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There is a long-standing discrepancy for numerous North American Cordillera metamorphic core complexes be-
tween geobarometric pressures recorded in the exhumed rocks and their apparent burial depths based on
palinspastic reconstructions from geologic field data. In particular, metamorphic core complexes in eastern Ne-
vada are comprised of well-documented ~12–15 km thick Neoproterozoic–Paleozoic stratigraphy of Laurentia's
western passive margin, which allows for critical characterization of field relationships. In this contribution we
focus on the Ruby Mountain–East Humboldt Range–Wood Hills–Pequop Mountains (REWP) metamorphic
core complex of northeast Nevada to explore reported peak pressure estimates versus geologic field relationships
that appear to prohibit deepburial. Relatively highpressure estimates of 6–8 kbar (23–30 kmdepth, if lithostatic)
from the lower section of the Neoproterozoic–Paleozoic passivemargin sequence require burial and or repetition
of the passivemargin sequence by 2–3× stratigraphic depths. Our observations from the leastmigmatized and/or
mylonitized parts of this complex, including field observations, a transect of peak-temperature (Tp) estimates,
and critical evaluation of proposed thickening/burial mechanisms cannot account for such deep burial. From
Neoproterozoic–Cambrian (Ꞓ) rocks part of a continuous stratigraphic section that transitions ~8 km upsection
to unmetamorphosed Permian strata that were not buried, we obtained new quartz-in-garnet barometry via
Raman analysis that suggest pressures of ~7 kbar (~26 km). A Tp traverse starting at the samebasalꞒ rocks reveals
a smooth but hot geothermal gradient of ≥40 °C/km that is inconsistent with deep burial. This observation is
clearly at odds with thermal gradients implied by high P-T estimates that are all ≤25 °C/km. Remarkably similar
discrepancies between pressure estimates and field observations have been discussed for the northern Snake
Range metamorphic core complex, ~200 km to the southeast. We argue that a possible reconciliation of long-
established field observations versus pressures estimated from a variety of barometry techniques is that the
rocks experienced non-lithostatic tectonic overpressure.We illustrate how proposedmechanisms to structurally
bury the rocks, as have been invoked to justify published high pressure estimates, are entirely atypical of the Cor-
dillera hinterland and unlike structures interpreted fromother analogous orogenic plateau hinterlands. Proposed
overpressuremechanisms are relevant in the REWP, including impacts fromdeviatoric/differential stress consid-
erations, tectonicmode switching, and the autoclave effect driven by dehydrationmelting. Simplemechanical ar-
guments demonstrate how this overpressure could have been achieved. This study highlights that detailed field
and structural restorations of the least strained rocks in an orogen are critical to evaluate the tectonic history of
more deformed rocks.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Whether pressure recorded by metamorphic rocks represents
lithostatic pressures, and thus depth, is debated (e.g., Petrini and
Podladchikov, 2000; Moulas et al., 2013; Schmalholz and
Podladchikov, 2013; Gerya, 2015). Non-lithostatic pressure describes
when total pressure expressed in the rock record (sometimes referred
to as dynamic pressure, e.g., Marques et al., 2018) deviates from
g) and Peking University. Production

y and S.R. Mulligan, Geologic
s, https://doi.org/10.1016/j.gs
lithostatic pressures, and this difference is commonly referred to as tec-
tonic under- or overpressure. Herein, we use the term non-lithostatic
pressure instead of tectonic underpressure or overpressure to focus
more broadly than just tectonic-caused differences between lithostatic
and total pressure. The occurrence of non-lithostatic pressure has been
investigated primarily by analytical and numerical models (see
Schmalholz and Podladchikov, 2013; Gerya, 2015), which suggest the
potential for a twofold difference between lithostatic and mean stress
(pressure). Studies that attempt to estimate the relationship between
pressure and depth with field documentation and evidence are rela-
tively few, including in the Alps (Pleuger and Podladchikov, 2014;
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Luisier et al., 2019), Himalaya (Marques et al., 2018), and for Appala-
chian eclogites (Chu et al., 2017). These examples are focused on con-
tinental subduction systems with very deep proposed burial, and
whether non-lithostatic pressures similarly occur in Cordillera-type
retroarc fold-thrust systems is entirely unexplored. Regardless of tec-
tonic setting, more examples and field-based confirmation of non-
lithostatic pressure in the metamorphic rock record are necessary to
support and validate its existence in nature. If significant overpressure
occurs in the geologic record, even if infrequently, there are profound
implications for reconstruction of tectonic burial and exhumation in
mountain belts and subduction zones.

In the hinterland of the North American Cordillera, eastern Nevada,
the well characterized 12–15-km thick Neoproterozoic–Triassic passive
margin sequence (Stewart and Poole, 1974) represents a useful struc-
tural marker for palinspastic reconstructions of Mesozoic contractional
deformation and crustal thickening, and subsequent Cenozoic extension
(e.g., Armstrong and Hansen, 1966; Coney and Harms, 1984; Miller and
Fig. 1. (A) Metamorphic core complexes in northeastern Nevada in the hinterland of the Sevie
(REWP) and northern Snake Range. Approximate location of Fig. 1B shownwith white box. Or
geothermal gradient of 50–60 °C/kmasdisused in the text and Fig. 3C. Inset shows location of Fig
Wernicke (2005) showing approximate distribution of ranges in northern Nevada; modified s
basins. Red polygon shows hypothesized trace of theWindermere thrust sheet to bury the loca
with Elko orogeny. Note that some ranges in northeast Nevada were probably overlapping prio
laterally. Aluminum-in-hornblende pressure estimates from plutons that intruded into Cambri
buried slightly deeper (several km) than stratigraphic depths. HP–Eocene Harrison Pass pluton
tains; NR–Newfoundland Range. (C) Sketch of thrust-burial model along a north-south cross se
cation of the Paleozoic stratigraphic. The southern Ruby Mountains were not buried (e.g., C
(D) Sketch of thrust-burial model along a west-east cross section to explain REWP high pr
(E) Approximate location of peak-pressure samples along a west-east transect. Blue line show
the green line shows the expected pressure and depths based on stratigraphic position and ~4
ences to color in this figure legend, the reader is referred to the web version of this article.)
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Gans, 1989). Geobarometric data from the Ruby Mountains–East Hum-
boldt Range–Wood Hills–Pequop Mountains (REWP) and Snake Range
metamorphic core complexes of eastern Nevada suggest that this pas-
sive margin sequence was buried to great depths (>30 km) by the
Late Cretaceous and later exhumed to the surface via high-magnitude
Cenozoic extension (Hodges et al., 1992; Lewis et al., 1999; Cooper
et al., 2010; McGrew et al., 2000) (Fig. 1). These pressure estimates
have long been at odds with field-based reconstructions that suggest
these rocks were never buried much deeper than original stratigraphic
depths (e.g., Miller and Gans, 1989; Thorman et al., 1990; Colgan et al.,
2010) (e.g., Fig. 1C and D). These discrepancies have been reconciled
with cryptic overthrust panels that have since been extended and/or
eroded away to remove any trace of their existence (Camilleri and
Chamberlain, 1997; Lewis et al., 1999). However, regional compilations
of erosion levels beneath Cenozoic rocks suggest no trace of these in-
ferred major structures (Armstrong, 1968; Gans and Miller, 1983; Van
Buer et al., 2009; Long, 2012).
r fold-thrust belt, including the Ruby Mountains-East Humboldt Range-Pequop Mountains
ange symbol shows Grant Range study area of Long and Soignard (2016), which derived a
. 1A in context ofwesternNorth America. (B) Pre-extensional restoration ofMcQuarrie and
lightly to show less extension because well data does not support complete closure of the
l stratigraphy to great depths. Ranges in blue experienced Jurassic deformation associated
r to Cenozoic extension, and thus exposures across each range may correlate vertically or
an strata, shownwith green-orange diamonds, suggest that the Paleozoic stratigraphywas
; SZP–Late Jurassic Silver Zone Pass pluton; SI–Silver Island Range; CI–Crater IslandMoun-
ction to explain high pressures recorded in samples from the REWP, requiring 2–3× dupli-
olgan et al., 2010), which requires a sharp gradient from deep burial to minimal burial.
essures. The cross section was drafted at the same spatial extent as the plot in Fig. 1E.
s expected pressure and depths for each sample based on its stratigraphic position, and
km thrust burial. Data in Table 1 and discussed in the text.(For interpretation of the refer-
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In this contribution, we synthesize existing pressure estimates from
the REWP metamorphic core complex, which span ~6–8+ kbar with a
few lower pressure (3–4 kbar) exceptions (Fig. 1E), conduct new
Raman quartz inclusion and aluminum-in-hornblende barometry to
supplement published datasets, and use field-based evidence from our
recent 1:24,000-scale mapping of the region (Henry and Thorman,
2015; Zuza et al., 2018, 2019a, 2020; Fig. 2) to suggest that much of
Fig. 2. (A) Geologic map of northeastern Nevada, simplified from Crafford (2007), showing the
new 1:24,000-scale mapping covers much of the Pequop Mountains (Henry and Thorman, 201
metamorphic core complex, including the juxtaposition of constituent ranges, restoration o
Pequop Mountains and the hanging wall of the Pequop fault. Line A–A' is the cross-section lin
the Independence thrust (red) roots into the strongly deformed nappe structures of the Ruby
(dashed green)with a breakaway east of the PequopMountains.We infer thenappe structures o
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the passive margin stratigraphy was never buried significantly deeper
than original stratigraphic depths. Accordingly, we argue that one
explanation to reconcile field observationswith published pressures es-
timated from a variety of barometry techniques is that the rocks exp-
erienced non-lithostatic overpressure, such that the recorded total
pressures are greater than lithostatic pressure, thus providing a field ex-
ample of this phenomenon. Our interpretation is further supported by
RubyMountains, East Humboldt Range, Wood Hills, and northern PequopMountains. Our
5; Dee et al., 2017; Zuza et al., 2018, 2019a). (B) Palinspastic reconstruction of the REWP
f the Pequop normal fault, and alignment of the Independence thrust observed in the
e for Fig. 2C. (C) Cross-section model based on the geology in Fig. 2B, demonstrating how
Mountains-East Humboldt Range and the geometry of the Cenozoic normal fault systems
fMacCready et al. (1997) in theRubyMountains, although this aspect remains speculative.
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new thermochronology from across the region, and a peak temperature
traverse across the Neoproterozoic–Paleozoic strata that refutes its
burial to 2× or 3× original stratigraphic depth. This example suggests
that, whenever possible, tectonic reconstructions incorporating geobar-
ometric estimates should adhere to established field relationships and
structural observations.

2. Published models for non-lithostatic pressure

Non-lithostatic pressure, commonly discussed as tectonic over-
pressure, remains a controversial topic, but there is a growing body of
literature over the past ~15 years describing possible mechanisms.
End-member categories for non-lithostatic pressure are based on ther-
modynamics, mechanical arguments, or tectonic/structural setting.
Here we briefly summarize these main non-lithostatic pressure argu-
ments, which can be grouped into roughly five categories: (1) non-
hydrostatic thermodynamics (e.g.,Wheeler, 2014); (2) deviatoric stress
considerations (Petrini and Podladchikov, 2000); (3) significant rock
strength or viscosity contrasts (e.g., Schmid and Podladchikov, 2003;
Luisier et al., 2019); (4) tectonic mode switching (Yamato and Brun,
2017); and (5) autoclave effects during intrusion (Vrijmoed et al.,
2009; Chu et al., 2017) (Fig. 3). In detail, categories 3 and 4 are related,
and potentially subcategories of, group 2 models; that is, “deviatoric
stress considerations” is the homogenous case whereas the following
two model subsets involve heterogeneous complications (i.e., rheology
and tectonic settings).

