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Abstract Thermobarometry in the Northern Snake Range metamorphic core complex (Nevada, USA)
implies pre-extensional burial of footwall rocks to 21-30 km depths, while geologic field relationships support
7-13 km pre-extensional depths. This has fueled a 40-year-long debate, which has far-reaching implications for
how pressure data are interpreted in orogenic settings. Here, we test published models for deep burial by
integrating regional cross-section reconstructions with new (n = 95) and published (» = 132) peak temperature
measurements, field relationships and published geophysical data. Burial of Neoproterozoic-Cambrian
metasedimentary footwall rocks to 21-30 km depths is incompatible with a regional seismic reflection cross-
section that interprets the top of Precambrian crystalline basement at 17-20 km depths. Two reconstructed
cross-sections define 42 km and 50—65 km of displacement on the master detachment fault and demonstrate that
the higher displacement ranges (>66-94 km and >76-102 km, respectively) necessary to exhume rocks from 21
to 30 km depths are not possible without spatially overlapping Cambrian rocks preserved in its footwall and
hanging wall. The 22°C/km average Late Cretaceous thermal gradient predicted by thermobarometry is
incompatible with the 46 = 10°C/km Late Cretaceous peak thermal gradient that we calculate down to 15—
20 km pre-extensional depths. Field relationships that rule out large-magnitude shortening invalidate models for
deep footwall burial via thrust or reverse faulting. We conclude that there is no scenario for deep burial that is
compatible with structural/geophysical constraints, crustal thermal architecture, and field relationships. This
necessitates a non-lithostatic interpretation for pressures from the Northern Snake Range, similar to recent
interpretations for other Cordilleran metamorphic core complexes.

1. Introduction

Cordilleran metamorphic core complexes in the western USA have been seminal field localities for investigating
the processes that accommodate high-magnitude crustal extension (e.g., Coney & Harms, 1984; Crittenden
et al., 1980; Dickinson, 2002, 2006; Platt et al., 2015; Whitney et al., 2013). The Northern Snake Range meta-
morphic core complex in east-central Nevada (Figure 1a) has been the site of decades of investigations (e.g.,
Coney, 1974; Cooper, Platt, Anczkiewicz, & Whitehouse, 2010; Cooper, Platt, Platzman, et al., 2010; Gans &
Miller, 1983; Hoiland et al., 2022; J. Lee, 1995; J. Lee & Sutter, 1991; J. Lee etal., 1987,2017; Lewis etal., 1999;
Long, 2019; Long etal., 2022, 2023; E. L. Miller et al., 1983; Wrobel et al., 2021), and has inspired several classic
models for the structural evolution of metamorphic core complexes (E. L. Miller et al., 1983; Wernicke, 1981).
However, in the Northern Snake Range, as well as the Ruby East-Humboldt metamorphic core complex in
northeastern Nevada (Figure 1a), disagreement over the pre-extensional burial depth of exhumed ductile footwall
rocks has sparked an intriguing 40-year-long debate (e.g., Bartley & Wernicke, 1984; Camilleri & Chamber-
lain, 1997; Henry et al., 2011; Hoiland et al., 2022; Lewis et al., 1999; McGrew et al., 2000; E. L. Miller
et al., 1983, E. L. Miller, Dumitru, et al., 1999; Wrobel et al., 2021; Zuza et al., 2020, 2022). Thermobarometry
collected from footwall rocks in these metamorphic core complexes has yielded peak pressures between 6 and
11 kbar, corresponding to burial depths between 21 and 41 km assuming a lithostatic pressure gradient (Cooper,
Platt, Anczkiewicz, & Whitehouse, 2010; Hallett & Spear, 2014; Hodges & Walker, 1992; Lewis et al., 1999;
McGrew et al., 2000). These depths are 2—3 times greater than the restored stratigraphic depth range of these
footwall rocks, which has led to the development of structural models that hypothesize large-displacement (25 km

to >95 km), Jurassic-Cretaceous thrust faults as a burial mechanism (e.g., Bartley & Wernicke, 1984; Camilleri &
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Chamberlain, 1997; Lewis et al., 1999). However, field evidence for such large-scale thrust faults is lacking, and
several predictions of these structural models are invalidated by regional field relationships that demonstrate
minimal contractional deformation in this region of Nevada (e.g., Armstrong, 1972; Blackford et al., 2022; Gans
& Miller, 1983; Henry et al., 2011; Long, 2012, 2015, 2019; Thorman et al., 1991; Zuza et al., 2020, 2022).

This debate is further compounded by thermometry that defines upper-crustal thermal gradients between ~35 and
60°C/km in the regions surrounding these metamorphic core complexes (Blackford et al., 2022; Hoiland
etal., 2022; Long & Soignard, 2016; E. L. Miller & Gans, 1989; Vlaha et al., 2024; Zuza et al., 2020, 2022), which
are 1.5-3 times higher than the ~20-25°C/km thermal gradients predicted by thermobarometry (Cooper, Platt,
Anczkiewicz, & Whitehouse, 2010; Hallett & Spear, 2014; Lewis et al., 1999; McGrew et al., 2000). Resolution
of this debate has regional implications for the magnitude of shortening and thickening accomplished during
Jurassic-Paleogene Cordilleran orogenesis, as well as the magnitude of extension, exhumation, and crustal
thinning accomplished by Cenozoic extensional tectonism. However, at the heart of this issue is a much more
fundamental, far-reaching implication for how quantitative pressure data are interpreted in orogenic settings. For
example, one possibility for reconciling this debate (though controversial) is that the footwall rocks in these
metamorphic core complexes were not deeply buried, but instead experienced tectonic overpressure (e.g.,
Gerya, 2015; Petrini & Podladchikov, 2000; Schmalholz & Podladchikov, 2013), which has recently been pro-
posed for the Ruby-East Humboldt metamorphic core complex (Zuza et al., 2022).

The richly detailed structural and stratigraphic framework of the Northern Snake Range and its surrounding
region, which has been obtained through decades of mapping-based research (e.g., Dechert, 1967; Drewes, 1967,
Gans, Miller, Huggins, & Lee, 1999; Gans, Miller, & Lee, 1999; Hintze, 1974a, 1974b; Hose, 1965, 1974; J. Lee
etal., 1999a, 1999b, 2023; J. Lee, Miller, et al., 1993; E. L. Miller & Gans, 1999; E. L. Miller, Gans, et al., 1999;
Rodgers, 1987; Whitebread, 1969; Young, 1960), make it a critically important field locality for investigating this
problem. One important aspect of the Northern Snake Range, which is quite rare in metamorphic core complexes,
is that its exhumed ductile footwall is comprised of metasedimentary rocks that can be placed in the detailed
stratigraphic context of adjacent ranges (e.g., E. L. Miller et al., 1983; E. L. Miller, Dumitru, et al., 1999). This
makes the Northern Snake Range the ideal testing ground for addressing the deep-versus-shallow footwall debate.

