrusions in the
Pequop Mountains, modified from Zuza et al. (2020a).
(A) Jurassic lamprophyre intruded into the Independence
thrust, where it places Cambrian Clifside Limestone (€cl)
over Cambrian-Ordovician Notch Peak Formation (O€np).
All photos except bottom right from 114.6176W, 40.9390N;
bottom right in this panel from 114.6161W, 40.9347N.
(B) Unaltered undeformed Jurassic lamphrophyre dike
crosscuts O€np foliation. Location: 114.59564W, 40.93222N.
(C) Boudinaged Jurassic granite surrounded by €cl marble.
Note that marble flows around the granite as it pinches
out. Location: 114.61275W, 40.99429N.

<
<

(A) Jurassic lamprophyre intruded Independence thrust (€ over O€)

rate. The rock in panel Figure 4D was collected
from a recessive exposure of brecciated Oe (D in
Fig 4B). The quartz in the sample shows polygo-
nal fabric with relatively straight grain boundaries
and no undulose extinction, suggestive of static
recrystallization (Fig. 4D). This sample is also cut
by brecciation, as observed in outcrop and thin
section. We refrain from further interpretation of
these samples, but note their distinct difference in
deformation style, from dynamic recrystallization
west of the north fault to static recrystallization east
of this fault (Fig. 4).

6.2 Independence Thrust

The Independence thrust is the largest mapped
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Notch Peak-Pogonip units. The fault cuts upsec-
tion to the southeast, consistent with an inferred
southeast transport direction. Stratigraphic offset
along the fault is typically ~2 km, although below
we discuss how transport-parallel stretching of the
wall rock makes this estimate variable.

In two localities along the western flank of
the range, the Independence thrust is intruded
by weakly foliated and altered lamprophyre sills
(Fig. 9A). These sills are not dated—they yielded
no zircon and are too altered for other chronol-
ogy methods—but they are petrographically and
geochemically indistinguishable from well-dated
160-157 Ma lamprophyres in the Pequop Moun-
tains and throughout northeastern Nevada (Ressel
and Henry, 2006; Milliard et al., 2015; Zuza et al.,
2018, 2019a, 2020a). Accordingly, the Independence
thrust predates the probable 160-157 Ma intrusion.

6.3 Pequop Normal Fault

The Pequop normal fault appears to result
in ~3 km of stratigraphic omission, juxtaposing
Permian rocks over Ordovician (Figs. 3 and 4). The
Pequop fault, its hanging-wall strata, and the foot-
wall rocks are subparallel, dipping ~30° east (Zuza
et al., 2018) (Fig. 4). The hanging wall of this nor-
mal fault, referred to herein as the Pequop plate,
contains the older thrust relationship of Ordovi-
cian-Mississippian strata thrust over Permian rocks
(red thrust fault in Fig. 4). This older thrust fault was
originally named the Meyers Canyon fault (Thor-
man, 1970; Henry and Thorman, 2015) because it
was mapped westward to Independence Valley
through Meyers Canyon (Fig. 4). However, new
mapping (Zuza et al., 2019a) reinterprets that this
structure is truncated to the west by the Pequop
normal fault (Fig. 4; Plate 1), and thus does not
project westward into Meyers Canyon. Therefore,
we abandon the name “Meyers Canyon fault” The
thrust relationships of this aforementioned fault
involve approximately 2 km stratigraphic separa-
tion (Fig. 4), which is similar to the Independence
thrust, discussed above, and therefore we inter-
pret that the Pequop plate contains a structurally
higher part of the Independence thrust (Fig. 4). This

relationship implies that Pequop normal faulting
displaced an earlier structural geometry of the Inde-
pendence thrust.

The Jurassic Independence thrust-hanging wall
within the Pequop plate is incised by the Nanny
Creek paleovalley infilled by Eocene (41.0-39.5 Ma)
volcanic rocks (Brooks et al., 1995; Henry, 2008;
Henry et al., 2011) (Fig. 2A; Plate 1). The Eocene
rocks are roughly subparallel to Mississippian,
Pennsylvanian, and Permian strata on the sides
of the paleovalley. This relationship suggests that
these Paleozoic rocks were subhorizontal in the
Eocene during or prior to Nanny Creek paleoval-
ley incision and Eocene deposition, but after major
thrust faulting.

6.4 Intra-Formational Deformation

Stratigraphic contacts on the geologic maps
are generally parallel (Plate 1) (e.g., Thorman,
1962, 1970; Camilleri, 2010a; Henry and Thorman,
2015; Zuza et al., 2018, 2019a), misleadingly por-
traying undeformed stratigraphy. However, the
Paleozoic units are variably internally deformed
by bedding-parallel faulting, local boudinage
development, shearing, outcrop-scale thrust fault-
ing, and folding (Fig. 10). Deformation is strongly
partitioned to the mechanically weaker horizons,
such as the shales (and metamorphic phyllite and
schist equivalents) and calcite marbles, with the
more competent beds not noticeably deformed.
Granitoid, quartzite, chert, and dolomite rocks
are boudinaged with weaker calcite marble flow-
ing around them (Figs. 10A and 10B). Map-scale
boudinage is observed across the range: Ordo-
vician Kanosh Quartzite disappears for tens to
hundreds of meters along strike, with limestone
layers flowing around the quartzite outcrops (Zuza
et al., 2018) (Plate 1). Dolomite within the Ordo-
vician—-Cambrian Notch Peak Formation exhibits
similar outcrop- to map-scale boudinage encased
in limestone (Plate 1) (Camilleri, 2010a; Zuza et
al., 2018). Well-developed stretching lineations,
asymmetric shear fabrics, and boudinage across
the range are consistent with northwest-southeast
stretching and/or top-southeast shear (Figs. 10 and
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S2 [footnote 1]). In particular, top-southeast shear
is observed in most of the lower Paleozoic rocks
across the range (Fig. 10D).

The lower Paleozoic section shows variable
strain partitioning, with some competent lay-
ers showing little to no evidence of deformation,
preserving, for example, chaotic soft sediment
deformation restricted to meter-scale beds and
completely undeformed algal mats (e.g., Hell-
busch, 2012). Other nearby layers show strongly
sheared fabrics and isoclinal folds (Fig. 10). Most
observed fold hinges trend northeast, consistent
with top-southeast shear, but local fold hinges of
recumbent isoclinal folds in Ordovician-Cambrian
units trend east to south (Fig. 10E), with no discern-
able pattern to their inclination or vergence. These
anomalous fold hinges are subparallel to the pre-
dominant southeast-trending lineation observed
across the range (Fig. S2 [footnote 1]), and we inter-
pret them as local a-type folds (Malavieille, 1987)
that are consistent with the dominant observations
of top-southeast shearing.

Brittle structures, such as outcrop-scale thrust
faults, in the Paleozoic stratigraphy show similar
kinematics of top-southeast shear. For example, a
fault-bend fold within Ordovician Pogonip Group
has 059°-trending fold hinge and southeast ver-
gence (Fig. 10C). In another locality, a cliff face of
Devonian Guilmette Formation exhibits numer-
ous thrust faults in a complex duplex fault system
(Fig. 11). Observed striations from these faults trend
southeast, faults display horizontal to northwest
dips, and faults are southeast-directed. A simple
line-length restoration of this outcrop suggests
minimum shortening strain of 25%-30% (Fig. 11).
A west-directed thrust fault is observed along
Interstate 80 in the Devonian Guilmette Formation
(Fig. 10F). The stratigraphically highest units show
open folds (Plate 1). Bedding plane slip is present at
many stratigraphic levels and commonly difficult to
recognize except in ideal exposures (Fig. 10G in the
Pequop Formation). Some beds are sharply trun-
cated, and omitted, at the outcrop scale, suggesting
extensional bedding-parallel attenuation affected
the rocks in the Pequop Mountains. Because the
structural thickness of the Neoproterozoic-Trias-
sic rocks is similar to the regional stratigraphic
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) i , : S ' Figure 10. Field photographs of variable
S T4 a3 ~HR . deformation in the Pequop Mountains.
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(B) Dolomite marble boudin SE stretching, with the right photo showing
within limestone marble (O€np): =% : \ o : ! top-SE shear; (B) dark calcite marble (Im) flow-

ing around more rigid dolomite (dol) marble
boudin; (C) southeast-directed thrust faulting (f)
within the Cambrian-Ordovician rocks; (D) vari-
able expressions of pervasive top-southeast
shear observed across the range; and (E) iso-
clinal folds with variable shallowly plunging
fold axes (FA). Locations: (A) —114.636513W,
40.914893N; (B) 114.61808W, 40.938775N;
(C) 114.600652W, 40.975283N; (D) (left to
right) 114.59328W, 40.97021N; 114.61262W,
40.994288N; 114.576177W, 40.94675N. (E) (left
to right) 114.640088W, 40.932855N; 114.615102W,
40.967954N; 114.602142W, 40.932022N;
(F) 114.59252W, 41.07429N; (G) 114.58844W,
41.13150N; (H) ~114.560056W, 41.074889N. (Con-
tinued on following page.)
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Figure 10 (continued). (F-H) Other struc-
tural complexities within the range

include (F) west-directed reverse fault-
ing in the Devonian Guilmette Formation

north of Interstate 80 (red arrows point

to fault; white dashed lines are offset

marker beds; 0.5-1.0 m tall sagebrush

for scale); (G) bedding-parallel fault in

the Permian Pequop Formation that
omitted section (note bed pinchout
marked by two rock hammers); and

(H) complex high-angle normal faulting

that is missed without fortuitous road

cuts (photo from 1961; view no longer
exists due to modern highway construc-
tion). Mtp—Mississippian Tripon Pass;
Mc—Mississippian Chainman Shale.
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Fault surface and striae attitudes

Restored mean fault surface and striae,
assuming horizontal thrust-flat geometry

Figure 11. Thrust faulting and duplex development in the Devonian Guilmette Formation. (A) Interpreted and (B) uninterpreted
collage of field photographs showing southeast propagating thrust faults and duplexes that correspond to ~25%-30% shortening
strain based on line-length balancing. (C) Close-up view of some of the thrust faults. Note orange hammer for scale, which provides
relative scale for cliff exposure. (D) Stereonet showing fault attitudes (planes) and fault striations (lines) from basal subhorizontal
faults. Restoration of Cenozoic tilting (see text for discussion) brings the fault planes to subhorizontal during faulting; restoring
the average thrust plane to horizontal yields a restored mean striae orientation (red). (E) Fault striations on a thrust fault surface.
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thickness (Fig. 3), Mesozoic contractional deforma-
tion of the bedrock units (e.g., folding and faulting)
appears to have been of similar magnitude to later
extension, thinning, and unit attenuation (e.g., bou-
dinage, attenuation faulting). Figure 10H shows
high-angle faults that drop stratigraphically higher
Mississippian Chainman Shale over Mississippian
Tripon Pass Limestone.