(1) Non-hydrostatic thermodynamics
Wheeler (2014) argued that differential stress (σ1-σ3) acting on a

rock can affect metamorphic reactions, such as shifting the pressures
for phase equilibrium boundaries in the P-T space (i.e., equilibrium
lines). Differential stress influences diffusion processes such as diffusion
creep or pressure solution, and therefore the usual assumption of a hy-
drostatic stress state for metamorphic mineral reactions may not be
valid. This model depends on the operative grain-scale reaction path-
way (Fig. 3A), such that some reactions may be more influenced by dif-
ferential stress than others (Wheeler, 2014, 2018). Mineral dissolution
and reprecipitation (shown schematically between green and pinkmin-
erals in Fig. 3A) may follow pathways from high stress to low stress
(i.e., pressure solution for the samemineral or incongruent pressure so-
lution for the dissolution of several minerals and precipitation of new
minerals), low to high stress (i.e., force of crystallization), or directly
across grains as local chemical exchange. These considerations semi-
quantitatively suggest ~50 MPa differential stress can offset a mineral
reaction by as much as ~500 MPa (Fig. 2 in Wheeler, 2014).
Fig. 3. Generalized models of the five groups of non-lithostatic pressuremodels discussed
in the literature. See text for discussion.
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However, this concept does not appear to successfully reproduce ex-
perimental data of Hirth and Tullis (1994) (see Tajčmanová et al., 2015),
and the impact of non-hydrostatic equilibrium calculations has been
questioned (Fletcher, 2015; Hobbs and Ord, 2015). Tajčmanová et al.
(2015) suggested that hydrostatic considerations should still be applied
to specificmineral reactions because although pressuremay vary signif-
icantly, the differential stress is rather small at the grain scale
(e.g., Tajčmanová et al., 2014).

(2) Deviatoric stress
The simplification that themean stress, or pressure (P), a rock expe-

riences at depth (z) is P= ρgz, where g is gravitational acceleration and
ρ is overlying rock density, assumes no deviatoric stresses (e.g., Gerya,
2015) and no strength (differential stress, σ1-σ3, equals zero). In detail,
this assumption is incorrect, as evidenced by the presence of topogra-
phy and rock deformation caused by deviatoric stress, including devel-
opment of folds, faults, foliations, crystallographic and shaped
preferred orientations, and mineral rotation fabrics (Moulas et al.,
2013, 2019; Schmalholz et al., 2014). Petrini and Podladchikov (2000)
and subsequent papers showed that for a contractional setting
(subvertical σ3 = ρgz; Fig. 3B), using some simple assumptions
(i.e., σ2 = mean stress and a Byerlee-type yield envelope where ϕ is
the angle of internal friction), the effective pressure is given by

Peff ¼
ρgh

1− sin ϕð Þ ð1Þ

Assumingϕ=40°, Peff = ~2.8×ρgh, thus implying that a pressure es-
timatemight be 2.8× lithostatic pressure. Alternatively, internal friction
of ϕ=30° yields Peff = ~2×ρgh. The following two categories are related
to this deviatoric stress model, where external variables such as rheol-
ogy or tectonic setting impact the deviatoric stress field.

(3) Strength contrasts
Viscosity heterogeneities in a viscous shear zone imply different rock

strengths and different effective pressures (i.e., mean stress). This has
been explored in a number of numerical and analytical solutions
(e.g., Schmalholz and Podladchikov, 2013; Moulas et al., 2014, 2019).
Assuming the rocks are under the same applied stress conditions, the
mean stress (pressure) of a stronger phase (blue Mohr circle in
Fig. 3C) will be lower than the mean stress of a weaker phase (red
Mohr circle in Fig. 3C). This is because the stronger phase has a greater
differential stress than theweaker phase. Assuming the two rocks share
a common point at their bounding interface, where shear and normal
stresses are equal, themean stress or pressure for each phase will differ.
Depending on the orientation, the two rocks may be tied to a common
principle stress, such as σ1, but this is not required (e.g., Moulas et al.,
2014). This will result in a departure from lithostatic pressures.

(4) Tectonic mode switching
During contraction, lithostatic overburden (ρgz) is parallel to a

subvertical σ3, and if the tectonic regime switches to extension, σ1 be-
comes subvertical and thus parallel with ρgz (Yamato and Brun,
2017). Pressure during contraction (Pc)will be greater than the pressure
during extension (Pe),which is dictated by rock strength and friction pa-
rameters (Fig. 3D). Yamato and Brun (2017) used this tectonic mode
switching to explain observations of rapid nearly isothermal pressure
drops and decompression following high pressure metamorphism.
From a global compilation of high-pressure data, they observed a strong
linear relationship between peak pressure and the isothermal pressure
drop, which they argued may reflect tectonic mode switching rather
than exhumation.

(5) Autoclave
Volume expansion accompanying partialmelting and density (ρ) re-

ductionwithin a relatively stronger confining space will increase the ef-
fective pressure (Vrijmoed et al., 2009). Modeling suggests that <2.5%
melt of a granite can yield ~5 kbar overpressure (Chu et al., 2017)
(Fig. 3E). Vrijmoed et al. (2009) demonstrated this mechanism to gen-
erate >2× overpressure using finite element modeling assuming either
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purely elastic or purely viscous behavior. For the viscous case, there is an
inverse rate dependence on the modeled overpressure (i.e., slower
timescales of partial melting equate to lower maximum overpressure
values, all things being equal). These models require the confining ves-
sel/wallrock to be strong enough to resist this inferred pressure
increase, and evidence for dikes/veins around regions of partial melting
may reflect breaking of the wallrock. Potential failure of the confining
container may lead to an observed isothermal pressure drop accompa-
nied by decompression melting and leucosome generation (Vrijmoed
et al., 2009). In addition to partial melting, volume-changing metamor-
phic reactions (e.g., dehydration melting) may drive the autoclave
mechanism. To our knowledge, this effect has not been systematically
explored via thermomechanical or petrological modeling as a driver
for departures from lithostatic pressures (see discussion in Gerya,
2015). The prediction would be that dehydration melting reactions of
hydrous phases (e.g., Groppo et al., 2012), such as the breakdown of
micas, would increase volume to drive autoclave-related pressure in-
creases. Hydration reactions, when total available fluids are constant,
would lead to the opposite effects (e.g., Jones et al., 2015).
Dehydration-induced partial melting (e.g., Hallett and Spear, 2014)
may together drive increased non-lithostatic pressures.

In this study, we first outline the regional geology of the REWP in
northeast Nevada, followed by a review of existing pressure-
temperature estimates, which suggest that Neoproterozoic–Paleozoic
rocks of Nevada's passivemargin stratigraphywere not buried to depths
>25 km.Deep burialmodels are at oddswith regional geologic observa-
tions, as outlined below, and therefore we propose that non-lithostatic
pressure conditions may explain the discrepancy between pressure es-
timates and field relationships.

3. Background geology of northeast Nevada

East-dipping Mesozoic subduction along the western margin of the
North American continent led to the development of the North
American Cordillera (e.g., Burchfiel and Davis, 1975; Oldow et al.,
1989; Allmendinger, 1992; Burchfiel et al., 1992; DeCelles, 2004;
Dickinson, 2004). Retroarc deformation east of the main margin-
parallel magmatic arc led to a protracted Jurassic–Paleogene history of
contractional deformation across present-day Nevada and Utah, USA
(Armstrong, 1968; Royse et al., 1975; Villien and Kligfield, 1986;
DeCelles and Coogan, 2006; Zuza et al., 2020). In theMiddle–Late Juras-
sic, plutonism and deformation occurred across the Cordilleran retroarc
(e.g., Allmendinger et al., 1984; Oldow, 1984; Thorman et al., 1990,
1992; Miller and Hoisch, 1995; Ketner et al., 1998; Wyld et al., 2003;
Rhys et al., 2015; Yonkee et al., 2019; Zuza et al., 2020). Themore perva-
sive and widely recognized phase of contractional deformation and
crustal thickening initiated in the Cretaceous, as epitomized by the Se-
vier fold-and-thrust belt that exists at the roughly longitude of central
Utah (Coney and Harms, 1984; DeCelles and Coogan, 2006; Yonkee
and Weil, 2015) (Fig. 1A).

Late Cretaceous crustal thickening in the hinterland of the Sevier
thrust belt resulted in the construction of the Nevadaplano plateau
(DeCelles, 2004; Fig. 1A), which is supported by structural reconstruc-
tions (DeCelles and Coogan, 2006), paleoelevation proxies (Cassel
et al., 2014), a belt of Late Cretaceous two-mica peraluminous granites
interpreted as crustal melts that spans from Canada to Arizona
(e.g., Miller and Bradfish, 1980; Lee et al., 2003), elevated Sr/Y ratios
from Cretaceous plutons (Chapman et al., 2015), and high pressure
(>7 kbar; summarized below in a separate section) metamorphic
rocks recorded in the hinterland of this thrust system (e.g., Camilleri
and Chamberlain, 1997; Camilleri et al., 1997; Lewis et al., 1999;
Cooper et al., 2010; Hallett and Spear, 2014, 2015). The rocks that
yielded high pressure estimates were exhumed in the REWP and
Snake Range metamorphic core complexes, and are composed of
paragneiss and schist whose protoliths were originally the lower part
of the Neoproterozoic–Permian sedimentary rocks of western North
5

America's passive margin. Most stratigraphic thickness estimates for
this entire passive margin sedimentary section in eastern Nevada are
~12–15 km (e.g., Stewart and Poole, 1974; Coats, 1987; Colgan et al.,
2010), equating to approximately 3–4 kbar of lithostatic pressure for
the lowermost rocks (density, ρ ~ 2.7 g/cm3). The lower two strati-
graphic units are the Neoproterozoic–Cambrian Prospect Mountain
Quartzite at stratigraphic depths of ~8 km (~2.1 kbar) and the underly-
ing Neoproterozoic McCoy Creek Group that extends the section down
to ~15 km depth (~4 kbar) (Misch and Hazzard, 1962).

Given these stratigraphic constraints, metamorphic pressure esti-
mates of 6–8+kbar have been used to argue that the rockswere buried
morethantwicetheirstratigraphicdepthstoachievetheirrecordedpres-
sures (Hodges et al., 1992; Camilleri and Chamberlain, 1997; Lewis et al.,
1999;McGrew et al., 2000; Hallett and Spear, 2014, 2015). Camilleri and
Chamberlain (1997)hypothesized that an enigmatic thrust fault, known
as the Windermere thrust, duplicated the Neoproterozoic–Paleozoic
stratigraphic section to bury rocks in the REWP by 2–3× stratigraphic
thicknesses in theLateCretaceous. Lewisetal. (1999)similarlysuggested
thatcrypticcrustalshorteningaroundthenorthernSnakeRange(Fig.1A)
buried theNeoproterozoic–CambrianProspectMountainquartzite to3×
stratigraphic depth. For both theREWPandnorthern Snake Range, there
is no direct field evidence for such structures, potentially because they
were reactivated and/or obscured during Cenozoic extension
(e.g., Camilleri et al., 1997;Wells, 2018). Herein,we focus specifically on
the REWP core complex, but emphasize that the similarities between
the REWP and northern SnakeRangemetamorphic core complexes sug-
gests similar phenomena.