The purpose of this paper is to test the interpretations of thermobarometry data and associated structural models
(Bartley & Wernicke, 1984; Cooper, Platt, Anczkiewicz, & Whitehouse, 2010; Lewis et al., 1999) that call for the
deep (21-30 km) pre-extensional burial of footwall rocks in the Northern Snake Range metamorphic core
complex. To achieve this goal, we undertook a regional-scale investigation that integrates cross section re-
constructions, crustal thermal architecture, geologic field relationships, and published seismic reflection data. We
present three regional-scale (120-130 km modern east-west length) cross sections across the Northern Snake
Range and surrounding ranges, which we reconstruct to pre-extensional geometries. We also present Raman
spectroscopy of carbonaceous material (RSCM) thermometry from 95 samples of Neoproterozoic-Paleozoic
metasedimentary and sedimentary rocks, which we combine with 132 published peak temperature measure-
ments from thermobarometry, RSCM thermometry, and conodont alteration indices. Integrating these temper-
ature data with our restored cross sections provides an unprecedented view of the regional crustal thermal
architecture. We then explore the implications of our structural and temperature data sets, invoking important
regional geologic field relationships and interpretations of seismic reflection data, to make arguments that
invalidate the predictions of published models for deep burial of footwall rocks, as well as ruling out other
possible geometric scenarios for deep burial. Finally, we discuss regional implications for Cordilleran shortening
and Cenozoic extensional tectonism, and more importantly, far-reaching implications for how pressure data are
interpreted in orogenic settings.

2. Geologic Background of the Northern Snake Range and Surrounding Region
2.1. Tectonic Framework

The Northern Snake Range and surrounding ranges in east-central Nevada and west-central Utah (Figure 1b)
record tectonic environments that progressed from Neoproterozoic-Paleozoic passive margin deposition to
Mesozoic contractional orogenesis to Cenozoic extension (e.g., Dickinson, 2006). Following the Neoproterozoic
rifting of the western margin of Laurentia (e.g., Yonkee et al., 2014), eastern Nevada and western Utah were the
site of deposition of a thick package of shallow-marine sedimentary rocks between the late Neoproterozoic and
the Triassic (Poole et al., 1992; Stewart, 1980; Stewart & Poole, 1974).
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Figure 1. (a) Map of modern tectonic provinces in southeastern California, Nevada, and western Utah (modified from Long (2019)), showing locations of metamorphic
core complexes (NSR, Northern Snake Range; REH, Ruby-East Humboldt; RAG, Raft River-Albion-Grouse Creek). (b) Simplified geologic map of the region of
eastern Nevada and western Utah surrounding the Northern Snake Range metamorphic core complex (modified from J. Lee et al. (2017)), showing the areas of Figures 2
and 3a, lines of section for the central (Figure 4), southern (Figure 5), and northern (Figure 6) regional cross sections (shown in blue, pink, and green, respectively), the
Consortium for Continental Reflection Profiling (COCORP) seismic line, locations and values of published conodont alteration index (CAI) samples, and locations of
Raman spectroscopy of carbonaceous material (RSCM) samples that lie outside of the areas of Figures 2 and 3a.

During the Jurassic, Andean-style subduction along the western North American margin initiated construction of
the Cordilleran orogenic belt (e.g., Burchfiel et al., 1992; DeCelles, 2004; Yonkee & Weil, 2015). Nevada and
western Utah resided in a broad retroarc region in which a composite, east-vergent fold-thrust system was
constructed (e.g., Di Fiori et al., 2021). The majority of crustal shortening (~220 km) was accommodated in the
Sevier fold-thrust belt in western Utah between ~125 and 55 Ma (e.g., DeCelles & Coogan, 2006; Yonkee
et al., 2019), with low-magnitude (~35-40 km total; Blackford et al., 2022) Jurassic(?)-Cretaceous shortening
diffusely distributed within fold-thrust systems in western Utah (Greene, 2014), eastern Nevada (Long, 2015),
and central Nevada (Di Fiori et al., 2020, 2021; Long et al., 2014; Taylor et al., 2000). As much as ~10-20 km of
structural burial via Jurassic-Cretaceous thrust faulting has been interpreted on the basis of thermobarometry from
metasedimentary rocks in the Northern Snake Range (e.g., Cooper, Platt, Anczkiewicz, & Whitehouse, 2010;
Lewis et al., 1999). However, this has become a topic of vigorous debate, as no structures have been documented
that could have accommodated such deep burial (e.g., Blackford et al., 2022; Hoiland et al., 2022; Wrobel
et al., 2021). Eastern Nevada is interpreted as the site of a ~2.75-3.5 km-elevation, Late Cretaceous-Paleocene
orogenic plateau, which was underlain by ~50-60 km-thick crust (Cassel et al., 2014, 2018; Chapman et al., 2015;
Coney & Harms, 1984; DeCelles & Coogan, 2006; Long, 2019; Snell et al., 2014). Westward underthrusting of
the thick North American craton beneath eastern Nevada was likely the dominant crustal thickening mechanism
that constructed the plateau (Gottlieb et al., 2022; Long, 2019, 2023).

Between ~40 and 20 Ma, felsic volcanism swept southwestward across Nevada during the Great Basin ignimbrite
flareup (e.g., Henry & John, 2013), which has been attributed to rollback of the subducting Farallon slab (e.g.,
Dickinson & Snyder, 1978; Humphreys, 1995). Over this time interval, a large region of eastern Nevada expe-
rienced high-magnitude extension, which included normal faulting and extensional ductile shearing in the
Northern Snake Range (J. Lee, 1995; J. Lee & Sutter, 1991; J. Lee etal., 1987,2017; E. L. Miller et al., 1983), and
normal faulting in the Kern Mountains and Deep Creek Range to the north (Gans et al., 1989; Rodgers, 1987), the
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Southern Snake Range to the south (Evans et al., 2015; McGrew, 1993; E. L. Miller, Dumitru, et al., 1999), and
the Schell Creek, Duck Creek and Egan Ranges to the west (Druschke et al., 2009; Gans, 1982; Gans &
Miller, 1983; Gans et al., 2001; Long et al., 2022; Wernicke, 1981) (Figure 1b). This early phase of extension has
been attributed to the decrease in interplate coupling that accompanied slab rollback (e.g., Dickinson, 2002; Smith
et al., 2014), or alternatively to crustal weakening during the ignimbrite flareup (e.g., Axen et al., 1993; Lund-
Snee & Miller, 2022). This was followed by widespread high-angle normal faulting, which has progressively
constructed the Basin and Range Province over the last ~15-20 Myr (e.g., Dickinson, 2002). In east-central
Nevada, Basin and Range normal faulting initiated no earlier than ~22—17 Ma in most places (e.g., Evans
et al., 2015; E. L. Miller, Dumitru, et al., 1999; Stockli, 1999).