M 7. TEMPERATURE-DEPTH CONSTRAINTS
TO TEST DEEP BURIAL MODELS

Peak temperature estimates from rocks across
the range are used to reconstruct the paleo-geother-
mal gradient, which can test hypotheses of deep
burial. Thorman et al. (2019) and Zuza et al. (2020a)
presented a compilation of new and published
conodont alteration index (CAl), calcite-dolomite
thermometry, and Raman spectroscopy on carbo-
naceous material (RSCM) plotted against structural
depth (Fig. 12). Here we add semiquantitative tem-
perature estimates from thermochronology and
field-based petrologic observations.

In the Long Canyon deposit, disturbed biotite
“Ar/°Ar spectra and well-defined hornblende pla-
teaus for intrusive samples that cut Ordovician
Pogonip Group, as discussed in section 4.2 (Zuza
et al., 2020a), suggest that this region experienced
temperatures close to 300 °C. These temperature
estimates are imprecise but consistent with the
other available estimates (Fig. 12). The abundance
of tremolite and lack of diopside observed within
the Cambrian Kilian Springs siliceous carbonate
rocks (e.g., Thorman, 1962; Camilleri and Chamber-
lain, 1997; Zuza et al., 2019a) suggests temperatures
between 500 and 600 °C, depending on X, (Spear,
1993) (Fig. 12), in agreement with the presence of
titanite and absence of rutile (e.g., Frost et al., 2001).

The lack of appropriate rock types in the north-
ern Pequop Mountains precludes reliable pressure
estimates (e.g., Camilleri and Chamberlain, 1997).
The equilibrium conditions of observed meta-
morphic minerals are more strongly controlled
by temperature than pressure, and garnet-bear-
ing rocks do not have the right assemblages for
traditional net-transfer barometry. Camilleri and
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Figure 12. (A) Stratigraphic depth (0.5 km uncertainty) versus peak temperature (T,) across the Pequop
Mountains. Note that ~2 km thickening is invoked based on mapped Independence thrust relationships;
see text. Accompanying stratigraphic column (same vertical scale) shows observed thicknesses (Zuza et al.,
2018, 2019a). Data: Conodont color alteration index (CAl) (Zuza et al., 2020a); Raman spectroscopy on carbo-
naceous material (RSCM) (Zuza et al., 2020a; Howland, 2016); calcite-dolomite thermometry (CD) (Howland,
2016); quartz recrystallization microstructures (Latham, 2016; this study); argon thermochronology (Zuza
et al., 2019a); the presence of metamorphic tremolite (this study). CAl data with white symbol and gray
outline are interpreted to have been affected by hydrothermal fluids. Predicted thermal structure assum-
ing Windermere thrust hypothesis is shown in red for three reasonable thermal gradients. (B) Estimates
for geothermal-gradient evolution through time based on available thermochronology data (Zuza et al.,

2019a). K—Late Cretaceous; Cz—Cenozoic.

Chamberlain (1997) inferred pressures of ~5 kbar for
the Z€Epm based on the assertion that the Pequop
fault “duplicates much of the Paleozoic section” (p.
82) to bury the metamorphic strata. Thorman et
al. (2019) demonstrated that CAl data showed the
stratigraphic section was never buried more than
its normal stratigraphic depth. The Independence
thrust relationships suggest ~2 km of structural
overburden (Fig. 2B). An indirect check of these
estimates is their implied geothermal gradient. If
Z€pm experienced temperatures of 500 °C, and
~5 kbar equates to ~19 km depth (p: 2.7 g/cm?), this
implies a geothermal gradient of ~26 °C/km during
metamorphism. Although this value is possible, the
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peak-temperature versus depth data set (Zuza et
al., 2020a; updated in this study) suggests higher
gradients of 40+°C/km (Fig. 12), which correlates
with other geothermal gradient estimates across
the eastern Great Basin (e.g., Miller and Gans,
1989; Hurlow et al., 1991; Hudec, 1992; Howland,
2016; Long and Soignard, 2016). For context, sur-
face heat-flow estimates for the modern REWP
region and broader Great Basin region are 100-
150 mW/m? (e.g., Lachenbruch, 1979; Blackwell et
al., 2011), which equates to geothermal gradients
of 30-50 °C/km assuming convective heat transfer,
reasonable thermal diffusivity, and heat produc-
tion values. As modern analogs, heat flow in the
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Himalaya and its hinterland (i.e., near Lhasa) are
>100 mW/m?, often >150 mW/m? (Francheteau et al.,
1984; Derry et al., 2009), and most of the thickened
Andes has >100 mW/m? (Cardoso et al., 2010). In our
view, models that require low Cretaceous geother-
mal gradients (<25 °C/km) are unreasonable given
the voluminous intrusions in eastern Nevada and
drawing from other orogenic plateau analogs, but
without more direct pressure constraint, peak depth
estimate remains speculative.

Il 8. DISCUSSION

To interpret the complex geology of the Pequop
Mountains and the broader REWP, we first provide
our constraints on Cenozoic extension that affected
the region, which allows for a reconstructed frame-
work for us to base interpretations for Mesozoic
deformation. We then present a simple kinematic
model (Figs. 13 and 14) that adheres to known field
observations and places this work in a broader tec-
tonic context.

8.1 Constraints on Cenozoic Extension in the
Broader REWP

The timing of initial Cenozoic extension and
exhumation in the REWP is debated. West-directed
shearing and mylonitization of ca. 29 Ma granite
in the East Humboldt Range suggests that nor-
mal-sense motion initiated after this time (Wright
and Snoke, 1993; McGrew and Snoke, 2015;
McGrew, 2018; Zuza et al., 2020b). Low- to medium-
temperature thermochronology (i.e., zircon and
apatite helium and mica “°Ar/**Ar) data sets from
the REWP suggest Oligocene-Miocene cooling may
have been associated with exhumation (e.g., Gifford,
2008; McGrew and Snoke, 2015; Wolfe, 2016; Gon-
zalez et al., 2019; Metcalf et al., 2019; Mueller, 2019).
The long-standing issue with Oligocene extension
in this region is the lack of significant coeval basin
deposits (e.g., Henry et al., 2011). The Clover Creek
stratigraphy in the East Humboldt Range contains
rock-avalanche megabreccia deposits with a previ-
ously ambiguous Oligocene-Miocene age that has

been used as evidence for possible Oligocene exten-
sion (e.g., McGrew and Snoke, 2015; Camilleri et
al., 2017). We provided updated ages for the Clover
Creek stratigraphy (Fig. 5) that better constrain any
potential for Oligocene extension-related deposits.

The lowest part of the Clover Creek section
consists of concordant ca. 40.2 Ma tuff of Big Cotton-
wood Canyon and ca. 28.9 Ma tuff of Campbell Creek
(Fig. 5). Above this, rock-avalanche deposits are
constrained to younger than 25.0 Ma (or 23.9 Ma)
(Table 2). Molluscan fauna (Biomphalaria pseu-
doammonius) from limestones in an unspecified
part of the section were tentatively interpreted to be
Eocene to Oligocene (Good et al., 1995). However,
only limestone below the megabreccia-bearing zone
could be that old (Fig. 5). These new dates leave
an ~700-m-thick megabreccia-bearing section con-
strained only as younger than 25.0 Ma (or 23.9 Ma),
which may be evidence for Oligocene extension, or
alternatively, available age constraints allow the
megabreccia to be ca. 16 Ma and simply the oldest
part of middle Miocene extensional basin fill (Fig. 5).
The entire Clover Creek section dips equally steeply
to the east-northeast (McGrew and Snoke, 2015; our
observations). The lack of fanning of dips or angular
unconformities suggests little, if any, deformation
during deposition of the Clover Creek sequence.
The presence of megabreccia is not age diagnostic.
Megabreccia blocks up to 230 m long are abundant
in ca. 10 Ma deposits along the west side of the
Pequop Mountains (Zuza et al., 2019a). Megabrec-
cia along the west side of the Wood Hills (Thorman,
1970) is only constrained as older than ca. 12 Ma
(Camilleri, 2010b). Further investigation, especially
additional dating of the megabreccia-bearing part of
the Clover Creek sequence and analysis and dating
of the interpreted Oligocene “Holborn” clastic rocks
in the northernmost Pequop Mountains, could help
resolve this issue.