Another relevant observation relates to the depth of Eocene gold
mineralization in northeast Nevada. The Long Canyon deposit was re-
cently discovered and is an economically important gold deposit in
the eastern Pequop Mountains (e.g., Bedell et al., 2010; Smith et al.,
2013). The deposit is located at the base of Ordovician strata in the
hanging wall of the Jurassic Independence thrust, which duplicates
~2–3 km of stratigraphy. Its structural depth during Eocene mineraliza-
tion depends on whether there was deep overthrust burial. Deep burial
by a Windermere thrust panel predicts mineralization at depths
>10–15 km. Conversely, just accounting for Jurassic Independence
thrusting and erosion (e.g., Zuza et al., 2019a, 2020) mineralization
would have occurred at a structural depth of ≤5 km, possibly ≤3 km.

4. Geologic restoration of the REWP

The REWP consists of several north-trending ranges in northeast Ne-
vada that share similar rock types and tectonic histories (Figs. 1 and 2).
These ranges include, from west to east respectively, the Ruby Moun-
tains, East Humboldt Range, Wood Hills, and Pequop Mountains
(Fig. 2). These ranges were part of the footwall of a west-directed nor-
mal fault system that probably started in the Oligocene–Miocene
(e.g., Snoke, 1980; Wright and Snoke, 1993; Henry et al., 2011), al-
though argon thermochronology and decompression paths derived
from P-T-t estimates have been used as evidence for earlier Late Creta-
ceous exhumation (e.g., Camilleri and Chamberlain, 1997; McGrew
et al., 2000; Hallett and Spear, 2015). The rocks in the Ruby
Mountains–East Humboldt Range to the west are more strongly de-
formed than those in the Pequop Mountains to the east, primarily due
to pervasive variable composition intrusions (e.g., mostly leucogranite,
quartz diorite, and monzogranite; Lee et al., 2003; McGrew and Snoke,
2015) of Late Cretaceous through Oligocene sills and dikes that are var-
iably deformed by Mesozoic contraction and Cenozoic extension. Ac-
cordingly, we have argued that the less pervasively deformed rocks to
the east (i.e., the Wood Hills and Pequop Mountains) are useful for
interpreting the history of the REWP (Zuza et al., 2020). For example,
the Ruby Mountains–East Humboldt Range typically contain >2/3 in-
trusions (e.g., Lee et al., 2003; Howard et al., 2011; McGrew and
Snoke, 2015), which makes resolving stratigraphic or structural rela-
tionships ambiguous. In this section, we schematically demonstrate
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how the ranges may have fit together prior to their Cenozoic dismem-
berment. This restoration is based on existing geologic maps and our
own newmapping of the East Humboldt Range and PequopMountains.

First, we partially close the intervening basins to approximate Ceno-
zoic Great Basin extension (Fig. 1B), which averages ~50% extension and
locally >100% extension (McQuarrie and Wernicke, 2005; Long, 2019).
Next, motion on the Pequop normal fault can be restored (Fig. 2), which
places the Pequopplate (i.e., thehangingwall of the Pequop fault) to the
east-southeast (Zuza et al., 2018, 2020). For this restoration,
Pennsylvanian–Permian rocks in the Pequop plate are positioned
along strike of similar strata in the southern Pequop Mountains. Note
that the thrust relationships observed in the Pequop plate satisfactorily
restore along the pseudo-trace of the Independence thrust
(e.g., Camilleri and Chamberlain, 1997). Afinal validation of this restora-
tion comes from the fact that mylonitic lineations in the Ruby-East
Humboldt Range suggest top-to-NW (~290° directed) transport, and
our restoration of the Pequop plate follows a subparallel vector
(Fig. 2). This predicts that the Pequop normal fault is related and parallel
to the main mylonitic shear zone in the Ruby-East Humboldt Range.

In our restored framework, we see how the REWP ranges are spa-
tially related. This restoration suggests that the Neoproterozoic–
Cambrian strata exposed along the western Pequop Mountains are the
same as those in the Wood Hills, consistent with earlier mapping by
Thorman (1962, 1970) that demonstrated Paleozoic rocks in the eastern
Wood Hills are identical to the western PequopMountains. The garnet-
in and tremolite-in metamorphic isograds in the westernmost Pequop
Mountains correspond to those mapped in the Wood Hills (Camilleri
Table 1
Compiled pressure –temperature estimates from metamorphic core complexes in eastern Nev

Range Unit Reference Age⁎ Pres
(kba

Central Ruby
Mountains

McCoy Creek Hudec (1992) Late
Cretaceous!

4.1

Central Ruby
Mountains

McCoy Creek Hudec (1992) Jurassic 3.2

Central Ruby
Mountains

McCoy Creek Jones (1999) Late
Cretaceous

4.3

East Humboldt
Range

McCoy Creek Hurlow et al.
(1991)

Cenozoic 3.5

East Humboldt
Range

Graphite
Schist/Paragneiss

Hallett and Spear
(2014, 2015)

Late
Cretaceous

9.5

East Humboldt
Range

Garnet paragneiss/
migmatitic schist

Hallett and Spear
(2014, 2015)

Late
Cretaceous

7.0

East Humboldt
Range

McCoy Creek Hodges et al.
(1992)

pre-Late
Cretaceous

10.3

East Humboldt
Range

McCoy Creek Hodges et al.
(1992)

Late
Cretaceous

6.0

Northern East
Humboldt Range

Metapelite (deeper
levels)

McGrew et al.
(2000)

Late
Cretaceous

7.5

Northern East
Humboldt Range

Metapelite (shallower) McGrew et al.
(2000)

Late
Cretaceous

7.0

Wood Hills Dunderburg Shale Hodges et al.
(1992)

Cretaceous 6.0

Wood Hills Dunderburg shale Wills (2014) Late
Cretaceous

6.3

Pequop Mountains Prospect Mountain This Study Late
Cretaceous

7.0

Pequop Mountains Geologic constraint Zuza et al. (2018,
2019a)

Jurassic 2.8

Northern Snake
Range

McCoy Creek Lewis et al. (1999) Cretaceous 8.1

Northern Snake
Range

McCoy Creek Cooper et al.
(2010)@

Cretaceous 6.1

Northern Snake
Range

McCoy Creek Cooper et al.
(2010)@

Cretaceous 8.1

Notes: pL is lithostatic pressure; pLT is lithostatic pressure with 4 km of thickening assumed.
⁎ As specified in reference;!Reinterpreted as Late Cretaceous by Jones (1999).
@ Broad average of two datapoints.
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and Chamberlain, 1997; Wills, 2014; Zuza et al., 2020). There is no
major structure between the Wood Hills and Pequop Mountains, be-
yond thewest-dipping high-angle normal faults located along thewest-
ern flank of the Pequop Mountains, which accommodated eastward
tilting of the Pequop Mountains (Zuza et al., 2018). Therefore, the
Wood Hills andwestern PequopMountains represent similar structural
levels (Fig. 2). In this restored framework we discuss the available
pressure-temperature data from the REWP below.

5. Pressure-temperature estimates

In this section,we review available published pressure estimates rel-
evant to this study (Fig. 5; Table 1). First, we focus on aluminum-in-
hornblende pressure estimates (e.g., Miller and Hoisch, 1995) from
Late Jurassic plutons that intruded Cambrian stratigraphy. This estab-
lishes initial depth/burial conditions preceding Late Cretaceous meta-
morphism and any related deep burial. Then we present Late
Cretaceous peak-pressure estimates from the REWP. Lastly, we briefly
review available pressure estimates from the northern Snake Range,
noting the debate regarding burial depth in the northern Snake Range
is very similar to the REWP.

5.1. Late Jurassic pressures

Regionally, in northeast Nevada east of the Roberts Mountain thrust
and the city of Ely, NV (Fig. 1A), passive margin stratigraphy was not
tectonically buried prior to theMesozoic. Thus, any lithostatic pressures
ada.

sure
r)

Unc.
(kbar)

Temp.
(°C)

Unc.
(°C)

Geothermal
Gradient
(°C/km)

Approx.
strat.
Depth
(km)

pL

(kbar)
pLT

(kbar)
Ratio

p/pL p/pLT

1 600 50 39 12 3.2 4.2 1.3 1.0

1 495 50 41 13 3.4 4.5 0.9 0.7

1 525 50 33 12 3.2 4.2 1.3 1.0

1 600 50 45 12 3.2 4.2 1.1 0.8

1 700 50 19 13 3.4 4.5 2.8 2.1

1 700 50 26 13 3.4 4.5 2.0 1.6

0.5 525 50 14 12 3.2 4.2 3.2 2.4

0.5 587 50 26 12 3.2 4.2 1.9 1.4

1.5 675 50 24 13 3.4 4.5 2.2 1.7

1 675 50 26 13 3.4 4.5 2.0 1.6

1 575 50 25 7 1.9 2.9 3.2 2.1

1 630 50 26 7 1.9 2.9 3.6 2.3

1 550 50 21 8 2.1 3.2 3.3 2.2

1 500 50 48 8 2.1 3.2 1.3 0.9

0.7 610 50 20 12 3.2 4.2 2.6 1.9

0.75 550 50 24 12 3.2 4.2 1.9 1.4

0.7 610 50 20 12 3.2 4.2 2.6 1.9
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experienced by these units should be related to stratigraphic depth. Late
Jurassic deformation, as part of the Elko Orogeny, affected much of
northeast Nevada (e.g., Thorman et al., 1990, 1992; Miller and Hoisch,
1995; Zuza et al., 2020). To quantify this deformation and tectonic
burial, Miller and Hoisch (1995) presented aluminum-in-hornblende
pressure estimates for Middle–Late Jurassic plutons in northeast Ne-
vada. The aluminum-in-hornblende barometry method has been criti-
cized as unreliable (e.g., Pattison and Vogl, 2005). However, it is our
view that successful applications of these techniques, such as in the Si-
erra Nevada (e.g., Nadin et al., 2016), Searchlight pluton of southern
NV (Bachl et al., 2001; Zuza et al., 2019c), and Gangdese batholith of
Tibet (Cao et al., 2020), demonstrate that careful treatment and evalua-
tion of the samples can yield meaningful insights of emplacement pres-
sures. These above cited examples show reasonable pressure trends
that are corroborated by external constraints, such as nearby wallrock
pressures, palinspastic reconstructions, presence/absence of magmatic
epidote indicative of medium-high pressures (e.g., Ghent et al., 1991),
or relationship with copper porphyry deposits (i.e., shallow depths of
1–5 km) (e.g., Cao et al., 2020). In light of these considerations, we as-
sume that the aluminum-in-hornblende method is a useful technique
when applied carefully. Our main interpretations of this study are not
based on these datapoints, but they provide useful constraints on the
geologic record prior to attainment of inferred prograde peak pressures.

Plutons in northeast NV consistently yield pressures of 3–4 kbar
(Miller andHoisch, 1995).Most relevant to this study, the Jurassic Silver
Zone Pass pluton in the Toano Range intruded middle Cambrian strata
(SZP in Fig. 1B) and yielded a pressure estimate of 3.3 ± 0.5 kbar
using the Johnson and Rutherford (1989) calibration. We analyzed a
new sample from Silver Zone Pass to verify the Miller and Hoisch
(1995) results. Methods and data are in the Supplemental Materials,
and we obtained a similar pressure estimate of 3.1 ± 0.5 kbar using
the Mutch et al. (2016) calibration. We reprocessed the Miller and
Hoisch (1995) data with the same calibration and obtained 3.6 ±
0.5 kbar, which overlaps our estimate within uncertainties.