2.2. Geologic Framework of the Northern Snake Range Metamorphic Core Complex

The bedrock stratigraphy in the Northern Snake Range and surrounding ranges consists of a >15-km-thick,
conformable package of Neoproterozoic-Triassic marine sedimentary rocks (e.g., Fritz, 1968; Gans &
Miller, 1983; Rodgers, 1987; Stewart, 1980; Young, 1960). The Neoproterozoic (our unit “Z”) and Lower
Cambrian (our unit “Cl”) sections are dominated by clastic rocks, which in most ranges have been meta-
morphosed to quartzite interlayered with phyllite or schist (e.g., E. L. Miller & Gans, 1989; E. L. Miller
et al., 1988). The overlying Middle Cambrian to Triassic section is dominated by un-metamorphosed limestone,
with lesser dolomite and shale (e.g., Stewart, 1980). We group these rocks into Middle-Upper Cambrian (unit
“Cu”), Ordovician-Silurian (unit “OS”), Devonian (unit “D”), Mississippian-Pennsylvanian (unit “MIP”),
Permian (unit “P”), and Triassic (unit “Tr”) units. This sedimentary package is unconformably overlain (typically
at Mississippian-Permian erosion levels) by as much as ~ 1 km of Paleogene volcanic and sedimentary rocks (our
unit “Pg”), most of which were deposited during the late Eocene (~36-35 Ma) (e.g., Druschke et al., 2009; Gans
et al., 1989; Hintze & Davis, 2002).

Rocks in this region experienced magmatism, metamorphism, and shortening during Jurassic-Cretaceous
Cordilleran orogenesis. Middle-Late Jurassic (~160-169 Ma; U-Pb zircon; D. E. Lee et al., 1984; E. L. Miller
et al., 1988) granites intruded Neoproterozoic-Cambrian rocks in the Northern Snake, Southern Snake, and House
Ranges (Figure 1b). Neoproterozoic-Cambrian rocks in the Northern Snake Range experienced greenschist- to
amphibolite-facies metamorphism at peak temperatures of ~475-660°C and peak pressures of ~6-8 kbar
(Cooper, Platt, Anczkiewicz, & Whitehouse, 2010; Hoiland et al., 2022; Lewis et al., 1999) between ~78 and
91 Ma, which is the timing range of metamorphic monazite (U-Pb), zircon (U-Pb) and garnet (Sm-Nd and Lu-Hf)

growth (Cooper, Platt, Anczkiewicz, & Whitehouse, 2010; Huggins & Wright, 1989). Peak metamorphism
temporally overlapped with intrusion of Late Cretaceous granites into Neoproterozoic-Cambrian rocks in the
Northern Snake Range (Figure 2), which spanned from ~101 to 75 Ma (U-Pb zircon; Gottlieb et al., 2022;

Kenney, 2013; E. L. Miller et al., 1988; Womer, 2017). To the north in the Deep Creek Range and Kern

Mountains (Figure 1b), Neoproterozoic rocks experienced greenschist- to amphibolite-facies metamorphism at
peak temperatures of ~515-625°C (Blackford et al., 2022; Rodgers, 1987). The minimum age for this meta-
morphism is dated by ~73 Ma post-metamorphic cooling (**Ar/*?Ar amphibole; Rodgers, 1987), and meta-
morphism is interpreted to have been contemporaneous with 75 = 9 Ma (U-Pb zircon; D. E. Lee et al., 1986)
granite intrusion (E. L. Miller & Gans, 1989). To the west in the Schell Creek Range (Figure 1b), Neoproterozoic
rocks experienced greenschist- and (locally) amphibolite-facies metamorphism at peak temperatures of ~470—
525°C (Blackford et al., 2022; E. L. Miller & Gans, 1989). The minimum age for this metamorphism is dated by

~82 Ma post-metamorphic cooling (*°Ar/**Ar phlogopite; E. L. Miller et al., 1988). The spatial and temporal
overlap of Late Cretaceous peak metamorphism and granitic magmatism across multiple ranges has led several
researchers to conclude that magmatism was the primary heat source for peak metamorphism (Barton, 1990;
Barton et al., 1988; Blackford et al., 2022; Gottlieb et al., 2022; C. F. Miller & Bradfish, 1980; E. L. Miller &
Gans, 1989; E. L. Miller et al., 1988). Additionally, deeply exhumed rocks in the western parts of the Northern
Snake Range and Kern Mountains and on the eastern flank of the Schell Creek Range yield cooling ages between

~70 and 40 Ma (K-Ar and “’Ar/*°Ar muscovite, biotite, and K-feldspar: Armstrong, 1970; Best et al., 1974;
Gébelin et al., 2011; Hoiland, 2019; D. E. Lee et al., 1980; J. Lee, 1995; J. Lee & Sutter, 1991; E. L. Miller
etal., 1988; zircon fission track: E. L. Miller, Dumitru, et al., 1999). These data define as much as ~200-250°C of
post-peak-metamorphic (i.e., <~73-91 Ma) and post-magmatic (i.e., <~75-101 Ma), but pre-extensional
(i.e., >~38 Ma; e.g., J. Lee et al., 2017) cooling, and demonstrate a lack of significant reheating during

<~38 Ma extension. This supports previous interpretations that peak crustal thermal conditions in this region
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were attained during the Late Cretaceous (e.g., Blackford et al., 2022; Hoiland et al., 2022; E. L. Miller &
Gans, 1989; E. L. Miller et al., 1988), which is consistent with interpretations from several recent studies in other
parts of eastern Nevada (Long & Soignard, 2016; Vlaha et al., 2024; Zuza et al., 2020, 2022).

Low-magnitude, diffusely distributed shortening of Jurassic(?)-Cretaceous age was accomplished at upper-
crustal levels, including ~15 km of shortening accommodated by gentle to open folding across much of
eastern Nevada (Blackford et al., 2022; Gans & Miller, 1983; Long, 2015) and ~ 10 km of shortening in the east-
vergent Western Utah thrust belt in the Confusion Range (Figure 1b) (Greene, 2014). In the Northern Snake
Range, contractional structures include the east-vergent O’Neill Peak recumbent syncline, which accomplished
~3 km of structural thickening, and the east-directed Eightmile thrust system, which has >1 km of displacement
(J. Lee et al., 1999b; Wrobel et al., 2021) (Figure 2). Wrobel et al. (2021) interpreted that these structures were
active during ~78-91 Ma peak metamorphism and that they are part of the western root zone of the Western Utah
thrust belt. Large-displacement (25 km to >90 km), east- and west-vergent Jurassic-Cretaceous thrust and reverse
faults have been hypothesized in this region, to account for thermobarometry from the Northern Snake Range that
implies as much as ~20 km of structural burial (Bartley & Wernicke, 1984; Cooper, Platt, Anczkiewicz, &
Whitehouse, 2010; Lewis et al., 1999). Testing the validity of these interpretations is one of the primary goals of
this paper.