Basalt dikes that cut the mylonitic shear zone in
the East Humboldt Range (Fig. S1 [footnote 1]) are
ca. 17.3 Ma (Table 2). The basalt dikes are composi-
tionally and temporally part of the middle Miocene
assemblage that includes the northern Nevada
rift and similar mafic rocks throughout northern
Nevada (John et al., 2000; Brueseke et al., 2014).
The emplacement ages implied by the plagioclase
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dating suggest that the wall rocks were below
plagioclase closure temperatures of ~225-300 °C
(e.g., Cassata et al., 2009) at ca. 17 Ma. These results
confirm that mylonitic shearing in the metamorphic
core complex was complete by ca. 17 Ma.
Widespread Miocene basins in the REWP region
are associated with a main pulse of extension, range
tilting, and exhumation (e.g., Henry et al., 2011;
Camilleri et al., 2017) The oldest “°Ar/**Ar ages
from the Miocene Humboldt Formation along the
western flank of the Pequop Mountains of ca. 15.7-
15.2 Ma (samples H14-78 and H15-39; Fig. 2; Table 2;
Henry and Thorman, 2015) are similar to the Knoll
Basin, north of the Pequop Mountains (Camilleri et
al., 2017). These observations are consistent with
studies that demonstrate major basin formation and
extension beginning ca. 16 Ma (e.g., Colgan and
Henry, 2009). However, younger ages from tephra
in the Independence Valley NW quadrangle (IVNW;
Fig. 2A) (10.8 Ma to <4.6 Ma; Table 2), compared to
16-15 Ma discussed above, suggest the area was
a paleotopographic high in the middle Miocene
or faulting started later in this area. Megabreccia
blocks of Eureka Quartzite, Pogonip Group, and
Notch Peak Formation up to 230 m long are com-
mon in the lower part of the Independence Valley
NW sequence (e.g., Zuza et al., 2019a). These blocks
are identical to the bedrock in the range to the east,
suggesting that a significant part of range tilting
and bedrock exposure had occurred by ca. 10 Ma.

8.2 Cenozoic Extension in the Pequop
Mountains

The low-angle Pequop normal fault is cut by
high-angle normal faults, and thus Pequop fault
motion was probably part of the oldest phase of
extension in the northern Pequop Mountains. All
observations of the Pequop fault, which includes
the crest of the northern range and drill-core data
along the western range flank (Zuza et al., 2018,
2019a) (Figs. 2B and 4; Plate 1), display hanging-wall,
flat-footwall flat relationships. The large extent of
this flat-flat geometry would imply significant trans-
port distance, but we interpret that this geometric
relationship may partly result from the west-directed
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Figure 13. Model demonstrating envisioned kinematic history of the northern Pequop Mountains from the Jurassic to present. (A) Pre-Jurassic
initial conditions showing Neoproterozoic-Paleozoic stratigraphy. (B) In the Middle Jurassic, ~7 km of horizontal shortening along the Indepen-
dence thrust as a fault bend fold generally places lower Paleozoic units over middle Paleozoic units. Transport-parallel stretching and fault-normal
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Figure 14. Schematic restoration of the Ruby Mountain-
East Humboldt Range-Wood Hills-Pequop Mountains
(REWP) core complex. (A) Palinspastic restoration of
map view geometries of the pre-extension geology
of the REWP, consistent with the McQuarrie and Wer-
nicke (2005) restoration in Figure 1B. This restoration
uses the geologic base map in Figure 2A. Restoration
juxtaposes (1) lower Paleozoic rocks across the East
Humboldt Range (EHR), Wood Hills (WH), and Pequop
Mountains; (2) mylonitized shear zone of the EHR (e.g.,
McGrew et al., 2000) and the WH (Camilleri, 2010b);
and (3) nappe structures in the Ruby Mountains, EHR,
and WH. Restoration of the Pequop normal fault (dark
green) aligns the pre-extensional geometry of the Inde-
pendence thrust (red). Inset stereonet shows lineation
measurements from the East Humboldt Range (com-
piled from McGrew and Snoke, 2015; Dee and Ressel,
2016; McGrew, 2018; Zuza et al., 2020b; our unpublished
mapping); these measurements parallel the inferred
Pequop-fault motion vector. Also shown is profile A-A’
in Figure 14B. (B) Cross-section model based on the
geology in Figure 14A, demonstrating how the geology
of the EHR fits with the Pequop Mountains. Using quartz
c-axis opening angles from the Wood Hills (Camilleri,
2010b) and Ruby Mountains (MacCready, 1996), tempera-
tures were calculated using the empirical relationships
of Faleiros et al. (2016). The rocks below the mylonitic
shear zone in the Ruby Mountains (Z€pm) are hotter
than in the Wood Hills Ordovician Eureka Quartzite
(Oe), consistent with the model presented here and the
significant intrusions in the Ruby Mountains and EHR.
OA—opening angle; T—temperature.
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Pequop normal fault overprinting the preexisting
west-dipping back-limb geometry of the Juras-
sic Independence thrust. Geologic mapping and
observed structural relationships show that the
Pequop plate consists of hanging wall (i.e., Ordovi-
cian—-Mississippian strata) and footwall rocks of the
Independence thrust (Pennsylvanian-Permian rocks)
(Fig. 4). The Pequop plate was transported over Ordo-
vician strata in the hanging wall of the Independence
thrust (Plate 1). Therefore, the thrust relationships
are a piercing line for Pequop-fault displacement
estimates. We suggest that the thrust relationships
in the Pequop fault hanging wall restore to the
east-southeast, where similar thrust relationships
(i.e., Ordovician-Mississippian strata over Pennsyl-
vanian-Permian rocks) project from the mapped
Independence thrust (Fig. 14A). This implies ~8 km
of west-northwest-directed, normal-sense transport
along the Pequop fault. Although the Pequop fault
appears to remove ~3 km of stratigraphy—i.e., Penn-
sylvanian strata placed directly on Oe-Ordovician
Fish Haven Dolomite (Fig. 3)—this geometric rela-
tionship is complicated because Independence
thrust-footwall rocks are placed over Independence
thrust hanging-wall rocks (Fig. 14A). We expand dis-
cussion of these geometric details in section 8.4.
Previous estimates suggest Late Cretaceous
timing of Pequop-fault activity based on incision
of the fault’s hanging wall (i.e., the Pequop plate)
by the Nanny Creek paleovalley (Brooks et al., 1995;
Camilleri and Chamberlain, 1997) (Fig. 2A; Plate 1).
However, here we argue that field relationships do
not provide unequivocal evidence of the relative
timing of paleovalley incision and Pequop-fault
activity (Plate 1). Instead, based on regional and
local geologic relationships, we interpret post-Eo-
cene Pequop faulting for the following reasons.
(1) The Eocene Nanny Creek volcanic sequence
was deposited on middle Mississippian Chainman
Shale at the bottom of the paleovalley in the north-
ern Pequop Mountains and on rocks as young as
Permian on the edge of paleovalley to the north.
To the west, in the Windermere Hills and south-
ern Snake Mountains, the volcanic sequence rests
on middle Mississippian to Lower Triassic strata.
Late Cretaceous—-earliest Cenozoic extension and
footwall exhumation should have exposed deeper

stratigraphy by the Eocene. A more recent analogy
is that Miocene strata as old as 10.8 Ma related
to unequivocal Miocene-to-present extension in
the Pequop Mountains were deposited on units
as deep as Cambrian-Ordovician strata (Plate 1).
(2) The ~1.5-km-deep Nanny Creek paleovalley
was probably incised during the most significant
phase of crustal thickening and uplift in the Meso-
zoic, similar to paleovalleys across California and
Nevada (Henry, 2008; Henry et al., 2011), not at the
same time as the Eocene volcanism that infilled
the valley (e.g., Camilleri and Chamberlain, 1997).
A preferred reasonable model for Eocene deposi-
tion within this paleovalley is for significant relief
between the valley bottom and intervalley paleo-
highs. This scenario requires that the region was
still a relatively coherent highland dissected by
paleovalleys before significant normal faulting
but is incompatible with the Pequop plate having
already moved as the hanging wall of the Pequop
normal fault prior to the Eocene. (3) Our preferred
kinematic restoration involves an ~281° displace-
ment vector that parallels stretching lineations and
proposed extension vectors in the Ruby Mountains—
East Humboldt Range mylonites (e.g., Snoke et al.,
1997), as well as the direction of middle Miocene
and younger extension throughout the northern
Basin and Range (Colgan and Henry, 2009; Colgan
et al., 2010) (Fig. 14A). Therefore, the Pequop fault
may have been active contemporaneously with,
and kinematically related to, the late Oligocene—
early Miocene shearing in the East Humboldt Range
(e.g., Snoke, 1980; Wright and Snoke, 1993) or with
the middle Miocene episode of major extension.
We interpret that the Pequop fault passively
transported the incised Nanny Creek paleovalley
during normal-sense motion. This model implies
that the Nanny Creek paleovalley incised the rocks
that would become the Pequop plate, including
parts of the Independence thrust hanging wall, in
the Mesozoic, prior to Cenozoic normal faulting.
The entire Pequop plate, including thrust-hanging
wall and Nanny Creek volcanics, were offset by the
Pequop fault and juxtaposed against Ordovician
strata after the youngest Nanny Creek volcanics (i.e.,
ca. 39 Ma; Henry et al., 2011). In this interpretation,
Pequop plate normal faulting was an early phase of
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extension either immediately preceding or during
the high-magnitude, middle Miocene (ca. 16-17 Ma
to ca. 12-10 Ma) phase of extension (Colgan and
Henry, 2009).