These observations indicate thatmiddle Cambrian strata intruded by
the Jurassic Silver Zone Pass pluton were at depths of ~3.1–3.6 kbar at
this time, or ~ 12.5 km. This is ~1 kbar higher pressures than expected
for stratigraphic depths, which has been used as evidence to suggest
Middle–Late Jurassic crustal shortening and thickening on the order of
~3–4 km, just prior to post-kinematic pluton intrusion (Miller and
Hoisch, 1995). Alternatively, we acknowledge that ~1 kbar differences
may not be significantly resolvable by the method, in which case we
may conservatively interpret that these datapoints simply convey that
Cambrian rocks were at or near stratigraphic depths in the Middle–
Late Jurassic. New detailed geologic mapping has documented a Late
Jurassic-aged ramp-flat thrust fault with 2–3 km unit duplication in
the Pequop Mountains (e.g., Zuza et al., 2018, 2019a, 2020), which is
consistent with the aluminum-in-hornblende barometry suggesting
some minor burial.

In the central Ruby Mountains, Hudec (1992) estimated similar
pressures from andalusite-bearing McCoy Creek Group rocks (Fig. 1B).
These rocks were crosscut by the ca. 153 Ma Dawley Canyon pluton,
which led Hudec (1992) to interpret that the McCoy Creek Group was
at ~3 kbar in the Middle–Late Jurassic. An overprinting slightly higher
grade metamorphic event was interpreted by Hudec (1992) as occur-
ring in the Late Jurassic. However, Jones (1999) subsequently
reinterpreted this second phases of metamorphism as Late Cretaceous
and thus this event is discussed later in the “Late Cretaceous pressures”
section. The EoceneHarrison Pass pluton intruded just (≤ 5 km) south of
these localities, and aluminum-in-hornblende pressure estimates
yielded similar ~3 kbar (Barnes et al., 2001).

In summary, available pressure estimates and field evidence imply a
minor phase of Late Jurassic crustal thickening. This suggests that if
minor Jurassic strain is preserved in the rock record, one would expect
that any postulated significant Late Cretaceous shortening and unit du-
plication should be observable in the field relationships.
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5.2. Late Cretaceous pressures

Fig. 1E shows existing pressure estimates for rocks along awest-east
traverse across the REWP (summarized in Table 1). Available datasets
were compiled fromworks spanning several decades and involving dif-
ferent methods, including traditional exchange thermometers and net
transfer reaction barometry (Hurlow et al., 1991; Hudec, 1992;
Hodges et al., 1992; Jones, 1999;McGrewet al., 2000) andmoremodern
applications of phase equilibrium modeling (Hallett and Spear, 2014;
Wills, 2014) (Fig. 2A for map locations). Our proposal of non-
lithostatic pressure in this study hinges on the accuracy of pressure es-
timates from this region. Below we briefly summarize these published
estimates but also refer the reader to the original source material.
Over the past three decades, these pressures are broadly reproduceable
from different authors and widely cited (e.g., see compilation of Henry
et al., 2011).

High pressures at moderate temperatures in the East Humboldt
Range are evidenced by local and/or relict presence of kyanite+ stauro-
lite + garnet + biotite, whichmay have been attained in the Late Juras-
sic or Cretaceous (e.g., Snoke, 1992; McGrew et al., 2000; Henry et al.,
2011). More common assemblages of garnet + sillimanite +biotite
are interpreted as higher temperature Late Cretaceous peak metamor-
phism (McGrew et al., 2000). McGrew et al. (2000) employed
Thermocalc (Powell and Holland, 1988) on mostly metapelite samples
(14 metapelites and 2 metabasite) collected from across the East Hum-
boldt Range with assemblages of biotite + sillimanite + garnet +
quartz + plagioclase ± chlorite ± muscovite ± K-feldspar ± rutile ±
ilmenite. From sixteen samples from different structural levels,
McGrew et al. (2000) obtained estimates spanning 5–9 kbar and
600–700 °C (Figs. 2A and 5A).

More recently, in coupled comprehensive geochronology-
thermobarometry studies, Hallett and Spear (2014, 2015) obtained sim-
ilar peak P-T results for Late Cretaceous metamorphism on similar rock
types. These two studies provided detailed mineral chemistry and zon-
ing constraints, whichwere incorporatedwith thermobarometry calcu-
lations and thermodynamic modeling. Temperatures were estimated
via the garnet-biotite Fe\\Mg exchange (GARB; e.g., Ferry and Spear,
1978; Hodges and Spear, 1982) and Zr-in-rutile thermometers
(e.g., Watson et al., 2006; Tomkins et al., 2007). Pressures were esti-
mated by the garnet-muscovite-plagioclase-biotite (GASP; Hodges and
Crowley, 1985), garnet-hornblende-plagioclase-quartz (GHPQ), and
garnet-plagioclase-muscovite-biotite (GPMB) barometers (Hodges
and Spear, 1982; Powell andHolland, 1988). In Table 1 and Fig. 5, we re-
port only estimates of peak pressure conditions, at 7–9.5 kbar
and ~ 700 °C. Thermodynamic modeling was conducted using assumed
bulk compositions in the MnNCKFMASH(±Ti) system, and yielded
overlapping estimates to the aforementioned thermobarometry results
(Hallett and Spear, 2014). Zircon and monazite dating confirm a Late
Cretaceous age for prograde peak metamorphism, with rare Jurassic
monazite ages suggesting an earlier phase of metamorphism (Hallett
and Spear, 2015).

Just east of the main East Humboldt Range in Clover Hill (Fig. 2A),
Hodges et al. (1992) used conventional thermobarometry on samples
of the McCoy Creek Group—i.e., GARB (e.g., Ferry and Spear, 1978;
Hodges and Spear, 1982), GASP (Hodges and Crowley, 1985), and the
garnet-rutile-aluminosilicate-ilmenite barometer (GRAIL e.g., Bohlen
et al., 1983)—and Gibbs method modeling (Spear and Selverstone,
1983) to calculate high pressures of 6–10 kbar. These samples contain
kyanite thatwas pre-kinematicwith respect to the dominate schistosity
defined by sillimanite +muscovite + biotite (Hodges et al., 1992). Just
east in the Wood Hills, the same methodology employed on Cambrian
Dunderberg Shale samples with garnet + staurolite ± kyanite yielded
peak pressure estimates of ~6 kbar at ~575 °C (Hodges et al., 1992;
Fig. 2A). On this Cambrian Dunderberg Shale unit, Wills (2014) con-
ducted phase equilibrium modeling, GASP-GARB thermobarometry,
and the Gibbs method to estimate pressures of 6–7 kbar at
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600–700 °C (Figs. 2A and 5A). We report in Table 1 and Fig. 5 the ap-
proximate mean P-T values from Wills (2014)’s final model paths.

A series of relatively lower pressure estimates in the REWP were all
derived from Neoproterozoic McCoy Creek Group. Hurlow et al. (1991)
aimed to document pressures of metapelite mylonitization in the cen-
tral East Humboldt Range. This study documented a pre-mylonite min-
eral assemblage of sillimanite+ K-feldspar+muscovite+ quartz with
a synkinematic quartz + biotite + muscovite + plagioclase. Quantita-
tive thermobarometry via GARB thermometry (Ferry and Spear, 1978;
Hodges and Spear, 1982) and GASP barometry (Ghent and Stout,
1981; Hodges and Crowley, 1985) yielded ~3.5 kbar at 600 °C (Fig. 2A).

In the central Ruby Mountains, a phase of upper amphibolite
sillimanite-grade metamorphism overprinted the Late Jurassic record,
evidenced by mineral texture relationships, as reported by Hudec
(1992). Jones (1999) studied similar rocks in the central Ruby Moun-
tains, and interpreted this later phase as a Late Cretaceous based on co-
incident garnet + sillimanite observed in Late Cretaceous pegmatitic
leucogranite (Table 1). Therefore, we discuss Late Cretaceous pressure
estimates fromHudec (1992) and Jones (1999) together. The dominant
mineral assemblage is muscovite + biotite + plagioclase + sillimanite
± garnet ± cordierite. Hudec (1992) used GEO-CALC software
(e.g., Perkins et al., 1986; Brown et al., 1988) to calculate all possible
equilibria between relevant phases with compositional inputs for mus-
covite, biotite, plagioclase, garnet, cordierite, and staurolite. Analysis of
6 samples yielded a cluster of P-T results at ~4.1 kbar and ~ 600 °C.
Later, Jones (1999) applied TWQ (e.g., Berman, 1991) to a sample con-
taining quartz + biotite + muscovite + plagioclase + garnet + silli-
manite to obtain estimates of ~4.3 kbar and 525 °C.

Herein,we assume that these published pressure estimates are valid.
However, there are potential limitations for the aforementioned data.
The REWP experienced a polyphase deformation, thermal, and meta-
morphic history, with apparently distinct punctuated Late Jurassic and
Late Cretaceous shortening and burial (e.g., Hudec, 1992; McGrew
et al., 2000; Hallett and Spear, 2015; Zuza et al., 2020), various intru-
sions and reheating events from the Late Jurassic to Miocene
(e.g., Henry et al., 2011), and complicated exhumation, decompression,
and retrogression (e.g., Hallett and Spear, 2014). Therefore, any burial
history and estimated pressures reflect this polyphase history, and re-
quire assumptions for equilibrium assemblages. Hallett and Spear
(2014, 2015) carefully documented compositional zoning via X-ray
mapping of important phases to try to better constrain these assump-
tions. Related to this, partial melting affected the chemical history of
these rocks. For example, Ca zoning in garnet may reflect changes in
pressure while garnet and plagioclase are in equilibrium, or incorpora-
tion of Ca by garnet as plagioclase breaks down during partial melting
(Hallett and Spear, 2014). Therefore, measured Ca concentrations may
be impacted by pressure changes, bulk composition changes partial
melting, or a combination of complications.

5.3. New Raman inclusion barometry

Tosupplementthesepublisheddata,andexpandpressureconstraints
to the east, we conducted Raman inclusion barometry (i.e., QuiG) on
quartz inclusions within garnet (e.g., Schmidt and Ziemann, 2000;
Kohn, 2014; Angel et al., 2017) from a Neoproterozoic–Cambrian Pros-
pect Mountain Quartzite sample from the western PequopMountains
(40°55′59.67”N;114°38′29.55”W;Fig.2).Thesemethodsassumehydro-
static compression of quartz and rely on a shift of the 464 cm−1 Raman
band frequency of quartz.We use this method over the recently devel-
oped anisotropic Grüneisen tensor method (Angel et al., 2019), which
uses data on threemodes to assess strain independently on each crystal-
lographic axis. Bonazzi et al. (2019) compared hydrostatic and aniso-
tropic inclusion pressuremodels, and therewas no significant deviation
of these methods for pressures <3.0 GPa (e.g., Thomas and Spear,
2018), provided small deviatoric stresses (e.g., Fig. 4a of Bonazzi et al.,
2019). Therefore,we use thehigher resolution 464 cm−1 peak assuming
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hydrostatic compression of quartz. Detailedmethods and analyses are in
the SupplementalMaterials.