Following Cordilleran contractional deformation, high-magnitude Cenozoic extension constructed the Northern
Snake Range metamorphic core complex (e.g., Gans et al., 1985; E. L. Miller et al., 1983). The Northern Snake
Range decollement (NSRD), which is the master extensional structure in the metamorphic core complex, is a low
dip-angle (typically <10°), top-down-to-ESE, brittle-ductile detachment fault that is exposed across the full
extent of the range (Figure 2) (e.g., E. L. Miller et al., 1983). The NSRD lies at the top of the Lower Cambrian
Prospect Mountain Quartzite in the southern and western parts of the range and overlies Middle-Upper Cambrian
carbonates in the northeastern part (Gans, Miller, Huggins, & Lee, 1999; Gans, Miller, & Lee, 1999; J. Lee
etal., 1999a, 1999b, 2023; J. Lee, Miller, et al., 1993; E. L. Miller & Gans, 1999; E. L. Miller, Gans, et al., 1999).
In the footwall of the NSRD, greenschist- to amphibolite-facies, Neoproterozoic-Cambrian metasedimentary
rocks exhibit mylonitic, linear-planar ductile fabrics that accommodated subhorizontal stretching and subvertical
thinning (J. Lee et al., 1987; E. L. Miller et al., 1983). Foliation planes exhibit prominent ESE-trending (~110—
125°) mineral stretching lineations, which record the maximum extension direction (e.g., E. L. Miller et al., 1983).
These ductile fabrics die out to the northwest and are not observed on the northwestern flank of the range
(Figure 2) (J. Lee et al., 1999b, 2023). Finite strain studies from NSRD footwall rocks define a dramatic eastward
increase in ductile extension and thinning, to values as high as ~1,200-1,400% and ~80-95%, respectively, at the
eastern flank of the range (e.g., J. Lee et al., 1987; Long et al., 2022, 2023; E. L. Miller et al., 1983). The total
ductile extension accommodated in the NSRD footwall is estimated at ~12-20 km (~220-250%) (J. Lee
et al., 1987; Long et al., 2022, 2023). The timing of ductile extensional shearing is bracketed between ~38 and
22 Ma by U-Pb zircon dating of pre- and post-shearing rhyolitic dikes (J. Lee et al., 2017). The eastern portion of
the NSRD footwall exhibits an overall eastward-younging trend of cooling ages (K-Ar muscovite, “°Ar/*Ar
muscovite and K-feldspar, zircon fission track) from ~40 to ~24 Ma, which reflects the progressive migration of
extensional unroofing during displacement on the NSRD (Gébelin et al., 2011, 2015; D. E. Lee et al., 1980; J.
Lee, 1995; J. Lee & Sutter, 1991; E. L. Miller, Dumitru, et al., 1999).

In the hanging wall of the NSRD, unmetamorphosed Middle Cambrian-Permian carbonates have been extended
by polyphase, top-down-to-ESE normal faulting, with faults soling or terminating downward into the NSRD (E.
L. Miller et al., 1983). Cross section restorations yield estimates of 13-25 km of extension accommodated in the
NSRD hanging wall (Long, 2019; Long et al., 2022; E. L. Miller et al., 1983). The timing of normal faulting is not
well-constrained but tilting of syn-extensional volcanic and sedimentary rocks locally initiated as early as ~35 Ma
(Gans et al., 1989) and continued until at least ~24-21 Ma (Martinez et al., 1998).

Figure 2. Simplified geologic map of the Northern Snake Range, compiled from (see lower-right inset): 1—J. Lee et al. (1999b); 2—J. Lee et al. (1999a); 3—Gans,
Miller, and Lee (1999); 4—1J. Lee et al. (2023); 5—1J. Lee, Miller, et al. (1993); 6—Gans, Miller, Huggins, and Lee (1999); 7—Johnston (2000); 8—Hose and
Blake (1976). For simplicity, normal faults within NSRD hanging wall exposures are not shown. The map pattern of the O’Neill Peak recumbent syncline is from
Wrobel et al. (2021). Cross section line E-E’ from Long et al. (2023) (which is shown on Figure 4), cross section line F-F’ from Long et al. (2022) (which is shown on
Figure 5), and the locations of the Gans et al. (1985) seismic line and the Hurlow (2014) gravity model are shown, as well as locations of Raman spectroscopy of
carbonaceous material (RSCM) samples from this study, Hoiland et al. (2022), and Cooper (2008), and thermobarometry (P-7') samples from Cooper, Platt,
Anczkiewicz, and Whitehouse (2010) and Lewis et al. (1999).
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Figure 3. (a) Geologic map of the Schell Creek and Duck Creek Ranges (modified from Long et al. (2022)), showing lines of section for cross sections A-A’ (shown on
Figure 4), B-B” (shown on Figure 5), C-C’, and D-D’ from Long et al. (2022). Locations of Raman spectroscopy of carbonaceous material (RSCM) samples from this
study (blue dots) and Blackford et al. (2022) (purple dots) are shown. (b) Columns plotting the present-day structural position (i.e., thicknesses on the corresponding
cross sections from Long et al. (2022) measured normal to tectonic foliation in Neoproterozoic metasedimentary rocks, normal to bedding in unmetamorphosed
Cambrian-Pennsylvanian sedimentary rocks, and normal to compaction and flow foliation in Paleogene volcanic rocks) of RSCM samples relative to the basal fault of
the Schell Creek Range detachment system (SCRDS), with graphs of e shown to the right of each column.

Displacement on the NSRD has been linked to the Schell Creek Range detachment system (SCRDS), a series of
low dip-angle, low stratigraphic cutoff-angle, top-down-to-ESE, brittle detachment faults to the west in the Schell
Creek and Duck Creek Ranges (Figures 1b and 3) (Long et al., 2022). The SCRDS is interpreted to represent the
low-angle (~5-10°E initial dip) brittle breakaway zone for the NSRD, which rooted to a flat at the top of the
Lower Cambrian section and fed at least 17-36 km of displacement eastward into the NSRD (Long et al., 2022).
Displacement on the SCRDS is bracketed between ~37 and 26 Ma, based on SCRDS faults cutting 36.5-35.2 Ma
volcanic and sedimentary rocks (Drewes, 1967; Druschke et al., 2009, 2011; Young, 1960) and SCRDS faults
being cut by a high-angle normal fault with 28.7-26.1 Ma sediments deposited in a half-graben in its hanging wall
(Anderson et al., 1983).