The ~8 km of extension along the Pequop normal
fault may have fed slip into the Ruby Mountain-East
Humboldt Range detachment system, and the break-
away for the REWP metamorphic core complex
should be east of the Pequop Mountains, poten-
tially near the Toano Range (Fig. 1) (e.g., Ketner et
al., 1998). Based on pressure-temperature (P-T) esti-
mates from the East Humboldt Range (EHR), Hurlow
et al. (1991) suggested 15-17 km of normal-sense
slip on this detachment fault system based on the
geometry required to exhume rocks from ~12 km
depth. However, the Hurlow et al. (1991) interpreta-
tion is a maximum estimate because it assumes that
mylonitic shear zone and brittle detachment faulting
entirely exhumed rocks from ~12 km, which ignores
probable Miocene-to-present eastward range tilting.
As discussed below, Miocene-to-present eastward
tilting of the Pequop Mountains exhumed at least
6 km of the western range flank. Given the Mio-
cene basin west of the EHR is thicker than that west
of the Pequop Mountains (e.g., Fig. 2) (e.g., Dee
and Ressel, 2016; Zuza et al., 2020a), the EHR was
probably tilted and exhumed a similar or greater
magnitude than the Pequop Mountains, which
suggests that only roughly half of the estimate of
normal-sense shearing by Hurlow et al. (1991) may
have been accommodated by late Oligocene-early
Miocene motion. For the following calculation, we
conservatively assume low-angle faulting accom-
modated 8-15 km of extension.

Wright and Snoke (1993) suggest that mylonitic
shearing and major detachment faulting in the REWP
were active for ~6 m.y., or less, from 29 Ma to 23 Ma.
Based on piezometric stress estimates and stress-
strain rate calculations, Hacker et al. (1990) postulated
that the EHR mylonites could have exhumed the
footwall rocks in <3 m.y. Extension magnitudes of
8-15 km yield extension rates of ~2.5-1.3 mm/yr
(6 m.y. activity) or 5.0-2.7 mm/yr (3 m.y. activity) for
the coupled REWP normal-sense fault system. These
magnitudes equate to only ~20% extensional strain
for the entire REWP system over these timescales, or
extensional strain rates of 1-2 x 107° s,
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If early low-angle extension in the REWP
occurred in the late Oligocene, the lack of significant
contemporaneous basins, as discussed previously,
may be explained by one of several non-unique
mechanisms. Local orogenic collapse following
Eocene volcanism and crustal heating may have
generated ductile shear zones at depth and isolated
basins without accommodating significant west-
east stretching of the Basin and Range (Colgan and
Henry, 2009). Oligocene pure-shear stretching of the
middle crust may have accommodated and been
balanced by influx of mantle melts (e.g., Gans, 1987),
evidenced by Oligocene intrusions (Wright and
Snoke, 1993; McGrew et al., 2000), or low-viscosity
lower crust (mode 1c extension of Rey et al., 2001),
which buoyantly elevated the surface at this time to
resist basin sedimentation. Alternatively, this earlier
phase of extension immediately preceded ca. 17 Ma
crosscutting dikes and was the earliest phase of
progressive Miocene-to-present extension.

Subsequent middle Miocene-to-present exten-
sion in the Pequop Mountains is evidenced by
the two high-angle normal faults that bound the
western flank of the range. The combined nor-
mal-sense offset on these two faults is ~6 km, based
on (1) basin thickness and (2) offset of the Pequop
fault and Independence thrust faults (Fig. 2B). The
range was probably tilted ~40° eastward since the
Eocene, as evidenced by tilted sedimentary strata
interbedded with Eocene volcanic rocks within the
Nanny Creek paleovalley in the Pequop Summit
quadrangle (Brooks et al., 1995; Henry and Thor-
man, 2015). Assuming that this tilting occurred in
the Miocene-to-present and was entirely rigid-body
rotation implies ~7-8 km displacement on the west-
ern range-bounding normal faults. Six to 8 km of
normal-sense fault offset corresponds to ~3-4 km
horizontal extension, assuming ~60° fault dip. The
timing of this phase of extension and range tilt-
ing is constrained by the ca. 16 Ma deposition age
of the Miocene Humboldt Formation (Henry and
Thorman, 2015; Camilleri et al., 2017). The oldest
dated Humboldt sample along the western flank
of the Pequop Mountains is the 15.8 Ma tephra in
the northwest (Table 2; Henry and Thorman, 2015),
which is consistent with a 17-16 Ma extension ini-
tiation that is observed across much of the Basin

and Range (Colgan and Henry, 2009). The pres-
ence of megabreccia blocks of Eureka Quartzite,
Pogonip Group, and Notch Peak Formation in ca.
10 Ma deposits indicates that significant uplift and
probable tilting of the Pequop Mountains had been
accomplished by then. Assuming extension along
initially high-angle faults began locally at either ca.
16 Ma or 10 Ma yields late Cenozoic fault-slip rates
of 0.4-0.8 mm/yr or horizontal extension rates of
0.2-0.4 mm/yr. The extensional strain rate over this
time period would have been 1.5 x 10"® s' to 6.9
x 10716 s,

The westernmost range-bounding normal fault
in the study area displaces late Pleistocene fan
deposits (Qfi), with vertical separations up to ~3 m
(Fig. S3 [footnote 1]; Plate 1). Although the fan
surface is not directly dated, it is older than the high-
stand of pluvial Lake Clover (Reheis, 1999), which
has been dated to 17.3-19.5 ka (Munroe and Laabs,
2013). This yields a maximum vertical separation
rate of ~0.16 mm/yr, which, assuming a 60° fault
dip, equates to a late Pleistocene extension rate of
~0.1 mm/yr (Fig. 2). Trenching of the western bound-
ary fault of the East Humboldt Range indicated a
vertical separation rate of 0.06-0.2 mm/yr (Wesnou-
sky and Willoughby, 2003), or an extension rate of
0.03-0.12 mm/yr, assuming 60° fault dip (Fig. 2).

These late Pleistocene extension rates (i.e.,
~0.1 mm/yr) are slightly less than our derived late
Cenozoic rates discussed above (i.e., 0.2-0.4 mm/yr).
The late Cenozoic geologic extension rates and
extensional strain rates are also higher than aver-
age Pleistocene extension rates derived from fault
scarp analyses across the central Great Basin (e.g.,
<0.1 mm/yr for most individual ranges; Koehler and
Wesnousky, 2011) and geodetic strain rates (e.g.,
average over REWP region of ~1.5 x 10'® s~'; Ham-
mond et al., 2011), respectively. The late Cenozoic
rates are broad average calculations, and thus
these discrepancies may be the result of the impre-
cise geologic record. Alternatively, extension rates
may have varied spatially and/or temporally (e.g.,
Pérouse and Wernicke, 2017), including possible
deceleration of extension from 0.2 to 0.4 mm/yr to
late Pleistocene—present rates of ~0.1 mm/yr result-
ing from progressive crustal thinning, rotation of
faults to less favorable orientations, or as part of
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a more regional slowdown of Basin and Range
extension due to changes in relative plate motion
at 10-8 Ma (Atwater and Stock, 1998; DeMets and
Merkouriev, 2016).

If ~2-3 km of stratigraphy were vertically
exhumed during low-angle Pequop-normal fault-
ing, as suggested in our model, and ~6-8 km were
exhumed along the western flank of the range
during high-angle faulting, these estimates require
at least ~9 km of vertical Cenozoic exhumation.
These values are compatible with exposure of the
lower Paleozoic-upper Neoproterozoic stratigraphy
in the western Pequop Mountains (Figs. 2 and 3),
suggesting that these aforementioned structures
can account for all required Cenozoic exhuma-
tion. These simple calculations also demonstrate
that Eocene or earlier extension is not required to
exhume the Pequop Mountains, which agrees with
the lack of field or thermochronologic evidence for
pre-39 Ma extension in the Pequop Mountains. The
constraints from observed extensional structures
confirm no large missing or eroded package of
rocks could have buried the Pequop Mountains to
great depth as suggested in the Windermere thrust
hypothesis (Camilleri and Chamberlain, 1997).

Restriction of extension in the Pequop Moun-
tains to late Oligocene-Miocene provides another
constraint for the debate about driving mecha-
nisms for Basin and Range extension (e.g., Colgan
and Henry, 2009). If gravitational collapse of thick-
ened crust drives extension (e.g., Jones et al., 1998;
Sonder and Jones 1999), extension is predicted to
proceed shortly after peak thickening in the Late
Cretaceous (e.g., Chapman et al., 2015). The small
Elko and White Sage Basins indicate Eocene exten-
sion in the region was minor (Dubiel et al., 1996;
Henry, 2018). Post-Eocene extension highlights
the importance of changes in plate boundary
conditions in controlling intracontinental exten-
sion (e.g., Atwater 1970; Stock and Molnar 1988;
Colgan and Henry, 2009; Yin, 2010), as well as a
possible contribution from thermal weakening
following Eocene-Oligocene magmatic sweeps
southwestward across the Great Basin (Henry and
Boden, 1998; Best et al., 2016). Schellart et al. (2010)
argued that the north-south width of the subducting
Farallon slab may have controlled the transition
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from Sevier-Laramide contraction to subsequent
extension. A narrower subducting plate geometry
would allow toroidal return flow around slab edges
to enhance westward trench retreat and upper plate
extension. In their compilation, drastic narrow-
ing of the subducting slab width just prior to ca.
30 Ma (i.e., from ~>10,000 km to <4000 km) may
lead to a soft onset of extension in the Oligocene
as recorded in the REWP. However, an Oligocene
extension initiation age is puzzling because of the
paucity of Oligocene basins, other than the poorly
resolved Clover Creek basin (Fig. 5; e.g., McGrew
and Snoke, 2015).