The Prospect Mountain sampling locality (Fig. 2A) is the lowermost
exposure of a continuous ~7–8-km-thick package of Neoproterozoic
through Permian stratigraphy, and the uppermost rocks are entirely un-
deformed and unmetamorphosed (red dashed box in Fig. 2A). The sam-
ple is a quartzite with muscovite-rich partings, sometimes with
~1–2 mm garnet. Quartz grains have a strong shape preferred orienta-
tion but no crystallographic preferred orientation. Quartz is recrystal-
lized with lobate interfingering grain boundaries suggesting grain
boundary migration recrystallization with more minor subgrain rota-
tion. Based on the quartz microstructures, presence biotite/tremolite
in nearby units, and a regional compilation of peak temperature data
(e.g., Zuza et al., 2020; Fig. 4), we interpret this sample to have experi-
enced peak temperatures of ~500–550 °C.

We analyzed 21 quartz inclusions in two garnet grains from this
sample (Fig. 6; laboratory labels garnet 1 and 3) andwavenumber shifts
are plotted in Fig. 6. We interpret that this sample experienced peak
temperatures of ~500–550 °C and conservatively assume that prograde
garnet growth that entrapped the quartz occurred at ~500 °C. Therefore,
we model QuiG pressures using a range of temperatures of 450 °C,
500 °C, and 533 °C, but favor results for the 500 °C model. Nineteen of
the analyses yielded similar pressure estimates with two outlier analy-
ses yielding higher pressures. Because there are numerousmechanisms
to relax pressures (e.g., Angel et al., 2014; Bonazzi et al., 2019; Zhong
et al., 2020), it is common practice to consider and use the higher
QuiG pressure estimates. However, due to an imprecise temperature
history, the consistency of the 17 other estimates, and in the interest
of conservative estimates to compare against geologic reconstructions
(i.e., pressure estimates that minimize implied non-lithostatic pres-
sure), we excluded these two highest analyses to determine an average
QuiG pressure of 7 ± 1 kbar, assuming 500 °C inclusion entrapment
(Fig. 6). Hotter or colder entrapment temperatures would shift pressure
estimates to ~7.5 kbar or ~ 6.2 kbar, respectively (Fig. 6; Supplemental
Material). The consistency of these estimates (Fig. 6) gives us confi-
dence in the results, suggesting that inclusion anisotropy or geometry
is not significantly influencing this sample, which would predict more
variability (e.g., Mazzucchelli et al., 2018; Bonazzi et al., 2019). We in-
terpret that this pressurewas attained on a progradepath, and therefore
for peak P-T we report ~7 kbar at ~550 ± 50 °C in Table 1 (Fig. 5). If
lithostatic, this implies burial to ~26 km and a geothermal gradient of
~20 °C/km.

This quartz-in-garnet Raman-based pressure estimate is similar to
other relatively high-pressure estimates in the REWP (Fig. 5).Muscovite
and biotite 40Ar/39Ar thermochronology (Zuza et al., 2019a) suggests
that progrademetamorphism occurred in the Late Cretaceous, although
our geologic mapping and regional datasets suggest that the Late Creta-
ceous event overprinted a previous Late Jurassic history (e.g., Thorman
et al., 1990, 2019; Zuza et al., 2020).Wills (2014) provided a Lu\\Hf gar-
net age from theWoodHills to thewest of ca. 83Ma,whichwe interpret
may represent a similar timing of garnet growth in the Prospect Moun-
tain sample analyzed here.

In summary, reported Late Cretaceous pressure estimates from
across the REWP tend to fall into two groups: higher pressures of
6–8+ kbar and lower pressures of 3–4 kbar (Fig. 5). Where available,
geochronologic constraints suggest that peak pressures for the high
pressure data were attained in the Late Cretaceous (e.g., McGrew
et al., 2000; Wills, 2014; Hallett and Spear, 2015). If these pressure esti-
mates are lithostatic, they suggest the rocks were buried to 23–30+ km
depths (ρ ~ 2.7 g/cm3) (Fig. 5), or approximately 2–3 × the thickness of
the passive margin section. Conversely, authors interpret the lower
pressure estimates to represent mylonitic conditions during range ex-
humation and normal-sense shearing (e.g., Hurlow et al., 1991). These
pressures are generally compatible with lithostatic pressures predicted
for McCoy Creek Group rocks that would have been at 10–14 km depth
(2.6–3.7 kbar). The across-strike west-east compilation in Fig. 1E shows



Fig. 4. (A) Stratigraphic depth (0.5 km uncertainty) versus peak-temperature (Tp) across the Pequop Mountains (modified from Zuza et al., 2020). Accompanying stratigraphic column
(same vertical scale) shows observed thicknesses (Zuza et al., 2018, 2019a). Only some units are named; the complete stratigraphic column is in Zuza et al. (2020). Data: CAI (Zuza
et al., 2020); RSCM (Zuza et al., 2020; 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). CAI data with white symbol and brown outline are interpreted to have been
affected by hydrothermal fluids. Predicted thermal structure assuming Windermere thrust hypothesis is shown in red. (B) Same as Fig. 4A, except that ~2 km thickening is invoked
based on mapped Independence thrust relationships; see text. (C) Another example of high geothermal recorded in the Great Basin by Long and Soignard (2016) with their study area
shown in Fig. 1A. Their stratigraphic column was drafted to the right of the plot, with orange boxes showing RSCM, vitrinite reflectance, and Rock-Eval pyrolysis analyses. Grey boxes
are published CAI constraints from the region (Crafford, 2007) and the green field is a comparison of Tp observations from Fig. 3A against the Long and Soignard (2016) dataset. Note
the similar geothermal gradients >40 °C/km.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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approximate stratigraphic depths for the analyzed samples, which
spanned Cambrian to Neoproterozoic stratigraphy at stratigraphic
depths of 8–15(?) km.We also show the approximate range of possible
stratigraphic depths assuming ~4 km of structural burial due to known
and observed Mesozoic contractional structures (e.g., Jones, 1999; Zuza
et al., 2020).

Although pressure estimates from the REWP vary significantly, the
estimated temperature range for these same rocks is generally re-
stricted to 500–650 °C (Fig. 5). Accordingly, if the pressure estimates
are reliable and represent lithostatic conditions, the high (6–8+ kbar)
and low (3–4 kbar) pressure groups can be divided into two broad do-
mains of inferred paleo-geothermal gradients: <20–25 °C/km and
40–50 °C/km respectively (Fig. 5). In this regard, the higher pressure es-
timates require relatively low geothermal gradients of ≤25 °C/km if
pressure corresponds with depth. This represents one key test for
lithostatic versus non-lithostatic conditions.
5.4. Northern Snake Range pressures

In the classic northern Snake Range metamorphic core complex
(Fig. 1A), gently dipping Neoproterozoic–Cambrian strata (i.e., McCoy
Creek Group and Prospect Mountain Quartzite) are strongly
mylonitized (e.g., Miller et al., 1983; Lee et al., 2017). The region records
top-east normal-sense exhumation of these rocks, with Cambrian–
Permian rocks juxtaposed over the Neoproterozoic–Cambrianmylonitic
core. Lewis et al. (1999) obtained quantitative pressure estimates from
this region on samples containing the mineral assemblage quartz +
muscovite + biotite + garnet + plagioclase + staurolite ± kyanite ±
tourmaline ± apatite using the GARB exchange thermometer
(e.g., Ferry and Spear, 1978; Hodges and Spear, 1982), GASP barometer
(Hodges and Crowley, 1985), and GBMP (Powell and Holland, 1988)
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from phases interpreted to be in equilibrium. They obtained 8.1 kbar
pressure estimates at ~610 °C (yellow box L99 in Fig. 5A) from the
McCoy Creek samples. Later work using the GARB thermometer and
GMBP barometer on the same rock types confirmed these high pres-
sures, although with some variability (~6–8 kbar) interpreted to repre-
sent spatial differences in Mesozoic thrust footwall-ramp geometries
(Cooper et al., 2010; F10 boxes in Fig. 5A). Cooper et al. (2010) also pre-
sented MnNCKFMASH pseudosections for McCoy Creek samples based
on their bulk geochemistry that were consistentwith these previous es-
timates. In summary, the northern Snake Range constraints are very
similar to the REWP, includingMcCoy Creek rocks thatwould have orig-
inated at stratigraphic depths of ~12–15km thatwere estimated to have
attained pressures of >6–8 kbar in the Late Cretaceous (Fig. 5).
6. Discussion

6.1. Predictions of deep tectonic burial

If peak metamorphic pressures are lithostatic, the 6–8+ kbar pres-
sure estimates from the REWP (Fig. 5) suggest burial of the
Neoproterozoic–Paleozoic stratigraphy to depths >20–25 km. From
these estimates, there are three possible inferences: (1) the pressures
were estimated incorrectly due to complications ofmineral equilibrium,
polyphase metamorphism, reaction overstepping (e.g., Pattison et al.,
2011; Spear, 2017; Spear and Pattison, 2017), or other factors and the
local rocks were never deeply buried; (2) the pressures can be satisfac-
torily converted to lithostatic depths and reflect deep Mesozoic burial
(i.e., the deep burial model); or (3) the pressures are generally accurate
but are non-lithostatic pressures resulting fromone or several overpres-
sure mechanisms (i.e., the overpressure model). Regarding point one,
we argue that numerous workers over the past three decades have



Fig. 5. (A) Compilation of available pressure-temperature data from the REWP, contoured
by geothermal gradient assuming a crustal density of 2.7 g/cm3. Data discussed in text and
in Table 1. Almost all data is from the REWP, but yellowboxes are from the northern Snake
Range (L99—Lewis et al., 1999; F10—Cooper et al., 2010). Note that the data defines two
populations: the higher pressure samples suggest normal geothermal gradients
(20–25 °C/km), whereas the lower pressure estimates suggest an elevated geothermal
gradient (>30–40 °C/km). Pink shading highlights Cretaceous thermal gradient (dT/dz)
calculated for the PequopMountains (i.e., Fig. 4 and Zuza et al., 2020) and orange shading
defines geothermal gradients determined by Miller and Gans (1989), Long and Soignard
(2016), and Long et al. (2018). The Hurlow et al. (1991) datapoint is highlighted in red be-
cause it is discussed in detail in the text. Green stratigraphic depth arrows show expected
depth of Cambrian–Neoproterozoic rocks. (B) Histogram of observed pressure estimates
against inferred lithostatic pressure (P/PL) for the data in Fig. 5A. Blue bars involve
~4 km structural thickening within the REWP, such that ~4 km is added to the PL value
for the stratigraphic depth of a pressure-estimate sample, thus lowering the P/PL ratio.
This is a reasonable assumption as discussed in the text. Pink boxes include no thickening.
Data compiled in Table 1. Note that the “with thickening” data cluster between no over-
pressure (P/PL = 1) and 2× overpressure (P/PL = 2).(For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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published consistent pressure estimates using a variety of methods, as
outlined above, resulting in pressures that cluster at 6–8 kbar (Fig. 5).
If these pressures are not accurate, then many pressures reported glob-
ally (e.g., Brown et al., 2020) would need reevaluation. Here we do not
intend to suggest that.

Options 2 versus 3 correspond to models of deep burial versus over-
pressure, which we test with the geologic record of the REWP. Specifi-
cally, a deep-burial hypothesis makes specific predictions for the
lateral continuity of thrust faults and burial magnitude, timing of meta-
morphism and anatexis, initial depth of the Long Canyon Carlin-type
gold deposit, and magnitude/timing of Cenozoic extension to exhume
the rocks. These model predictions are summarized in Table 2 and ex-
panded on below.