One of the longest outstanding questions is the magnitude of displacement on the NSRD, which is hindered by
differing interpretations about the depths that NSRD footwall rocks were buried to prior to extension. Earlier
studies (Gans & Miller, 1983; E. L. Miller et al., 1983) interpreted that NSRD footwall rocks were never buried
deeper than their stratigraphic depth range of 7-13 km, and that the NSRD thus originated at a depth of ~7 km.
Later thermobarometry studies (Cooper, Platt, Anczkiewicz, & Whitehouse, 2010; Lewis et al., 1999) interpreted
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that NSRD footwall rocks were buried to depths of ~21-30 km via thrust faulting and were subsequently
exhumed to ~15 km depths via mid-crustal spreading prior to displacement on the NSRD. Other structural re-
constructions argue for more modest peak burial depths of ~15-20 km for NSRD footwall rocks (Bartley &
Wernicke, 1984; Wrobel et al., 2021). These differing interpretations have resulted in NSRD displacement
magnitudes varying between ~10 and 60 km (cf., Bartley & Wernicke, 1984; Lewis et al., 1999; Long et al., 2022;
E. L. Miller et al., 1983; Wrobel et al., 2021).

3. Regional Cross Sections

To illustrate the post- and pre-extensional geometry of the Northern Snake Range and surrounding ranges, we
present three 1:100,000-scale regional cross sections (Figures 4-6; lines of section shown on Figure 1b). Full-
sized versions of these three cross section figures are available in Figures S6-S8. The central (Figure 4) and
southern (Figure 5) cross sections are constrained by published cross sections of the Duck Creek and Schell Creek
Ranges (Long et al., 2022), Northern Snake Range (Long et al., 2022, 2023), and Confusion and House Ranges
(Greene, 2014). On the central and southern cross sections, the subsurface geology beneath Spring Valley is
constrained by a seismic reflection cross section from Gans et al. (1985) and the subsurface geometry of the valley
fill-bedrock contact beneath Snake Valley is constrained by a gravity model from Hurlow (2014) (locations on
Figure 1b). Additional constraints include the 25°F average dip of the NSRD beneath Snake Valley interpreted on
the Consortium for Continental Reflection Profiling (COCORP) seismic line (Allmendinger et al., 1983; their
Figure 3, Event H), which can be traced to a depth of 8 km, and two prominent reflectors (their Event C) at depths
of 12-18 km beneath the House and Confusion Ranges, which have been interpreted as the lowest thrust
décollements of the Sevier fold-thrust belt (Allmendinger et al., 1983; DeCelles & Coogan, 2006). The central and
southern cross sections are shown with two phases of retro-deformation, the first in which displacement on post-
SCRDS-NSRD normal faults has been restored (Figures 4b and 5b), and the second in which displacement on the
SCRDS-NSRD system (as well as ductile stretching of the NSRD footwall) has been restored (Figures 4c and Sc).

3.1. Central Cross Section

The central cross section (Figure 4) is supported by cross section A-A” of Long et al. (2022) across the Duck Creek
and Schell Creek Ranges, which was drafted normal to the 015° average strike direction of SCRDS detachment
faults, cross section E-E” of Long et al. (2023) across the Northern Snake Range, which was drafted parallel to the
115° mean trend of mineral stretching lineations in the NSRD footwall, and cross section C-C” of Greene (2014)
across the Confusion and House Ranges, which was drafted normal to the 005° mean trend of fold axes at this
latitude.

3.1.1. Cordilleran Contractional Structures

In the western part of the Northern Snake Range, unit Cu in the NSRD footwall is deformed by the eastward-
opening O’Neill Peak recumbent syncline (Figures 2 and 4), which has been transposed to a near-isoclinal ge-
ometry by Eocene-Oligocene ductile shearing (J. Lee, 1990; J. Lee et al., 1999a, 1999b; Wrobel et al., 2021).
Construction of the syncline is interpreted to be genetically related to displacement on the east-directed Eightmile
thrust system, which is discontinuously mapped in the western part of the range and deforms the top of unit Cl and

base of unit Cu (J. Lee et al., 1999b, 2023; Wrobel et al., 2021) (Figures 2 and 4c). Wrobel et al. (2021) interpreted
that these contractional structures were active during the Late Cretaceous (~78-91 Ma), contemporaneous with
peak metamorphism. In the Confusion Range, the Western Utah thrust belt consists of four thrust faults (and

related folds) that deform Ordovician-Triassic rocks and have a cumulative displacement of 7.1 km, including
(from structurally high to low) the Brown's Wash thrust, an unnamed thrust within unit D, the Payson Canyon
thrust, and the Eureka detachment (Greene, 2014). At the western edge of the Confusion Range, the lowest two
thrusts merge westward to a flat at the base of unit OS and the upper two thrusts occupy flats within the middle and
top of unit D, respectively (Figures 4a and 4b). On Figure 4c, in the region between the western edge of the
Confusion Range and the easternmost restored rocks in the Schell Creek Range, we interpret a geometry in which
these thrusts ramp downward to the west to merge into a flat at the Cl-Cu contact, which produces a composite
fault-bend-fold anticline. Although this geometry is speculative, it: (a) satisfies geometric constraints in the
Confusion Range that require these thrust faults to root westward; (b) is consistent with the lack of mapped older-
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Figure 4. Central cross section across the Duck Creek, Schell Creek, Northern Snake, Confusion, and House Ranges (supporting lines of section shown on Figure 1b),
showing present-day (a) and restored (b—c) geometries (a full-sized version of this figure is available in Figure S6). RSCM, CALI, and thermobarometry samples that lie
proximal to the section lines (typically within 3 km to the NNE or SSW of the section lines, but thermobarometry samples were projected from 10 to 15 km to the SSW
and some CAI and RSCM samples from the Confusion Range were projected from as far as 20 km to the north of the section line) are projected to their corresponding
east-west position and sampled stratigraphic level. Late Cretaceous granites in the Northern Snake Range were projected from 7 to 10 km to the SSW of the section line
(Figure 2). On B, the Northern Snake Range décollement (NSRD) is projected eastward at the 29°E average dip defined at its deepest traceable depth of 8 km on the
COCORP seismic line (Allmendinger et al., 1983). On (b and c), the permissible restored burial depth range of two thermobarometry samples from Cooper, Platt,
Anczkiewicz, and Whitehouse (2010) are projected in the subsurface assuming that their peak pressures correspond to burial under a 3.7 km/kbar lithostatic gradient.
The inset diagram on the left-hand side below (b) shows a strain model for the NSRD footwall; strain domains 3—5 are from Long et al. (2023) and hypothesized strain
domains 68 represent a mirror image of strain domains 3—5 (see text for further discussion).