8.3 Mesozoic Contractional Deformation and
Metamorphism in the Pequop Mountains

Field relations and geo- and thermochronology
indicate that most, possibly all, deformation and
initial metamorphism occurred in the Middle-Late
Jurassic. Late Jurassic intrusions are variably
deformed, including the 155-157 Ma boudinaged
granitic sill in Meyers Canyon (Camilleri, 2010a; this
study), ca. 160 Ma foliated granitic sill (Bedell et
al., 2010), and undeformed ca. 160-157 Ma lam-
prophyre dikes and sills that cut metamorphic
foliation (this study; Bedell et al., 2010; Milliard et
al., 2015; Zuza et al., 2018, 2019a, 2020a). The lam-
prophyre sill that intruded the Independence thrust
(Fig. 9) indicates that the fault was active prior to
ca. 157 Ma (Zuza et al., 2020a). Accordingly, this
deformation can be attributed to early Elko orog-
eny-aged contraction (Thorman et al., 1990, 1992).
We further infer that structures parallel to, and
showing the same kinematics as, Independence
thrusting formed during this time, including foli-
ation and lineation development in the Paleozoic
rocks, boudinage, most folds, and outcrop-scale
reverse faults (Fig. 10). Bedding-parallel faults
and stretching lineations, asymmetric folds, and
thrust faults throughout the range show dominantly
southeast-directed transport (Figs. 10C and 10D).
Minor northwest-directed faulting (e.g., Fig. 10F) is
interpreted as local backthrusts. Metamorphic foli-
ations in Cambrian rocks in the Toano Range to the
east are cut by the Late Jurassic Silver Zone Pass

pluton (Ketner et al., 1998), which supports that
shearing and foliation occurred prior to ca. 157 Ma
(Mortensen et al., 2000). Cretaceous deformation
could overprint Jurassic deformation in the Pequop
Mountains, but the parallelism between demonstra-
bly Jurassic structures and structures of unknown
age suggests that the simplest interpretation is that
most of the strain occurred in the Jurassic.

We argue that initial Jurassic metamorphism
was overprinted and obscured by Cretaceous meta-
morphism. The 75-85 Ma titanite and Lu-Hf garnet
ages and 70-90 Ma “°Ar/**Ar mica spectra indicate
high Late Cretaceous temperatures (>500 °C) in the
lower Paleozoic rocks of the western part of the
Pequop Mountains and Wood Hills and up to ~300 °C
in the eastern Peqoup Mountains (Fig. 12; Thorman
and Snee, 1988; Camilleri and Chamberlain, 1997;
Wills, 2014; Zuza et al., 2018, 2019a). Monazite and
zircon ages are similar in the East Humboldt Range
(Hallett and Spear, 2015), and a Late Cretaceous
thermal-metamorphic pulse occurred throughout
eastern Nevada (Miller and Gans, 1989). This ther
mal pulse was coeval with numerous leucocratic
intrusions in the Ruby Mountains-East Humboldt
Range, Wood Hills, and Pequop Mountains (e.g.,
Bedell et al., 2010; Howard et al., 2011; McGrew et
al., 2000; Zuza et al., 2019a). However, two lines
of evidence support an earlier Jurassic phase of
metamorphism. Ductile deformation of lower Paleo-
zoic rocks, which required temperatures of >300 °C,
record the same southeast-directed contraction as
all other Pequop contractional deformation, which
we interpret to have occurred in the Jurassic. Late
Cretaceous contraction was more east-directed
across the eastern Great Basin (e.g., DeCelles and
Coogan, 2006; Yonkee and Weil, 2015), although
distinguishing Jurassic and Cretaceous structures
could still be ambiguous. The metamorphic gra-
dient across the Jurassic Independence thrust in
the upper plate of the Pequop fault indicates meta-
morphism predates the thrust. We suggest the
foliation-parallel syn-kinematic micas formed in
the Jurassic but were completely reset during Cre-
taceous reheating. The crosscutting, postkinematic
micas may have formed during static Cretaceous
metamorphism. Late Cretaceous reheating over-
printed and mostly obliterated any dateable record
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of Jurassic metamorphism. Episodes of heating in
both the Jurassic and Late Cretaceous are consis-
tent with significant intrusion at both times and with
evidence of Jurassic metamorphism in the Ruby
Mountains (Hudec, 1992).

Biotite and muscovite argon spectra are not dis-
turbed after the Late Cretaceous (Zuza et al., 2019a),
indicating rocks in the western Pequop Mountains
cooled at that time and were not heated above
~300 °C in the Cenozoic. The smallest domains in
K-feldspar MDD analyses track temperatures down
to 200-150 °C (e.g., Lovera et al., 1989) and indicate
that this region was heated to between 200 °C and
300 °C in the Eocene (Fig. 6). AZHe age from Z€pm
is ca. 43 Ma (Wolfe, 2016), which similarly records
cooling through ~200 °C. Taken together, these data
suggest that following high thermal gradients in
the Late Cretaceous, the Eocene thermal gradient
was lower at 20-30 °C/km (Fig. 12B).

8.4 Kinematic Model for the Pequop Mountains

Figure 13 presents a simplified kinematic
model for the structural evolution of the Pequop
Mountains. The model is schematic but offers a
step-by-step inferred history that results in present-
day map patterns (Plate 1). Prior to the Jurassic,
Neoproterozoic-Paleozoic strata were ~8-9 km
thick, with the Prospect Mountain Quartzite at the
base of the section (Fig. 13A). Before ca. 157 Ma, in
the Middle-Late Jurassic, Elko orogeny southeast-
directed deformation and/or shortening strain and
accompanying intrusions resulted in regional syn-
kinematic metamorphism in Neoproterozoic to
Devonian rocks that is recorded by strong shear-
ing and motion along the Independence thrust.
Common boudinage, stretching lineations, and
layer-parallel shear fabrics occurred contempora-
neously with southeast-directed tectonic transport
and transport-parallel stretching of the Indepen-
dence thrust wall rock (Fig. 13B) (e.g., Fischer and
Coward, 1982). Camilleri (1998) interpreted 15%-—
30% fault-parallel stretching of the wall rock. During
non-coaxial deformation, two quadrants of a 2D
strain ellipse experience shortening, and the other
two undergo extension. This type of deformation
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is commonly observed in Himalayan shear zones
(Long et al., 2016, 2019) and Sevier thrust structures
(Yonkee, 2005). Similarly, extensional shear zones
can involve local contractional folding (e.g., Miller
et al., 1983; Snoke et al., 1997). Because the fault
wall rock was nonrigid, with marked stretching, the
Independence thrust may be classified as a stretch-
ing fault (Means, 1989). We schematically show
stretched stratigraphy, with a southeast-elongation
direction parallel to thrust transport (Fig. 13B).
Given the observed stratigraphic duplication and
an arbitrary 30° west dip to the Independence thrust,
Figure 13B demonstrates ~7 km shortening (33%
shortening strain).

In the Late Cretaceous, significant thermal
pulses are recorded by thermochronometers and
garnet growth in the deeper structural parts of the
range. No evidence for Cretaceous deformation
in the Pequop Mountains was observed, although
reactivation of Middle-Late Jurassic structures is
possible. The Nanny Creek paleovalley formed
prior to 41 Ma (Eocene) and possibly much earlier
(Fig. 13C). Nanny Creek conglomerate, tuff, lava,
and volcanic breccia were deposited subparallel
to the underlying Paleozoic strata that define a
broad hanging-wall anticline of the Independence
thrust (Fig. 13C), which matches field observations
(Plate 1).

The Long Canyon deposit was mineralized
contemporaneously with Eocene intrusion and
volcanism, with heat provided by the Eocene
magma source. CTDs to the west formed at rela-
tively shallow depths of <5 km (Kuehn and Rose,
1995; Arehart, 1996; Cline and Hofstra, 2000; Nutt
and Hofstra, 2003; Ressel and Henry, 2006). If Long
Canyon formed similarly, the Cambrian—-Ordovician
contact should have been shallower than 5 km in the
Eocene. The stratigraphic position of the Long Can-
yon deposit suggests it formed at a depth of ~5-7 km
(Fig. 3), but because the deposit is in the hanging
wall of the Independence thrust (Fig. 2B)—with
>2 km stratigraphic vertical separation—mineral-
ization at structural depths <5 km following Jurassic
thrusting and coupled erosion is likely. Restoration
of the Pequop fault indicates Long Canyon lay below
the Nanny Creek paleovalley in the Eocene, possibly
at <3 km depth (Fig. 13C). Long Canyon host rocks

would have been buried to >15 km depth by the
hypothesized Cretaceous overthrust, which would
require major pre-Eocene exhumation for Long Can-
yon to form at shallow depth.

Extension began along the Pequop normal
fault post-Eocene, between latest Oligocene and
earliest-to-middle Miocene(?), and transported the
upper part of the Independence thrust panel and
the Nanny Creek paleovalley westward. Displace-
ment was largely bedding and thrust parallel but cut
across the thrust from footwall to hanging wall in
a westward transport direction. Geologic relation-
ships permit a breakaway to the east of the Pequop
Mountains, possibly above or east of the Toano
Range. Normal faulting resulted in the present
geometry of the Pequop plate, including hanging
wall-footwall flat relationships (Fig. 13D; Plate 1) and
juxtaposed Pennsylvanian-Permian rocks and the
Independence thrust over Oe rocks in the Pequop
footwall. Our schematic evolution requires ~8 km
extension to result in these observed geometries
(Fig. 13D). This model suggests that the Ordovician—
Permian rocks of the Pequop normal-fault hanging
wall, into which the Nanny Creek paleovalley was
cut, were subhorizontal because the attitude of the
paleovalley sequence mimics that of the Paleozoic
rocks. Thus, the Pequop fault flat was subhorizontal
at this time, and this structural relationship bears on
the subsequent magnitude of Miocene-to-present
rotation of these rocks (Fig. 13D).