Deep burial predicts major thrust faults with large stratigraphic sep-
arations. These faults may potentially be covered or obscured by later
Cenozoic extension. Within the North American Cordillera, this deep
burial and/or significant overthrusting is concentrated in small pockets,
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such as the REWP and northern Snake Range. In between these regions,
contractional strain and tectonic burial/duplication is significantly less.
The deep burial models predict relatively low geothermal gradients
(≤25 °C/km), whereas overpressure models require high temperature
gradients (40–50 °C/km).

The voluminous Late Cretaceous melts in the REWP (e.g., Lee et al.,
2003; Howard et al., 2011) have been postulated to be genetically re-
lated to significant crustal shortening and thickening. Deep burial
models suggest that the melts were generated as McCoy Creek Group
pelites were tectonically buried, and thus prograde metamorphism
should precede voluminous in-situ melting and intrusions. The over-
pressure model suggests that a high geothermal gradient, driven from
an external source and/or heat advection frommelting at depth, melted
pelites at shallower (nearly stratigraphic) depths via dehydration melt-
ing. Long and Soignard (2016) showed shallow crustal metamorphism
in the Grant Range and highlighted the efficiency of Late Cretaceous
magmatism in heating the middle-upper crust (Fig. 1A). Ti-in-zircon
thermometry suggests that Late Cretaceous two-mica melts were gen-
erated at ~600–700 °C (Hallett and Spear, 2015), which is similar to
other peraluminuous granites, including the Arunachal leucogranites
in the Himalaya (Harrison and Wielicki, 2016). Therefore, deep burial
models suggest that McCoy Creek Group pelites were melted at depth
with a relatively low thermal gradients, whereas overpressure models
require a hot geothermal gradient to melt the pelites at shallower
depths. Dehydration melting of pelites could occur as shallowly as
12–14 km with high thermal gradients in eastern Nevada (Long and
Soignard, 2016). There is a well-established belt of Late Cretaceous
peraluminous granites stretching from Arizona to Canada (Miller and
Bradfish, 1980), and there is not evidence for significant thrust burial
across this entire domain (e.g., Crafford, 2007; Van Buer et al., 2009;
Long, 2012, 2015). Deep REWP burial models imply that the REWP
leucogranites are distinct from other peraluminous rocks in the two-
mica belt because they were formed specifically as a result of local
crustal thickening.

The depth of Eocene gold mineralization at Long Canyon, in the
Pequop Mountain (Fig. 2), provides another test of burial models.
Deep burial models that invoke the pre-Cenozoic Windermere thrust
panel(s) suggest mineralization at depths >10–15 km, whereas just ac-
counting for Jurassic Independence thrusting and erosion (e.g., Zuza
et al., 2019a, 2020) suggests mineralization at a structural depth of
≤5 km. Robust constraints on the timing andmagnitude of Cenozoic ex-
tension can also elucidate burial depth. Deep burial requires constrained
extension magnitudes to be sufficient to exhume rocks from ~30 km
depth. Tectonics models favoring deep burial rely on some component
of late Cretaceous or early Cenozoic exhumation (McGrew et al., 2000;
Hallett and Spear, 2014, 2015), whereas Miocene-to-present extension
can exhume rocks from stratigraphic depths to the surface on mapped
normal faults and rotated blocks (e.g., Colgan and Henry, 2009; Colgan
et al., 2010; Henry et al., 2011; Zuza et al., 2020).

6.2. Testing deep burial versus overpressure models

We suggest that available geologic constraints are at oddswith deep
burial (Table 2), and therefore propose that non-lithostatic overpres-
sure caused the relatively high pressures observed in the REWP. Field
relationships from decades of geologic mapping (e.g., Thorman, 1962,
1970; Henry and Thorman, 2015; Zuza et al., 2018, 2019a) do not
suggest any high magnitude crustal shortening or larger stratigraphic
separation. The ~7 kbar pressure estimate obtained in this study from
the Prospect Mountain quartzite is from the base of a continuous
~7–8-km-thick stratigraphic section up to undeformed and unmetam-
orphosed Permian strata (red dashed box in Fig. 2A) (Zuza et al.,
2020). If the Prospect Mountain quartzite was buried to >25 km
depth, it follows that the upper Permian rocks from this continuous sec-
tion would have also been buried and deformed. This is not observed.



Fig. 6. Raman inclusion barometry results, including wavenumber shifts and modeled
pressures for two analyzed garnets (i.e., garnets 1 and 3) assuming three temperatures
(450 °C, 500 °C, and 533 °C). Methodology discussed in the text (e.g., Schmidt and
Ziemann, 2000; Kohn, 2014; Angel et al., 2017). Analyses cluster around an average pres-
sure of ~7 kbar; open symbols are two outlier analyses that were excluded from themean.
Note that the yellow shading is our reported 7 ± 1 kbar value, which encompasses most
analyses at the three modeled temperatures.
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However, the Independence thrust in the Pequop Mountains has
2–3 km stratigraphic separation and is a clearly visible and mappable
structure (Camilleri, 2010; Zuza et al., 2018, 2020). In the Ruby
Mountains-East Humboldt Range, probable Neoproterozoic McCoy
Creek Group rocks are observed structurally above Neoproterozoic-
Cambrian Prospect Mountain Quartzite (e.g., Howard, 2000), which
also implies unit repetition on the order of kilometers. This region is
so pervasively intruded that unit assignments of monotonous
quartzite-rich rocks is nonunique and open for interpretation. Regard-
less, the hypothesizedWindermere thrustmust have beenmuch larger,
and it apparently left no surface trace. If real, this structure must have
been completely obscured by later Cenozoic extension,with an example
normal fault drafted on the model cross sections of Fig. 1C and D. The
hanging wall of the Cenozoic extension would have been massive to
(1) completely remove the thickness of the overlying Windermere
thrust, and (2) remove any trace of high-magnitude pre-Cenozoic
shortening. This required high-magnitude extension is at odds with ex-
tension observations and crustal thickness to the west of the REWP, as
discussed in Colgan and Henry (2009).

The character of this proposed thrust system is entirely different
from anything observed in the eastern Great Basin. Clear examples of
confirmed hinterland thrust faults include those near Eureka, NV
(Long et al., 2014, 2015), in the White Pine Mountains (Humphrey,
1960; Gans, 2000), and the Confusion Range in western Utah (Greene,
2014). These structures fit within the three large synclinoria (and
bounding anticlinoria) located near the Nevada-Utah border (Fig. 1A)
Fig. 7. Block models to explain proposed deep burial in northeast Nevada either via (A) signific
sive margin stratigraphy; gn: schematic representation of Proterozoic basement gneiss.
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(e.g., Hose and Blake, 1976; Gans and Miller, 1983; Welch et al., 2007;
Long 2012, 2015; Greene, 2014). These types of features are observed
in regional compilations of erosion levels beneath Cenozoic rocks
(Armstrong, 1968; Gans and Miller, 1983; Van Buer et al., 2009; Long,
2012), which conversely show no erosional evidence of any proposed
major overthrust or intracontinental subduction system anywhere
near REWP or to the south. In summary, the Windermere thrust hy-
pothesis envisions a thrust system that is atypical of the Cordillera and
at odds with geology of the eastern Great Basin. Below we discuss
how this envisioned structure is dissimilar to other structures observed
globally in orogenic plateaus.

The deep burial models require a low geothermal gradient of ≤25 °C/
km. We argue that this low value is unlikely because (1) the Late Creta-
ceous paleo-geothermal gradient observed in the Pequop Mountains
was 40–50 °C/km (Fig. 4A and B) (Thorman et al., 2019; Zuza et al.,
2020); (2) further afield estimates of Mesozoic thermal gradients in
the eastern Great Basin are all high (≥40 °C/km) and theNevadaplano in-
volved a classically hot retroarc (e.g., Miller and Gans, 1989; Barton,
1990; Elison, 1995; Long and Soignard, 2016; Howland, 2016;
Hyndman, 2017; Long et al., 2018) (e.g., Fig. 4C); (3) modern Great
Basin thermal gradients are high (Lachenbruch, 1978; Blackwell et al.,
2011); and (4) observations from other contractional orogens and oro-
genic plateaus suggest elevated thermal gradients, such as in the
Himalaya, the Tibetan Plateau, and the Andes (e.g., Francheteau et al.,
1984; Derry et al., 2009; Cardoso et al., 2010). Highmodern thermal gra-
dients donot bear onMesozoic temperatures, but demonstrate that ther-
mal gradients ≤25 °C/km have generally not affected the Great Basin
geology since the Mesozoic. The peak temperature vs. stratigraphic
depth plot in Fig. 4 (Long and Soignard, 2016; Zuza et al., 2020) reveals
high geothermal gradients (≥40 °C/km) that do not overlap the predic-
tions for deep Windermere thrust burial (shown in red shading). Al-
though Long and Soignard's (2016) hot geothermal gradient was
interpreted to result from a proximal Cretaceous intrusion, their study
represents a case study for explaining elevated heatflow across much
of eastern Nevada (e.g., Barton, 1990). Throughout Earth's Phanerozoic
history, available constraints suggest that hinterland regions commonly
have thermal gradients ≥30 °C/km (Brown et al., 2020).

Most Carlin-type gold deposits (CTD) in northeast Nevada are
thought to have been mineralized at relatively shallow depths
(<5 km) (e.g., Kuehn and Rose, 1995; Arehart, 1996; Cline and
Hofstra, 2000; Nutt and Hofstra, 2003). Therefore, the simplest case
for the Eocene Long Canyon deposit in the Pequop Mountains is that it
was mineralized at similarly shallow levels. Given that major extension
and exhumation did not initiate until the Oligocene orMiocene (Wright
and Snoke, 1993; Colgan and Henry, 2009; Henry et al., 2011), the deep
burial model would require Long Canyon to have mineralized at great
depths >15 km, which is dissimilar to other CTDs.

Lastly, deep burial models require greater magnitudes of extension
to exhume rocks from ~30 km depth. These models favor earlier Ceno-
zoic, or even latest Cretaceous, initiation of exhumation (e.g., McGrew
ant overthrusting or (B) intracontinental subduction. Z-Pz: Neoproterozoic–Paleozoic pas-



Fig. 8. Compilation of high-resolution deep seismic reflection profiles across major contractional fold-thrust belts in Asia, including the western Pacific retroarc fold-thrust belt (Li et al.,
2018), the northernmargin of the Tibetan Plateau (Gao et al., 2013), the Himalayan fold-thrust belt (Gao et al., 2016), and the Eastern Kunlun Range in the central Tibetan Plateau (Wang
et al., 2011). These observations may serve as analogs for the types of structures observed across a developing orogenic plateau and/or within the retro-arc fold-thrust belt.
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and Snee, 1994; Camilleri and Chamberlain 1997; McGrew et al., 2000).
Geologic evidence suggests relatively minor extension in the Eocene,
during the deposition of the Eocene Elko Formation with relatively
minor surface breaking faults (e.g., Lund Snee et al., 2016; Smith et al.,
2017). Oligocene basin and fault history are negligible, with the excep-
tion of the thin and relatively isolated Clover Creek sequence just east of
the East Humboldt Range (e.g., McGrew and Snoke, 2015). Widespread
Miocene-to-present basins demonstrably record this phase of deforma-
tion. In this respect, non-lithostatic overpressure models that require
less burial accordingly require less exhumation, with Neoproterozoic
rocks being brought from ≤15 km to the surface by the present. Our un-
derstanding of Miocene-to-present extension and exhumation is com-
patible with this kinematic history (Henry, 2008; Colgan and Henry,
2009; Colgan et al., 2010; Henry et al., 2011).