over-younger thrust faults in the Schell Creek Range (Young, 1960); and (c) provides a thrust décollement at the
Cu-Cl contact that was ripe for later exploitation as a flat by the SCRDS-NSRD system (e.g., Long et al., 2022; E.
L. Miller et al., 1983). Beneath the House Range and Tule Valley, prominent reflectors on the COCORP seismic
cross section are interpreted as thrust faults of the western root zone of the Sevier fold-thrust belt. The shallowest
(6—12 km depth) is Event F of Allmendinger et al. (1983), which was later interpreted as the Canyon Range thrust
by DeCelles and Coogan (2006) (Figure 4). The Canyon Range thrust is the highest-displacement structure
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Figure 5. Southern cross section across the Duck Creek, Schell Creek, Northern Snake, Confusion, and House Ranges (supporting lines of section shown on Figure 1b),
showing present-day (a) and restored (b—c) geometries (a full-sized version of this figure is available in Figure S7). RSCM, CAl, and thermobarometry samples that lie
proximal to the section lines (typically within 5 km to the NNE or SSW of the section lines, but some CAI samples from the Confusion Range were projected from as far
as 25 km SSW of'the section line) are projected to their corresponding east-west position and sampled stratigraphic level. Late Cretaceous granites in the Northern Snake
Range were projected from 6 to 8 km to the NNE of the section line (Figure 2). On (b), the Northern Snake Range décollement (NSRD) is projected eastward at the 29°E
average dip defined at its deepest traceable depth of 8 km on the COCORP seismic line (Allmendinger et al., 1983). On (b and c¢), the permissible restored depth range of
seven thermobarometry samples from Lewis et al. (1999) and Cooper, Platt, Anczkiewicz, and Whitehouse (2010) are projected in the subsurface assuming that their
peak pressures correspond to burial under a 3.7 km/kbar lithostatic gradient. The inset diagram on the left-hand side below (b) shows a strain model for the NSRD
footwall; strain domains 1-6 are from Long et al. (2022) and hypothesized strain domains 7-12 represent a mirror image of strain domains 1-6 (see text for further
discussion).

(~107 km) of the Sevier fold-thrust belt, and places the thick Neoproterozoic-Triassic passive margin basin
section over the markedly thinner cratonic section that was deposited to the east (DeCelles & Coogan, 2006) (unit
“Z-Pz” on Figure 4). Below the Canyon Range thrust, upper (12-16 km depth) and lower (13—18 km depth)
reflectors of Event C of Allmendinger et al. (1983) are interpreted as the Pavant thrust and the Paxton/Gunnison
thrust, respectively, the latter being the basal decollement of the Sevier fold-thrust belt (DeCelles & Coo-
gan, 2006). Both thrusts are interpreted to carry Precambrian crystalline basement (Allmendinger et al., 1983;
DeCelles & Coogan, 2006).
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A) Moder geometry

B) Retro-deformed for all normal faulting

Figure 6. Northern regional cross section across the Cherry Creek, Egan, Schell Creek, Antelope, and Deep Creek Ranges (supporting lines of section shown on
Figure 1b), showing (a) the present-day geometry and (b) a geometry restored for all normal faulting and associated tilting (a full-sized version of this figure is available
in Figure S8). The cross sections of the Cherry Creek/Egan Ranges and Deep Creek Range are modified from Blackford et al. (2022). The cross sections of the Schell
Creek Range and Antelope Range are from this study and are supported by the mapping of Dechert (1967) and Avent (1962), respectively. The cross sections were
restored using methods defined in Long (2019), in which the geometries of modern valleys are not interpreted and their pre-extensional widths are restored using percent
shortening estimates in the ranges bounding either side. RSCM samples from Blackford et al. (2022) that fall within 2 km to the north or south of the section lines and
CAI samples from Crafford (2007) that fall within 25 km to the south and 15 km to the north of the section lines are projected to their corresponding east-west position
and sampled stratigraphic level. Late Cretaceous granites in the Deep Creek Range are projected from within 5 km to the north of the section line (Blackford et al., 2022).

3.1.2. Paleogene Unconformity

In the Duck Creek and Schell Creek Ranges, the Paleogene unconformity overlies unit MIP with minimal an-
gularity (0-4°) (Long et al., 2022; Young, 1960) and underlies sedimentary and volcanic rocks that were
deposited between ~36.5 and 35.2 Ma (Druschke et al., 2009, 2011; Gans et al., 1989). The unconformity is
exposed in one klippen above the NSRD on the eastern flank of the Northern Snake Range, overlying unit MIP
and underlying ~35 Ma dacite (Gans et al., 1989; Gans, Miller, & Lee, 1999). In the Confusion and House

Ranges, the unconformity underlies volcanic and sedimentary rocks that are as old as ~35.4 Ma (Hintze &
Davis, 2002) and defines ~4° of average post-unconformity eastward tilting (Figures 4a and 4b). The uncon-
formity cuts down-section eastward from unit P to unit Cu, which defines the Sevier culmination, a structural

dome with its crest in the House Range (Harris, 1959; Hintze & Davis, 2003; Long, 2012) (Figure 4). Con-
struction of the culmination is attributed to duplexing of underlying thrust sheets of Precambrian crystalline
basement (Allmendinger et al., 1983, 1987).

3.1.3. SCRDS-NSRD System and Ductile Extension in the NSRD Footwall

On Figure 4, the SCRDS consists of four top-down-to-ESE faults, which cut down-section eastward at 2—11°
stratigraphic cutoff-angles and root to a flat at the Cu-Cl contact. At this latitude, the SCRDS fed at least 16.8 km
of total displacement eastward into the NSRD (Long et al., 2022) (Figure 4). The NSRD is gently domed, with a
15°W average dip at the western flank of the range and a 4°E average dip across the eastern half (Long
et al., 2023). The NSRD lies at the top of unit CI at the western flank of the range, and cuts upsection eastward
through unit Cu as it crosses an open anticline and a pre-NSRD normal fault. The NSRD exhibits a footwall flat at
the top of unit Cu across the eastern half of the range (Gans, Miller, & Lee, 1999; J. Lee et al., 1999a; Long
etal.,2023). Unmetamorphosed carbonates of unit Cu in NSRD hanging wall klippe overlie their metamorphosed
stratigraphic equivalents in the footwall across a 17.5 km NSRD-parallel distance, which provides a minimum
displacement estimate for the NSRD (Long et al., 2023).

In the western part of the range, NSRD footwall rocks locally exhibit ductile fabrics with NNW-trending
intersection and stretching lineations, which record low-magnitude strain during Late Cretaceous shortening
(J. Leeetal., 1999b, 2023; Wrobel et al., 2021). NSRD footwall rocks in the central and eastern parts of the range
exhibit ubiquitous mylonitic ductile fabrics with strongly developed, ESE-trending stretching lineations, which
record Eocene-Oligocene ductile extensional shearing (Gans, Miller, & Lee, 1999; J. Lee et al., 1999a). Ductile
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thinning increases from ~15% to ~95% between the western limit of Eocene-Oligocene ductile fabrics and the
eastern flank of the range (Long et al., 2023) (Figure 4). Long et al. (2023) presented a strain model for the NSRD
footwall on this cross section and calculated that lineation-parallel extension increases eastward to ~1,035%, with
12.1 km of total Eocene-Oligocene ductile extension (Figure 4b inset).