Lastly, in the middle Miocene to present,
high-angle normal faulting, eastward tilting of the
Pequop Mountains by ~40°, and subsequent erosion
resulted in the geometries observed today (Fig. 13E).
Although this kinematic evolution is non-unique,
it provides a geologic history that results in our
observed map relationships (Fig. 2; Plate 1).

8.5 Relationship of Pequop Mountains within
the Ruby Mountains—East Humboldt Range
Core Complex

The relationship between the Pequop Mountains
and the more strongly deformed rocks of the Ruby-
East Humboldt Range can be inferred by restoring
disaggregation of the ranges in map view. First,
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we restore ~40% extension by moving the ranges
closer together (Fig. 14). Next, slip along the Pequop
fault is restored, moving the Pequop plate to the
east-southeast. For this restoration, Pennsylvanian—
Permian rocks in the Pequop plate are positioned
along strike of similar strata in the central Pequop
Mountains (Fig. 14). Note that the thrust relation-
ships observed in the Pequop plate restore along
the pseudo-trace of the Independence thrust. A test
of this restoration comes from the mylonitic linea-
tions in the Ruby Mountains-East Humboldt Range
(~284° vector from 1493 lineation measurements in
the East Humboldt Range; contoured stereonet in
Fig. 14) (e.g., McGrew and Snoke, 2015; Dee and
Ressel, 2016; McGrew, 2018; Zuza et al., 2020b; our
unpublished mapping), which suggest top-to-NW
transport, the same as Cenozoic extension more
broadly (Colgan and Henry, 2009). Our restoration
of the Pequop plate follows a roughly parallel vector
(Fig. 14). This implies that the Pequop normal fault is
either a fault splay of the main normal-sense shear
zone in the Ruby Mountains—-East Humboldt Range
or a related but not connected fault with the same
transport direction.

We suggest that the Pequop Mountains and
Wood Hills expose roughly similar structural levels,
although the Wood Hills were deformed at hotter
temperatures. The stratigraphy in the eastern Wood
Hills (Thorman, 1962, 1970) mirrors that of the west-
ern Pequop Mountains (Zuza et al., 2018, 2019a). The
Z€ rocks exposed along the western flank of the
Pequop Mountains are similar to those in the Wood
Hills, and the garnet-/tremolite-in metamorphic iso-
grads in the westernmost Pequop Mountains are
thought to correspond to those identified in the
Wood Hills (Camilleri and Chamberlain, 1997; Wills,
2014). No major structural break separates these
ranges, and the simplest case is that they represent
similar structural levels. Thermometry results of
~600 °C suggest that the Wood Hills may have been
slightly hotter than the Pequop Mountains (Fig. 11)
(Hodges et al., 1992; Wills, 2014), potentially due
to the proximity to the pervasively intruded Ruby
Mountains-East Humboldt Range.

The restoration in Figure 14 illustrates sev-
eral important features of the REWP geology.
First, mylonitic fabrics with northwest-trending
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lineations in the northwestern Wood Hills align
with similar fabrics in the Ruby Mountains-East
Humboldt Range (Camilleri, 2010b) (Fig. 14A). Mylo-
nites in both locations overlie a transitional zone
with west-southwest-trending lineations, which
compose the transition to the core complex infra-
structure (MacCready et al., 1997; Camilleri, 2010b)
(Fig. 14A). The relationship between nearly recum-
bent folds in the East Humboldt Range and Wood
Hills remains unclear, but they are located at similar
structural positions beneath the mylonitic fabrics
and may be genetically related. MacCready et al.
(1997) suggested that the inward-verging folds
beneath the principal mylonite zone in the Ruby
Mountains-East Humboldt Range are related to
syn-extensional flow, with associated fold nappes,
which were related to infilling the middle crust fol-
lowing high-magnitude extension (e.g., Rey et al.,
2009; Whitney et al., 2013; Brun et al., 2018). An alter-
native model is that the northwest-vergent folds in
the Wood Hills are backthrusts to the SE-directed
Independence thrust (Thorman, 1970; Camilleri and
Chamberlain, 1997; Camilleri, 2010b). Although plau-
sible, significant differences in structural style exist
between the northwest-vergent nearly recumbent
isoclinal folds of the Wood Hills and the fault-bend
folds of the Independence thrust.

To further test this restoration, quartz c-axis
orientations from quartzites below the main detach-
ment were analyzed from existing published data
sets (MacCready, 1996; Camilleri, 2010b) to use their
opening angle as a proxy for temperature (e.g., Law,
2014; Faleiros et al., 2016). In the Wood Hills, a mean
opening angle from Oe samples of ~57° (our inter-
pretation of data from Camilleri, 2010b) corresponds
to temperatures of 440 °C (Fig. 14B), which is similar
to the temperature range for Pequop Mountains Oe
(Fig. 12), indicating that these rocks are from similar
structural positions. These temperatures are lower
than the corresponding temperature from Z€pm
rocks in the Ruby Mountains based on a greater
opening angle: 597 °C and ~79° (our interpreta-
tion of data from MacCready, 1996) opening angle,
respectively (Fig. 14B). Hotter temperatures for the
Ruby Mountains Z€pm sample are consistent with
them being from greater structural depths from
within the pervasively intruded Ruby Mountains.

8.6 Jurassic Orogeny and Crustal Thickening
in Northeast Nevada

Jurassic contractional deformation has been
documented in northeastern Nevada and north-
western Utah in the Ruby Mountains, Pequop
Mountains, Toano Range, Pilot Range, Crater and
Silver Island Range, and Newfoundland Mountains
(Fig. 15). In the southern Ruby Mountains, Colgan et
al. (2010) show an east-vergent thrust cutting lower
Cambrian stratigraphy. The thrust appears similar
to the Independence thrust, although no definitive
crosscutting relationships are known. Hudec (1992)
interpreted that metamorphic pressures recorded
in Neoproterozoic McCoy Creek Group intruded
by ca. 163 Ma Dawley Canyon granite represent
Middle-Late Jurassic shortening. Other older-over-
younger relationships in the Ruby Mountains—East
Humboldt Range may represent similar deforma-
tion (Snoke et al., 1997), but they are extensively
intruded and migmatically deformed, rendering
the original configuration unclear. Consideration of
these faults in a restored pre-Cenozoic framework
(e.g., Fig. 1B; McQuarrie and Wernicke, 2005) sug-
gests an ~20 km wavelength ~80-km-wide thrust
belt from the Ruby Mountains in the west to the
Newfoundland Mountains, Utah, in the east, with
a décollement near the base of the Neoproterozoic-
Paleozoic section (Fig. 15A). The thrust-décollement
horizons and relative propagation direction can
be inferred from the lowermost strata involved in
thrusting (Figs. 3 and 15B). A thrust fault in the
southern Ruby Mountains cuts lower Cambrian
stratigraphy (Colgan et al., 2010), and the Indepen-
dence thrust cuts lower-middle Cambrian Toano
Formation (Fig. 3) (Camilleri, 2010a; this study). To
the east, Jurassic thrusting cuts Cambrian Clifside
in the Toano Range (Ketner et al., 1998) and farther
east, a subhorizontal fault is at the base of middle
Ordovician rocks in the Newfoundland Mountains,
crosscut by a Jurassic pluton (Figs. 3 and 15B) (All-
mendinger and Jordan, 1984). These observations
are consistent with a kinematically linked thrust
system cutting upsection to the east toward the
Newfoundland Mountains (Figs. 3 and 15).

A simple cross-section model based on these
stratigraphic cut-off relationships and no internal
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wall-rock deformation suggests a minimum of
~19 km shortening over an ~105 km restored section
length (~18% strain) (Fig. 15B). However, given that
intra-unit strain observed in the Pequop Mountains
is approximately 30%, and the Independence thrust
results in a similar ~30% strain (this study), it is prob-
able that Jurassic deformation in northeast Nevada
may have accommodated comparable ~30% strain.

Late Jurassic deformation and magmatism have
been reported from across Nevada and western
Utah, from the Luning-Fencemaker thrust (Thor-
man et al., 1990, 1991; Wyld et al., 2001, 2003; Wyld,
2002; Thorman and Peterson, 2003; Thorman, 2011a,
2011b; Anderson, 2020) in the west to the study area
in the Pequop Mountains to the Newfoundland
Mountains in Utah (Allmendinger and Jordan, 1984)
(Fig. 15C). This deformation includes contractional
structures that developed prior to and coeval with
Jurassic magmatism, and local extensional struc-
tures that are generally syn- and post-intrusions
(Allmendinger and Jordan, 1984; Miller and Hoisch,
1995). Late Jurassic extensional structures have not
been observed in the Pequop Mountains, but Miller
and Hoisch (1992, 1995) discuss normal faults that
are spatially associated with Late Jurassic plutons
in the Newfoundland and Silver Island Mountains
(Fig. 15C). This region would have spanned ~230 km
in the west-east direction (Fig. 15) assuming restored
Cenozoic extension (McQuarrie and Wernicke, 2005).
The simplest explanation of these coeval structures
is that they were part of a single composite east-di-
rected retroarc thrust system that operated at ca.
165-157 Ma. The youngest rocks in the region that
predate the deformation are Early Jurassic crossbed-
ded sandstones correlative to the Nugget and
Navajo Formations (Thorman et al., 1991).