6.3. Further arguments against deep burial

Above we argue that the REWP rocks were not deeply buried,
and therefore the published P-T datasets do not represent lithostatic
depths. In our view, the regional geology is inconsistent with deep
burial models. That said, large magnitude shortening has previously
been invoked in both the REWP and Snake Range (Camilleri and
Chamberlain, 1997; Lewis et al., 1999; McGrew et al., 2019). Here we
examine these scenarios and critically evaluate their kinematic predic-
tions for the middle-upper crust.

To bury rocks from a 10–15-km stratigraphic depth to >25 km re-
quires either a 15+ km thick overthrust sheet, or several thrust panels,
that buries the passive margin sequence in situ—i.e., in an upper crust
reference frame, the rocks are relatively stationary and get buried by
thrust panels. This has been proposed for the REWP (e.g., Camilleri
and Chamberlain, 1997; Camilleri, 1998) (Fig. 7A). Alternatively, the
passive margin sequence is brought down to great depths (25–30 km)
along a very steep intracontinental subduction-like megathrust—i.e., in
an upper crust reference frame, these rocks are transported to depth
(Fig. 7B). Lewis et al. (1999) proposed this for the Snake Range, and a
similar model has been envisioned for the REWP (McGrew et al., 2019).

Although the steep intracontinental subduction-like megathrust
model is appealing to recreate observed pressure estimates, we argue
that it is unrealistic because it (1) is atypical of known thrust systems
within orogenic plateaus locally (i.e., the Nevadaplano) and globally,
and (2) results in kinematic requirements that are hard to reconcile
with geologic observations from northeastern Nevada. The Late Creta-
ceous REWPwas locatedwithin the inferred Nevadaplano orogenic pla-
teau. At this longitude, Cretaceous thrust structures are preserved to the
south, including the Central Nevada thrust belt and Eureka culmination
(Long et al., 2014; Di Fiori et al., 2020) and thrust system in the Confu-
sion Range (Greene, 2014). However, these faults involve relatively
lowmagnitude fault-bend fold thrust-fault geometries that did not sig-
nificant bury the footwall rocks. Related to this, regional compilations of
erosion levels beneath Cenozoic rocks (i.e., recording Cretaceous ero-
sion and exhumation) show relatively minimal pre-Cenozoic exhuma-
tion, primarily focused along the aforementioned structures
(Armstrong, 1968; Gans and Miller, 1983; Van Buer et al., 2009; Long,
2012). Therefore, invoking high-magnitude localized intracontinental
subduction or megathrusting just near REWP is not justifiable based
on the regional deformation pattern.

Examining modern analogs, geophysical and geological investiga-
tions around the Tibetan and Andean (Altiplano-Puna) plateaus have
generated a wealth of data on the styles of continental deformation
within and around orogenic plateaus. For example, SinoProbe seismic
reflection profiling, coupled with decades of geologic mapping, have re-
vealed the style of crustal shortening in the active Himalayan-Tibetan
orogen and the Mesozoic western Pacific Mesozoic “Cordilleran-style”
retro-arc fold-thrust belt (Fig. 8). These profiles image structures from
the surface to the Moho (Wang et al., 2011; Dong et al., 2013; Gao
et al., 2013; Li et al., 2018; Fig. 8), and none shown the envisioned
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intra-continental subduction zone geometries (Fig. 7) that wholesale
transport coherent packages of upper crustal rocks to depths as
envisioned in the Lewis et al. (1999) model. Similarly, balanced cross
sections and structural models of the Andes, which is thought to repre-
sent an active contemporary analog to the North American Cordillera,
do not document steep localized intra-continental subduction systems
that transport upper crustal rocks to depths of 25–30 km
(e.g., McQuarrie, 2002; Anderson et al., 2017).

Another complication is that deep-burial models in northeast Ne-
vada require that after high-magnitude contraction-related burial, sub-
sequent extension and plateau collapse exhumed the deeply burial
rocks along a detachment fault that is perfectly parallel to the thrust
structures (Fig. 7). That is, the exhumation process impeccably removed
the overburden rocks and left no record of prior high-magnitude
overthrusting and/or intracontinental subduction. Contractional and
extensional structures commonly dip or plunge to reveal different struc-
tural depths; this is the basis for how orogen-scale cross sections are
drafted (e.g., Boyer and Elliot, 1982; Yin, 2006; Webb et al., 2007).
Thus, it is perhaps too convenient that the envisioned exhumation of
deeply buried rocks in northeast Nevada left to trace prior high-
magnitude shortening.

There are also kinematic consequences of bringing upper crust to
25–30 km depths in the Late Cretaceous, because this requires at least
30 km of horizontal shortening in the upper crust to accommodate
that vertical displacement (assuming steep 60° fault; more shortening
required for a shallower structure). In the simplest case, this shortening
occurs on the footwall side of themegathrust, althoughwedge tectonics
can partition some of this deformation on the hanging wall side (Yin,
2006; Zuza et al., 2019b). Upper crustal shortening near and east of
the REWP is (1) probably mostly Jurassic in age, and (2) involves slip
of <10 km onwell documented structures like the Independence thrust
(Fig. 2; Camilleri and Chamberlain, 1997; Zuza et al., 2020). Orogen-
scale kinematic models of the Sevier fold-thrust belt and its hinterland
assume that the REWP was buried deeply in the hinterland region
prior to ca. 85 Ma, but these models do not specify what structure was
responsible for this burial (e.g., Long and Kohn, 2020).

There are also lateral kinematic problems: 30 kmof horizontal trans-
port to subduct/underthrust the upper crust at REWP latitudes, which
would have been located somewhere in the central part of the
Nevadaplano, should be expressed somehow to the north and south of
the REWP. That is, these models imply (1) high magnitude shortening
strain to the north and south of the REWP that is not observed, and
(2) thickened crust of the Nevadaplano was generated via ~30 km
intracontinental subduction, which implies that regions outside of the
REWP were never thickened because they lack this high magnitude
shortening. Most models of the Nevadaplano infer that it was mostly
continuous in a north-south direction (e.g., Coney and Harms, 1984;
Bahadori et al., 2018), implying that localized high strain shortening
or intracontinental subduction in the REWP and northern Snake Range
was not a commonmechanism for crustal thickening and plateau devel-
opment. Just south of the high pressure estimates from the East Hum-
boldt Range, the central-southern Ruby Mountains were never deeply
buried (Fig. 1) (e.g., Barnes et al., 2001; Colgan et al., 2010).

6.4. Non-lithostatic overpressure and possible explanations

As outlined in this work, there has been rigorous discussion over the
past 30+ years about Cordilleranmetamorphic core complexes in east-
ern Nevada, with geobarometry data at odds with palinspastic recon-
structions using mapping and field relationships (Miller et al., 1983;
Hodges et al., 1992; Lewis et al., 1999; Cooper et al., 2010; Hallett and
Spear, 2015). We propose that non-lithostatic pressure may have been
significant for the REWP rocks, which simultaneously suggests that
the published pressure estimates are accurate and the field relation-
ships are valid. Fig. 5B shows the inferred overpressure ratios (recorded
pressures, P, over lithostatic pressures for a sample, PL), and allowing



Fig. 9. Example calculations for non-lithostatic overpressure in the Nevadan metamorphic core complexes, using P estimate of Hurlow et al. (1991) because it was obtained from the
mylonitic shear zone, yielded pressures that correspond to only slightly deeper than stratigraphic depths, and thus can be a test scenario of possible overpressure. Calculations use a
combination of compression-tension mode switching of Yamato and Brun (2017), the Schmid and Podladchikov (2003) model for a weak inclusion with a stronger matrix
(e.g., Moulas et al., 2014), and a validation of why rocks under compression (thrust, t) are stronger than under tension (normal fault, n) based on classic Anderson (1905) and Sibson
(1974) theory. (A) Lithostatic pressure (PL) is set to ~350 MPa (~13 km depth); the strength of the rock under Cenozoic extension (σ3-σ1) is given by local piezometer-based estimates
(Hacker et al., 1990; Levy and Zuza, 2019) and taken as ~150 MPa; for extension, σ1 is assumed to be vertical and thus σ1 = PL and for contraction, σ3 is assumed vertical and σ3 = PL;
for the same rock types, the strength of the rock under contraction is constrained by a yield envelope with no cohesion that envelops the Mohr circle for the rock under extension
(i.e., μ ¼ 0:3, which is satisfied by μ=0.5 and λ=0.4),which equates to a strength of ~280MPa; ifσ2 is ~(σ1+σ3)/2, the predicted pressure during contraction (Pc) could half of strength
(~140 MPa) higher than PL or ~ 1.4 × PL, which is ~490 MPa; and weaker rocks under the same far-field stress must experience pressures that are significantly higher, as shownwith the
green Mohr circle that shares the same σ1 as the red Mohr circle, which could yield pressures ≥600MPa (e.g., Moulas et al., 2014). In this example, tectonic mode switching and strength
heterogeneities could result in pressures that would suggest depths of ~23 km. Note that thrust-mode (contractional) rocks are>2× stronger than normal-fault-mode rocks (extensional)
based on classic studies (Anderson, 1905; Sibson, 1974). (B) Similar to Fig. 8A, except Hurlow et al. (1991) pressure estimate is taken as pressure under extension (Pe), not PL, which sug-
gests PL could be ~425 MPa (~16 km), Pc could be ~543 MPa (~18 km), and peak pressures recorded in the weaker layers could be ~625 MPa (~24 km).
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~4 km of structural thickening—which is justifiable based on observed
thrust-fault structures—overpressure ratios range from 1 to 2 × .

Based on the end-member categories for non-lithostatic overpres-
sure summarized in Fig. 3, general conditions that might favor and en-
hance overpressure include: (1) regions adjacent to thickened
plateaus (Schmalholz et al., 2014), (2) rocks with synkinematic local
partial melt generation (Chu et al., 2017), (3) shear zones consisting
of rocks with heterogeneous strengths (Schmalholz and Podladchikov,
2013; Marques et al., 2018), and (4) switching tectonic regimes from
contraction to extension (Yamato and Brun, 2017). The metamorphic
core complexes in eastern Nevada meet all of these conditions based
on their geologic/structural setting. As outlined above, the REWP region
involved regional contractional deformation in the Late Cretaceous,
when peak pressures were recoded, and the region subsequently
switched to being under extension during the Cenozoic, during REWP
core complex formation and Basin and Range extension. There may
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have additionally been shorter timescale switches from contraction to
extension during the Late Cretaceous (e.g., Camilleri et al., 1997), in-
cluding pulses of synconvergent extension as has been argued for in
the nearby Raft River-Albion-Grouse Creek metamorphic core complex
(e.g., Wells et al., 2012).

The following discussion uses observations from the East Humboldt
Range to explain higher pressure estimates of ~7 kbar from rocks that
may not been buried deeper than ~15 km, or ~ 4 kbar of lithostatic pres-
sure. These arguments stem from the above groups of overpressure
models (Fig. 3). We start by assuming Hurlow et al. (1991)’s pressure
estimate from the Neoproterozoic McCoy Creek Group of ~3.5 kbar ac-
curately reflects lithostatic conditions (~13 km). We also assume that
the average rock type in this region has a strength (differential stress)
of 150MPa in the extensional regime, which is based on our own calcite
and quartz paleopiezometric calculations (Levy and Zuza, 2019), and
data from the Whipple detachment in California, which has a peak



Table 2
Predictions of overpressure versus lithostatic pressure estimates for REWP geobarometric data.