Beneath Snake Valley, we projected the NSRD at the 25°E average dip angle interpreted on the COCORP line
(Allmendinger et al., 1983; their Event H) (Figure 4). We suggest that Event H, which consists of as many as 3-5
closely spaced reflectors, corresponds to the fabric anisotropy of stretched footwall rocks, as opposed to just the
upper surface that represents the NSRD itself. Event H cannot be correlated beyond 8 km depth and projecting it
downward at the 29°E dip that it exhibits at its deepest traceable levels would result in it being truncated by the

west-dipping Canyon Range thrust reflector (Event F) at a depth of ~15 km (Allmendinger et al., 1983). On

Figure 4a, we projected the NSRD and its footwall rocks to a depth of 6-6.5 km, and then show them flattening
out eastward. This geometry is consistent with the footwall flat at the top of unit Cu that is observed across the
eastern half of the NSRD footwall (Gans, Miller, & Lee, 1999; J. Lee et al., 1999a; Long et al., 2023) as well as the
subsurface geometry of the western part of the Confusion Range interpreted on the Greene (2014) C-C’ cross

section.

3.1.4. Post-SCRDS-NSRD Normal Faulting

Several high-angle normal faults with 100's of m displacement cut SCRDS faults in the Duck Creek and Schell
Creek Ranges (Long et al., 2022). The Schell Creek fault accommodated 10.5 km of top-down-to-east
displacement, which generated the westward tilting (15° total) that created the Neogene-Quaternary Spring
Valley half-graben (Gans et al., 1985; Long et al., 2022). The Northern Snake and Confusion Ranges lack high-
displacement, post-NSRD normal faults at the latitude of Figure 4 (Gans, Miller, & Lee, 1999; Greene, 2014; J.
Lee et al., 1999a, 1999b). The normal fault system on the eastern side of Tule Valley accommodated 3.1 km of
top-down-to-west displacement. Retro-deformation of post-SCRDS-NSRD normal faults restores the cross
section from a modern length of 128.1 km (Figure 4a) to a restored length of 117.8 km (Figure 4b), defining
10.3 km (8.7%) of extension.

3.1.5. Restoration of SCRDS-NSRD Extension

At least 16.8 km of total SCRDS displacement was fed into the NSRD on Figure 4 (Long et al., 2022). NSRD
hanging wall klippe that contain unit Cu are distributed over a modern NSRD-parallel length of 24.5 km
(Figure 4a). Restoration of these klippe as close together as possible without overlapping yields a minimum
NSRD-parallel length of 5.6 km (Figure 4c), which defines a maximum of 18.9 km of displacement fed into the
NSRD via hanging wall normal faulting. We show a geometry in which the structural elevation accomplished by
the O’Neill Peak recumbent syncline constructed the overlying Knoll Hill anticline in the western Confusion
Range (Figure 4c). Though our interpreted geometries differ in detail, this was inspired by Wrobel et al. (2021),
who interpreted the O’Neill Peak recumbent syncline as part of the root zone of the Western Utah thrust belt. We
show the O’Neill Peak recumbent syncline as the lower kink axis of a fault-propagation fold that was constructed
by displacement fed in from the Eightmile thrust system to the west (Figure 4c). Our interpreted geometry
provides piercing points, including the footwall and hanging wall positions of a pre-NSRD normal fault (blue
hexagon on Figure 4) and the western limit of Eocene-Oligocene ductile fabrics (yellow hexagon), which define

41.9 km of cumulative displacement on the NSRD. This is consistent with the displacement fed into the NSRD
from the SCRDS and from hanging wall normal faulting in the Northern Snake Range, which total to 35.7 km.
The remaining 6.2 km of displacement was likely accommodated by normal faulting within the undifferentiated
Paleozoic rocks above the NSRD in Spring Valley and Snake Valley (Figure 4a). Restoration of SCRDS-NSRD
displacement yields an initial length of 77.9 km (Figure 4c). When compared to the post-SCRDS-NSRD length of
117.8 km (Figure 4b), this corresponds to 39.9 km of total ESE-directed extension (51%).

Eocene-Oligocene ductile stretching of the NSRD footwall has the net effect of progressively decreasing NSRD
displacement eastward. At the eastern edge of the Northern Snake Range (pink hexagon on Figure 4), 12.1 km of
cumulative ductile extension of the NSRD footwall (Long et al., 2023) has decreased net displacement on the
NSRD from its maximum of 41.9 km (measured at the western limit of Eocene-Oligocene ductile fabrics) to
29.8 km, a 29% decrease. We hypothesize that ductile stretching of NSRD footwall rocks continues in the
subsurface, based on event H on the COCORP line that can be traced continuously to 8 km depth (Allmendinger
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et al., 1983). On Figures 4a and 4b, we show a geometry in which the magnitude of ductile stretching of the NSRD
footwall matches the 41.9 km of cumulative displacement on the NSRD. To approximate the geometry of this
ductile stretching, we used a mirror image of the strain model presented in Long et al. (2023), with hypothesized
strain domains 6—8 at depth mirroring the stretching measured in strain domains 3—5 (Figure 4b inset). This
geometry results in NSRD displacement progressively decreasing eastward (pink, orange, and green hexagons on
Figure 4) and terminating beneath the Confusion Range (brown hexagon). This footwall geometry is speculative,
and it is possible that some NSRD displacement was fed further eastward. If this were the case, the most likely
scenario would be that this displacement was fed eastward to reactivate the Canyon Range thrust beneath the
House Range, because: (a) there is no geophysical evidence for the NSRD or its stretched footwall rocks
extending below 8 km depth (Allmendinger et al., 1983); (b) eastward projection of the NSRD reflector would
result in its truncation by the Canyon Range thrust reflector (Allmendinger et al., 1983); and (c) the Canyon Range
thrust would be an ideal mechanically weak contact that was ripe for reactivation.

3.1.6. Structural Arguments Invalidating Deep NSRD Footwall Burial

Burial of NSRD footwall rocks to the depths implied by thermobarometry is incompatible with published seismic
reflection data and with geometric constraints on Figure 4. Two thermobarometry samples from Cooper, Platt,
Anczkiewicz, and Whitehouse (2010) are projected onto Figure 4 (FDC62 and FDel78). These samples yielded
peak pressures of 8.2 + 0.9 and 8.2 + 1.0 kbar, respectively, corresponding to lithostatic burial depths between
~26.5 and 34 km. Burial of these Neoproterozoic metasedimentary rocks to such depths is incompatible with the
~17-20 km maximum restored depth of the upper contact of Precambrian crystalline basement interpreted below
the Confusion and House Ranges on the COCORP line (Allmendinger et al., 1983; DeCelles & Coogan, 2006)
(Figure 4b). Assuming that these samples actually attained ~26.5-34 km peak depths, and projecting the NSRD at
the 29°E dip defined at its deepest traceable levels on the COCORP line, it would require a minimum of 66—77 km
of displacement on the NSRD (assuming no erosion beneath the top of the Triassic section at the time of Late
Cretaceous peak burial) and a maximum of 75-94 km of displacement on the NSRD (assuming erosion to the
level of the Paleogene unconformity at the time of Late Cretaceous peak burial) to exhume these samples. Strain
compatibility demonstrates that such high displacements are not possible for the SCRDS-NSRD system. Rocks of
unit Cu preserved in the SCRDS footwall in the eastern Schell Creek Range (Long et al., 2022), in NSRD hanging
wall klippe in the Northern Snake Range (Long et al., 2023), and in the NSRD hanging wall in the subsurface of
the western Confusion Range (which have been drilled; see Greene, 2014, cross section B-B’) cannot spatially
overlap after restoration, which provides a firm limit on the maximum displacement possible on the SCRDS-
NSRD system. On Figure 4c, only an additional 12.6 km of NSRD displacement beyond the 41.9 km that we
already show is possible without spatially overlapping rocks of unit Cu preserved in the Schell Creek Range,
Northern Snake Range, and Confusion Range.