Wyld et al. (2001) suggested >50% Jurassic
shortening strain across the Luning-Fencemaker
fold-thrust belt, and Miller and Hoisch (1995) esti-
mated 35-65 km of Jurassic shortening in eastern
Nevada (Fig. 15C). In this study, we estimated ~30%
shortening across the Pequop Mountains and sug-
gest ~25% strain on a regional scale from the Ruby
Mountains to Silver Island, equating to ~37 km
shortening (Fig. 15C). We speculatively consider
observations from Rhys et al. (2015) to suggest ~30%
shortening strain between the Luning-Fencemaker
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lelsnip

Figure 15. (A) Palinspastic map of Nevada showing ap-
proximate positions of contractional belts in the retroarc

of the Sierra Nevada (SN), with their respective references

listed in the appropriate latitude of the study area. A pos-
sible foreland to this phase of contractional deformation

is shown in purple (Bjerrum and Dorsey, 1995). Base map

from Yonkee and Weil (2015). Red line shows approximate

profile trace for Figure 15B, and blue box is Figure 15C.
(B) Deformed state and retrodeformed cross-section mod-
els show idealized fold-thrust belt geometry from the Ruby

Mountains in the west to the Newfoundland Mountains

in the east. This cross section was constructed by linking

known or probable Jurassic thrust fault décollement levels,
as depicted in Figure 3, using a stratigraphic framework

and thickness of Ketner et al. (1998). Sources for fault rela-
tionships, from west to east respectively, include Colgan et
al. (2010), this study, Ketner et al. (1998), and Allmendinger
and Jordan (1984). Cross section is constructed assuming

minimum fault slip for eroded hanging-wall cutoffs, and the
retrodeformed cross-section model involves a line-length

restoration. (C) Pre-extension restoration of McQuarrie
and Wernicke (2005) showing approximate distribution
of ranges in northern Nevada, with slight modifications
because complete closure of the basins is incompatible
with local geology. The ranges in northeast Nevada were
probably overlapping prior to Cenozoic extension, and thus
exposures across each range may correlate vertically or
laterally. (D) On the same horizontal scale as Figure 15C,
estimated minimum shortening (green dashed line) across
Nevada with relevant references, approximate pre-Jurassic
crustal thickness (orange) assuming it was an extended
passive margin (e.g., Christensen and Mooney, 1995), and
predicted thickness after pure-shear thickening of initial
crust by the magnitude of estimated shortening (dashed
red line) plus 5 km of erosion (red line).
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and eastern Nevada structures. Taken together,
these estimates suggest a minimum of ~176 km
Jurassic shortening across northern Nevada, or
net 30% strain over a region with a pre-extensional
~400 km width (Fig. 15C). Assuming 20 m.y. of short-
ening, this equates to contractional strain rates of
~5x 1076 s,

These shortening magnitudes would have led
to some degree of crustal thickening either via in
situ pure-shear thickening (Zuza et al., 2016, 2019b),
by feeding slip eastward to allow westward under-
thrusting of thick North American basement (Long,
2018), or a combination of these mechanisms.
Based on analogs from the construction of the
Tibetan Plateau (Wang et al., 2011; Gao et al., 2013;
Zuza et al., 2016, 2019b), we assume that most thick-
ening progressed in situ and calculate the minimum
crustal thickening that would have resulted from
the observed crustal shortening. We assume that
the pre-Jurassic crustal thickness was ~35 km,
given that it was an extended passive margin (e.g.,
Christensen and Mooney, 1995). Paleozoic orog-
eny (e.g., Cashman et al., 2008; Lawton et al., 2017)
may have thickened this crust, which makes these
calculations minimum initial thickness values. We
use shortening magnitudes discussed above (thick
dashed green line in Fig. 15D) to calculate pure-
shear thickening (dashed red line in Fig. 15D) and
allow for 5 km of erosion (solid red line in Fig. 15D).
This exercise suggests that the Jurassic proto-Nev-
adaplano may have been thickened to ~40-45 km in
central-eastern Nevada, and even thicker in the west.
The resulting crustal thickening could have devel-
oped a moderate-scale foreland basin to the east
(Fig. 15A), as postulated by Thorman et al. (1990)
and Bjerrum and Dorsey (1995). Assuming isostatic
compensation, and erosion varying from 0 to 5 km,
the thickened crust estimates suggest paleo-eleva-
tions of 4.4-5 km, 1.8-2.5 km, and 1.4-2.0 km, for
the west-to-east segments in Figure 15D. These
estimates for Late Jurassic crustal thickness and
elevation are close to estimates for the Late Creta-
ceous (DeCelles, 2004; Snell et al., 2014; Chapman
et al., 2015), which significantly lessens the required
magnitude of Late Cretaceous shortening strain to
result in the thickened Nevadaplano. In this sense,
we argue that Middle-Late Jurassic deformation

played an appreciable role in initial building of the
Nevadaplano. This implies that erosion, and possi-
bly paleovalley incision, would have started during
this time, and the observed paleovalley network of
Henry (2008) may have been a relatively long-lived
system (e.g., Janecke et al., 2000). Late Cretaceous
Sevier fold-thrust shortening observed in central
Utah (e.g., DeCelles and Coogan, 2006; Yonkee and
Weil, 2015) may have focused shortening and crustal
thickening east of present-day Nevada, which was
already somewhat thickened, and this may explain
why Late Cretaceous structures are relatively rare
across west-central Nevada (cf. Long et al., 2014).

The observed magnitude of Jurassic crustal
shortening would have resulted in a similar magni-
tude of westward crustal and/or mantle lithosphere
underthrusting beneath the Jurassic Sierran arc,
which may have contributed to the magmatic flux
at this time following models of Cordillera cyclicity
(e.g., DeCelles and Graham, 2015; Cao et al., 2016)
(Fig. 16). Specifically, Middle-Late Jurassic short-
ening strongly correlates with contemporaneous
terrane accretion in the Sierran forearc (Schweick-
ert et al., 1988; Schweickert, 2015), increased North
American-Farallon convergence rates (e.g., Smith
et al., 1993; Yonkee and Weil, 2015), enhanced
Jurassic arc magmatism, and a marked increase
in crustal thickness in the Sierran arc (Profeta et al.,
2015; Cao and Paterson, 2016; Kirsch et al., 2016)
(Fig. 16A). A similar correlation of events occurred
in the Late Cretaceous (Fig. 16A), and therefore
we suggest that retroarc shortening involved a
dynamic pulsed evolution with Late Jurassic and
Late Cretaceous growth phases separated by rel-
ative quiescence (Zuza et al., 2020a). Alternatively,
Early Cretaceous ca. 139-132 Ma Lu-Hf garnet ages
in the Raft River-Albion-Grouse Creek (Kelly et
al., 2015; Cruz-Uribe et al., 2015) region may rep-
resent evidence for a more protracted history of
Late Jurassic to Late Cretaceous deformation (e.g.,
DeCelles and Graham, 2015).

8.7 Tectonic Model Limitations

The Jurassic to Cenozoic model presented
above involves several non-unique interpretations.
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Here we present alternative models or other limita-
tions to consider alongside our interpretations. The
Mesozoic-Cenozoic tectonic history of the REWP
involved overprinting deformation with subparal-
lel kinematics. Specifically, Middle-Late Jurassic
and Late Cretaceous deformation involved east-
to-southeast vergent deformation and shearing
(e.g., Thorman et al., 1991; Miller and Hoisch, 1995;
DeCelles and Coogan, 2006; Yonkee and Weil, 2015;
Zuza et al., 2020a; this study; lineations in Fig. S2
[footnote 1]). Cenozoic extension was subparallel
to this vector, with both the consistent stretching
lineations observed in the Ruby Mountains-East
Humboldt Range (e.g., Snoke, 1980; Hurlow, 1987;
Wright and Snoke, 1993; McGrew and Snoke, 2015)
(Fig. 14) and observations of Miocene-to-present
extension following a 280-290° vector (Colgan
and Henry, 2009). Lineations observed in the
lower Paleozoic stratigraphy were interpreted to
have formed in the Jurassic based on parallel-
ism with the interpreted transport direction of the
Jurassic Independence thrust (Zuza et al., 2020a)
and observations of metamorphic fabrics intruded
by Late Jurassic dikes and plutons (Ketner et al.,
1998; this study). It remains possible that some of
these lineations and sheared fabrics formed during
Late Cretaceous contraction or during Cenozoic
extension. However, we observed no crosscutting
relationships to directly support post-Jurassic
ages. Almost all observed kinematics suggest top-
southeast shearing, opposite the Cenozoic top-west
normal-sense shearing observed in the East Hum-
boldt Range, which argues against an extensional
origin for these fabrics in the Pequop Mountains.
Our interpretation of Jurassic shortening
across the Great Basin (Fig. 15) assumes a sim-
plistic 2D cross-section geometry, where eastward
subduction generally drives east-directed short-
ening (Fig. 16B). This scenario was likely more
complicated. The Jurassic subduction system
along the western margin of North America prob-
ably embayed eastward at Oregon-Washington
latitudes (i.e., near the Blue Mountains, Oregon)
(e.g., Anderson, 2015; Yonkee and Weil, 2015). This
geometry may have resulted in a complex restrain-
ing-bend geometry that could have resulted in
transpressional deformation in northeast Nevada.
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Figure 16. (A) Correlation chart showing Cordilleran retroarc shortening rates (Yonkee and Weil, 2015) modified to include
Elko orogeny deformation (Thorman et al., 1991; Miller and Hoisch, 1995; Zuza et al., 2020a); North America-Farallon ~ However, we contend that earlier Mesozoic crustal

convergence rates from Yonkee and Weil (2015) based on Seton et al. (2012) and Engebretson et al. (1984); detrital zircon  thickening and surface uplift would have gener-
ages from the Sierra Nevada (Kirsch et al., 2016) as a proxy for magmatic flux; and crustal thickness estimates from vari- ated a topographic gradient capable of generating

ous sources for the Great Basin and Sierra Nevada. Purple background shading represents Jurassic and Late Cretaceous
phases of deformation, and green bar represents the timing of terrane accretion (Schweickert et al., 1988). NV—Nevada. X L
(B) Schematic model of Mesozoic tectonics of the North American Cordillera, across the approximate latitude of 41°N.  Would have exploited these preexisting valleys
LFTB—Luning-Fencemaker thrust belt. Modified from Zuza et al. (2020a). Elko O.—Elko orogeny. during any dynamic surface uplift in the Paleogene.

large paleovalley networks, and river systems
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Observations of tuff deposits in the paleovalleys as
old as 45 Ma require their formation by this time
(Henry, 2008).