Predictions

Burial mechanism Map
relationships

Deep burial
extent relative
to other
Cordillera
hinterland
structures

Predicted
geothermal
gradient (Γ)

Voluminous
intrusions
vs thermal
structure

Crustal melt
generation

Relationships
between melt
generation and
deformation

Relationships of
REWP
peraluminous
granite to
“Cordilleran
two-mica belt⁎”

Post-plateau
extension
magnitude

Timing of earliest
extension

Depth of
Eocene Long
Canyon gold
mineralization

Model for
pressure
estimates

Record deep
burial depths

Overthrusting or
intracontinental
subduction/
underthrusting to
depths
2–3 × stratigraphic
depths

Structural
juxtaposition of
lower
stratigraphy
over upper
stratigraphy; or
complete
obscuration by
later extension

Spatially
restricted,
possibly in
zones of melts
and thermal
weakening;
atypical of
other
Cordilleran
structures

Moderate-to-low
(≤25 °C/km)

Intrusions
post-date
high P-T or
are too
minor to
affect
recorded Γ

Thickening
required to
bring local
McCoy Creek
pelites to
T ≥ 700 °C with
low Γ

Thickening and
prograde P-T path
predates
peraluminous melt
generation

Disconnected –
required deep
localized burial
atypical along
strike

High enough
to exhume
rocks from
30 km

Late
Cretaceous–early
Cenozoic

>10–15 km,
dissimilar to
Carlin-type
gold deposits
to the west

Reflect
non-lithostatic
pressure
without deep
burial

Moderate-to-low
magnitude crustal
shortening buries
stratigraphy several
kilometers

Kilometer-scale
thrust
juxtapositions
and
duplications

Similar to
other
structures
along strike,
possible
enhanced
deformation
due to
localized
intrusions and
thermal
weakening

Moderate-to-high
(30–40+ °C/km)

Intrusions
drive high Γ

Westward
basement
underthrusting
generated
anatectic melts,
raised Γ, and
allowed further
melting of
pelites at near
stratigraphic
depths

Melt generation
due to underthrust
sediments from
east; heat from
intrusions drives
more melting and
ductile
contractional
deformation
(e.g., nappe
structures)

Genetically
related to
others in the
two-mica belt,
potentially due
to westward
underthrusting
of pelitic rocks

Moderate to
exhume
rocks from
≤15 km.

Oligocene–Miocene ≤3–5 km,
similar to
Carlin-type
gold deposits
to the west

⁎ Two-mica belt of Miller and Bradfish (1980) stretching from Arizona to Canada.
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strength of ~157 MPa (Behr and Platt, 2011; Axen, 2020). These differ-
ential stress estimates for the bulk rock are likely minimum estimates,
due to effects of thermal softening in the weakened shear zones, such
as those modeled numerically by Jaquet and Schmalholz (2018). Be-
cause the rocks were most recently under extension, σ1 is assumed to
be subvertical, and here assumed to equal lithostatic pressure, PL
(i.e., 350 MPa). Therefore, the Mohr circle for extension (purple in
Fig. 9) extends from 350 MPa (σ1) to 200 MPa (σ3). During Mesozoic
contraction, σ3 was subvertical. Assuming some reasonable yield enve-
lope that encompasses bothMohr circles, with effective friction μ of 0.3,
a Mohr circle can be drawn for the contractional domain (e.g., Yamato
and Brun, 2017). This Mohr circle implies a differential strength during
contractional deformation of ~280 MPa, which suggests that σ1 was
>600 MPa.

The classic Anderson (1905) and Sibson (1974) fault models suggest
that a column of thrust-mode rocks are twice as strong as normal-fault-
mode rocks, which is compatible with our claim that the ~150 MPa
strength of normal-fault rocks is half that of thrust-mode rock strength
(Fig. 9A). Critical wedge theory is also consistent with this assertion
(e.g., Dahlen, 1990; Moulas et al., 2019). There is negligible
piezometer-based documentation of stronger thrust-mode shear
zones, although Kidder et al. (2012) presented differential stresses ap-
proaching ~200 MPa for Taiwan thrust faults. Piezometric determina-
tion of higher stresses may be difficult given that it implies
dynamically recrystallized grain sizes <3 μm, which would be hard to
resolve optically due to thin-section-thickness limitations and thus
may benefit from targeted scanning electron microscope (SEM) imag-
ing. Furthermore, post-kinematic annealing (e.g., Hacker et al., 1992)
or departures from steady-state assumptions (Soleymani et al., 2020)
can increase grainsize, leading to apparently lower stress estimates.

Depending on the relative magnitude of σ2, the mean stress (pres-
sure) during compression/contraction, Pc, is around 5 kbar, or 1.4× the
starting lithostatic pressure (Fig. 9A). Lastly, heterogenous rock
strength, as observed in northeast Nevada with limestone marbles and
pelites flowing around stronger dolomite and quartzite, can enhance
this pressure difference. Tying the Mohr circles to σ1, weaker rocks
have a smaller Mohr diameter and thus their implied mean stress will
shift higher (Moulas et al., 2014; Fig. 9A). Other studies have shown
the mean stress of these weaker phases may approach the σ1 in
Fig. 9A (e.g., Moulas et al., 2014, 2019). In this example, this could
yield ~6 kbar pressures, or 1.6× the starting lithostatic pressure
(Fig. 9A).

Alternatively, we can start with the assumption that the Hurlow
et al. (1991) observation of ~350 MPa is actually the mean stress
under extension, Pe, and thus σ1, which equals PL, was ~425 MPa
(Fig. 9B). Again using a common yield envelope, a contractional Mohr
circle is drawn to the right at higher normal stress values, which results
in a differential stress of ~235MPa (Fig. 9B). The mean stress of this cir-
cle would be around ~550MPa, and heterogeneous rock rheology could
result in local pressure estimates near ~650MPa (Fig. 9B), which would
be 1.3–1.5 × the starting lithostatic pressure (Fig. 9B).

The autoclave effect (Vrijmoed et al., 2009; Chu et al., 2017; Cutts
et al., 2020) could drive these pressures higher. Namely, the REWP is
pervasively intruded by Late Cretaceous leucogranites and Cenozoic
sills. Much of the East Humboldt Range and Ruby Mountains classically
consists of >2/3 intrusions by volume (e.g., Lee et al., 2003; Howard
et al., 2011). Through thermodynamic modeling, Hallett and Spear
(2014, 2015) demonstrated that Late Cretaceous leucogranites in the
East Humboldt Range were derived from in-situ partial melting of the
host rocks, driven by muscovite dehydration reactions. If the surround-
ing host rocks acted as a encompassing pressure vessel (e.g., Vrijmoed
et al., 2009; Gerya, 2015), the lower density of the partial melting and
dehydrating mica breakdown may have locally driven overpressure.
This effect does not require perfectly rigid or infinitely strong bounding
wallrock, as long as the timescales of pressure buildup are faster than
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viscous relaxation (e.g., Zhong et al., 2018). Chu et al. (2017)’s interpre-
tation of the autoclave effect was partially based on observations of
short timescales of high-pressure metamorphism. To this end, Hoiland
et al. (2019) showed titanium diffusion profiles for quartz included in
garnet in the northern Snake Range that implied metamorphism time-
scales that were shorter (~ ≤ 1 Myr) than expected for regional
Barrovian or burial metamorphism (~10 Myr). These short timescales
of metamorphism may be a diagnostic feature of non-lithostatic over-
pressure, and would produce pressure perturbations at rates much
faster than viscous relaxation.

Pressure estimates in the REWP vary spatially, but with no system-
atic decrease in pressure with elevation or longitude, as might be ex-
pected if the variations were due to differential burial. For example,
McGrew et al. (2000)’s pressure estimates span ~5.5 kbar to 10.7 kbar,
but there is no correlation of these pressures with elevation (range
from ~2.5 km to ~3.2 km) or mapview location. That said, typical uncer-
tainties for pressure estimates are ~1 kbar (2.6 km lithostatic pressure),
so spatial burial variations would not be resolvable at scales finer than
~5 km. However, the lack of any spatial trend suggests that the pressure
variations may be due to other variables, such as rock strength hetero-
geneities or autoclave-related intrusion density. A future test of these
non-lithostatic pressure variations might involve careful documenta-
tion of pressure estimates with respect to these variables (e.g., intrusion
density, lithology).

As a final consideration, this region and the northern Snake Range
were located along the eastern margin of the growing Nevadaplano
orogenic plateau in the Late Cretaceous (Fig. 1A; e.g., DeCelles, 2004)
when peak pressures were recorded. Schmalholz et al. (2014) demon-
strated via 2D numerical models that significant deviatoric stresses
can arise from gravitational potential energy (GPE) variations in an
orogen, regardless of rock strength and viscosity considerations
discussed above. Their model considered a plateau adjacent to lower
topography using a thin-viscous sheet approximation (i.e., vertically
averaged stress with homogenous viscosity), and generated vertically
averaged overpressure of up to 60 MPa in the lowlands. Incorporating
vertical variations in material properties would tend to focus and
increase overpressure in some rocks while it decreases in others to ver-
tically average at ~60 MPa. 3D modeling by Lechmann et al. (2014) of
the Himalayan-Tibetan orogen showed tectonic overpressure of
500–800 MPa for the crust adjacent to the growing Tibetan Plateau
and for underthrust portions of the Indian indenter. The spatial correla-
tion of Cordillera metamorphic core complexes that possibly record
non-lithostatic overpressure and the edge of the growing Nevadaplano
orogenic plateau suggests that GPE differences may contribute to
overpressure, as argued by Lechmann et al. (2014) and Schmalholz
et al. (2014).

7. Conclusions

Non-lithostatic overpressure is a controversial topic in the Earth
Sciences. Theory and modeling suggest that rocks may experience
non-lithostatic pressure conditions, but confirmed geological observa-
tions of this phenomena are sparse. Here we suggest that the long-
standing debate regarding North America Cordilleran metamorphic
core complexes, and the depth of rocks that they exhume, may reflect
non-lithostatic overpressure. In particular, the well-documented
~12–15 km thick Neoproterozoic–Paleozoic passive margin strata of
western North America provide a reliable structural marker for restora-
tions of burial depth. Published geobarometry from both the northern
Snake Range and Ruby Mountains–East Humboldt Range–Wood Hills–
Pequop Mountains (REWP) metamorphic core complexes suggests
that these strata were buried to depths ≥20–25 km, but palinspastic re-
constructions based on detailed geologic mapping suggests that they
were not buried significantly deeper than their stratigraphic depths.
Here we focused on the REWP region, and outlined model predictions
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for and against deep burial models to test these competing hypotheses.
Most geologic evidence does not favor deep burial, which implies tec-
tonic overpressure may cause non-lithostatic pressure conditions for
the REWP rocks. The exact mechanism for non-lithostatic overpressure
remains unconstrained.Most publishedmodels for non-lithostatic pres-
sures may apply in the REWP based on the regional geologic history, in-
cluding impacts from deviatoric/differential stress considerations,
tectonic mode switching, and the autoclave effect driven by dehydra-
tion melting.
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