8.8 Setting for Long Canyon Gold
Mineralization

The sedimentary rock-hosted gold deposit at
Long Canyon is concentrated in Ordovician Pogo-
nip House Formation limestone, near the contact
with the underlying O€ Notch Peak Formation
dolomite (Figs. 2 and 3). Gold at Long Canyon
expands the occurrence of CTDs geographically
east—~150 km east of typical CTDs (e.g., Muntean
etal., 2011)—and into a new geologic setting: shelf
carbonates rather than silty slope carbonates of the
Carlin trend (e.g., Bedell et al., 2010; Smith et al.,
2013). Two structural features appear to have con-
centrated mineralization: (1) a broad anticline that is
part of the hanging-wall fault-bend-fold of the Inde-
pendence thrust, and (2) unit- and outcrop-scale
boudins of less reactive dolomite within reactive
silty limestones (Smith et al., 2013). Exploration
of the same Ordovician limestone on the western
flank of the range has been less successful, so far,
which suggests that this combination of structures
focused and trapped fluid flow.

We suggest that the Long Canyon deposit was
influenced by the location of the hanging-wall
anticline hinge line of the Independence thrust
(Figs. 2 and 17), where the extension in the fold
hinge enhanced boudinage of the Notch Peak For-
mation dolomite. The deposit is located at this fold
hinge position, or just behind it to the northwest
(i.e., hinterland-ward relative to thrust transport
direction), along the hanging-wall flat part of the
thrust. This position was most favorable because
it could accommodate the most fault-transport-
and bedding-parallel stretching via (1) tensile
stress state in the hanging-wall anticline fold crest
(e.g., Watkins et al., 2015) and/or (2) thrust sheet
stretching during bedding-parallel transport (e.g.,
Fischer and Coward, 1982) (Fig. 17). Fluids may
have migrated along the Independence thrust and
subparallel planes and foliations. Fluid flow was
trapped by the hanging-wall anticline (Leonardson,

Gold concentrates near hanging wall anticline and thrust flat
which both facilitate greatest bedding-/transport-parallel stretching

Flat geometry promotes transport-
and bedding-parallel stretching

- Opkq quartzite
== — = T
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— ~ limestone .
NN\ > ~—
7/
dooclc')-lrlrj\ite‘ — ¥ 0€np dolomite
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Figure 17. Sketch showing favorable conditions for concentrated gold deposition in the northern Pequop
Mountains. Long Canyon gold deposits concentrate in boudin necks (e.g., Smith et al., 2013), in a hang-
ing-wall anticline of the Independence thrust and/or along the hanging-wall flat portion of this thrust.
We interpret that thrust-transport-parallel stretching of the hanging wall is greatest along a thrust flat,
whereas the thrust ramp suppresses some stretching (shown with green arrows).

2011) and focused in the boudin necks. Similar to
other CTDs, this model for Long Canyon requires a
structural culmination and reactive silty limestones
(e.g., Leonardson, 2011; Muntean et al., 2011). CTDs
to the west appear to focus around Jurassic struc-
tures (e.g., Rhys et al., 2015).

Three phases of intrusions (i.e., Jurassic, Cre-
taceous, and Eocene) are thought to be important
for typical CTDs, with the Eocene pulse providing
the final heat and fluid source for mineralization
(Henry and Boden, 1998; Ressel and Henry, 2006).
Small Eocene highly differentiated rhyolite dikes in
the western Pequop Mountains and dacite lavas in
the northern part (Plate 1) (e.g., Bedell et al., 2010;
Milliard et al., 2015; Zuza et al., 2019a) require an
underlying granitic magma chamber that may have
driven mineralization. A large magnetic anomaly
in Goshute Valley to the southeast of the Pequop
Mountains has been interpreted as a large pluton
at depth that may have fed the dikes observed in
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the Pequop Mountains (e.g., Raines et al., 1996;
Kucks et al., 2006; Bedell et al., 2010) (Fig. 18). Our
K-feldspar argon ages, MDD modeling, and AFT
data are consistent with a pulse of Eocene heat
and subsequent cooling (Figs. 6 and 7).

Our restoration of ~8 km, west-directed exten-
sion (281°) along the Pequop fault places the Nanny
Creek paleovalley above the Long Canyon deposit
(Figs. 13 and 14). The paleovalley eroded as deeply
as the Mississippian Chainman Shale, and as a
result of this erosion, the Long Canyon deposit
would have formed at depths of <3 km. Other CTDs
may have been located under paleovalley river sys-
tems, including the Cortez Hills deposit located
~1 km beneath a paleovalley (John et al., 2008).
These observations highlight that CTD mineral-
ization may be enhanced beneath advantageous
hydrological configurations, such as large paleoval-
ley systems, that influence shallow fluid-flow and
host-rock interactions (e.g., Person et al., 2008). The
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contact between massive limestones of the Guil-
mette Formation and overlying silty Tripon Pass
Limestone, which is a favorable host zone for CTDs
in the southern Carlin trend (Koehler et al., 2015),
may also be favorable in the Pequop Mountains.
The presence of hydrothermally altered conodonts
in the lower Tripon Pass Limestone ~1 km south of
the Independence Valley NE quadrangle is consis-
tent with significant hydrothermal fluid circulation
(Thorman et al., 2019; Zuza et al., 2020a).

H 9. CONCLUSIONS

Field and structural observations from the
northern Pequop Mountains, NE Nevada, provide
insight into the complex history of Mesozoic con-
traction and Cenozoic extension in the hinterland
of the North American Cordillera. Key findings from
this work include the following:

(1) Significant southeast-directed contractional
deformation in the Pequop Mountains,
including Independence thrust motion
and intra-unit deformation, occurred in
the Middle-Late Jurassic as constrained by
crosscutting igneous rocks. This was part
of the Middle-Late Jurassic Elko orogeny
(ca. 170-157 Ma). No evidence for Creta-
ceous shortening was observed, but a Late
Cretaceous thermal overprint was strong.
Integrated with other observations across
Nevada and Utah, Cordillera hinterland
shortening in the Great Basin region was
probably pulsed, with Late Jurassic and Late
Cretaceous phases. Shortening led to crustal
thickening, with Middle-Late Jurassic thick-
ening of the proto-Nevadaplano orogenic
plateau. Therefore, this plateau probably
had a long-lived, two-phase, 100 m.y. history
until its dismemberment in the Cenozoic.

(2) Field relationships and peak temperature-
depth estimates suggesting a high Cretaceous
geothermal gradient of 40 °C/km preclude
deep burial of the Neoproterozoic-Paleozoic
stratigraphy. This interpretation is at odds
with models for regional burial by the cryp-
tic Windermere thrust sheet.

114°50'W 114°40'W

41°10'N

41°N

40°50'N =

114°30'W 114°20'W

! .

Figure 18. Magnetic anomaly map of the northern Pequop Mountains and surrounding valleys (Kucks et
al., 2006) overlain on hillshaded relief map. The large magnetic anomaly in Goshute Valley (dashed white
oval) may represent a large pluton that sourced Jurassic or Eocene felsic dikes in the Pequop Mountains
(e.g., Bedell et al., 2010). Conodont color alteration index (CAl) data reported in Crafford (2007) are very
high around this anomaly (CAIl 5.5-7) for Ely Limestone samples, which supports this region being a very

significant heat source. CTD—Carlin-type gold deposits.

(3) Middle-Late Jurassic, Late Cretaceous, and
Eocene intrusions are dispersed across the
Pequop Mountains. These intrusions were
associated with thermal pulses that would
have led to the observed elevated thermal
gradient across the range, and “°Ar/*°Ar and
AFT thermochronology tracks the conduc-
tive cooling following these pulses.

(4) The Pequop fault was a major normal fault
that is interpreted to have passively trans-
ported part of the Independence thrust
and the Eocene Nanny Creek paleovalley
westward. The normal fault may have
been kinematically linked with the main
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normal-sense mylonitic shear zone in the
Ruby Mountain-East Humboldt Range, pos-
sibly suggesting that the main breakaway
was located east of the Pequop Mountains.
We interpret that the fault was active in the
late Oligocene(?)-middle Miocene, just prior
to the more recent phase of high-angle, mid-
dle Miocene extensional range-front faulting.

(5) Gold mineralization at Long Canyon focused

in the hanging-wall anticline of the Juras-
sic Independence thrust, within the necks
of Jurassic boudins. The Jurassic structural
framework was critical for Long Canyon
mineralization, with Eocene magmatism
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providing heat, and possibly the metals
and fluids, for mineralization. A pronounced
magmatic anomaly to the southeast of the
Pequop Mountains in Goshute Valley prob-
ably marks a large plutonic source for one
or more episode of igneous intrusion across
the Pequop Mountains.
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