3.2. Southern Cross Section

The southern cross section (Figure 5) is supported by cross sections B-B” of Long et al. (2022) across the Duck
Creek and Schell Creek Ranges, F-F’ of Long et al. (2022) across the Northern Snake Range, and D-D” of
Greene (2014) across the Confusion and House Ranges (Figure 1b). Similar procedures were followed to
construct and restore Figure 5 as described above for Figure 4. Therefore, below we present a comparatively
abbreviated discussion of Figure 5.

3.2.1. Cordilleran Contractional Structures

No evidence for folding or thrust faulting is observed in the NSRD footwall on Figure 5 (Johnston, 2000; J. Lee
et al., 2023; J. Lee, Miller, et al., 1993). In the Confusion Range, the Western Utah thrust belt consists of the
King's Canyon and Brown's Wash thrust faults (and related folds), which accommodated 10.1 km of total
displacement (Greene, 2014). Similar to Figure 4c, we interpret that these thrust faults ramp downward to the west
to root into a flat at the C1-Cu contact, which generated a hypothesized fault-bend-fold anticline.

3.2.2. Paleogene Unconformity

In the Duck Creek and Schell Creek Ranges, the Paleogene unconformity lies within unit MIP and underlies
~35.2 Ma volcanic rocks (Gans et al., 1989; Young, 1960). In the Confusion and House Ranges, the unconformity
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underlies rocks as old as ~35.4 Ma (Hintze & Davis, 2002), cuts down-section eastward from unit P to the top of
unit Cu, and defines <1° of post-unconformity eastward tilting (Figures 5a and 5b).

3.2.3. SCRDS-NSRD System and Ductile Extension in the NSRD Footwall

At the latitude of Figure 5, the SCRDS consists of five faults, which cut down-section eastward at an average
stratigraphic cutoff-angle of 8°, root eastward to a flat at the Cu-Cl contact, and fed at least 36.0 km of total
displacement into the NSRD (Long et al., 2022). The NSRD occupies a footwall flat at the top of unit Cu across
the full width of the Northern Snake Range (Johnston, 2000; J. Lee et al., 2023; J. Lee, Miller, et al., 1993), and
most NSRD hanging wall klippe carry units Cu and OS (Figure 5). NSRD footwall rocks exhibit Eocene-
Oligocene extensional ductile fabrics with ESE-WNW-trending stretching lineations across the full width of
the range (Figure 5) (J. Lee et al., 1987). These fabrics die out westward at localities 6 km to the NNE and 9 km to
the SSW of the western edge of the cross section line (Figure 2), which constrains the approximate western limit
of Eocene-Oligocene fabrics (J. Lee et al., 2017). Long et al. (2022) presented a strain model for the NSRD
footwall on this cross section and documented that horizontal extension and vertical thinning increase from 8% to
86% and 17%—647%, respectively, between the western and eastern flanks of the range, with 19.1 km of total
Eocene-Oligocene ductile extension (Figure 5b inset).

3.2.4. Post-SCRDS-NSRD Normal Faulting

Several normal faults cut the SCRDS in the Duck Creek and Schell Creek Ranges, including the Duck Creek and
Schell Creek faults, which each generated ~15°W-tilted half-grabens (Gans et al., 1985). One top-down-to-west,
post-NSRD normal fault is mapped in the Northern Snake Range (Johnston, 2000; J. Lee et al., 2023; J. Lee,
Miller, et al., 1993). The top-down-to-west Conger Range fault on the western side of the Confusion Range
accommodated 5 km of displacement, and normal faults with 100's of m of displacement deform the eastern
Confusion Range and western House Range (Greene, 2014). Retro-deformation of post-SCRDS-NSRD normal
faults restores the cross section from a modern length of 131.7 km (Figure 5a) to a length of 119.5 km (Figure 5b),
defining 12.2 km of extension (10%).

3.2.5. Restoration of SCRDS-NSRD Extension

Figure 5 lacks a piercing point between the hanging wall and footwall of the NSRD. Constraints on the
displacement magnitude on the NSRD include: (a) At least 36.0 km of displacement on the SCRDS was fed
eastward into the NSRD (Long et al., 2022); (b) NSRD hanging wall klippe that carry units Cu and OS are
distributed over a modern NSRD-parallel length of 25.5 km (Figure 5b) and restore to a minimum NSRD-parallel
length of 11.0 km (Figure 5c), defining 14.5 km of maximum displacement fed into the NSRD by normal faulting
in its hanging wall; and (c) At least 14.0 km of displacement was fed into the NSRD by an east-dipping normal
fault that presently underlies the western Confusion Range, which cuts downward through units D, OS, and Cu.
These constraints define 50.0 km (which is shown on Figure 5b) to 64.6 km of displacement on the NSRD.
Restoration of SCRDS-NSRD displacement restores the cross section from a final length of 119.5 km (Figure 5b)
to an initial length of 73.4 km (Figure 5c), defining 46.1 km of minimum extension (63%).

On Figure 5, 19.1 km of Eocene-Oligocene ductile stretching of the NSRD footwall (Long et al., 2022) decreases
net displacement on the NSRD to 30.9 km at the eastern edge of the range (a 38% decrease) (pink hexagon).
Similar to Figure 4, we show ductile stretching of the NSRD footwall continuing in the subsurface beneath Snake
Valley and the Confusion Range, eventually matching the 50.0 km of cumulative displacement that we show on
the NSRD (Figure 5b), using a mirror image of the strain model presented in Long et al. (2022) (Figure 5b inset).

3.2.6. Structural Arguments Invalidating Deep NSRD Footwall Burial

Thermobarometry samples from Cooper, Platt, Anczkiewicz, and Whitehouse (2010) (» = 5) and Lewis
etal. (1999) (n = 2) projected onto Figure 5 yielded pressures between 5.7 + 0.9 and 8.1 + 0.7 kbar. Projection of
these Neoproterozoic metasedimentary samples to the ~21-30 km depth range implied by thermobarometry is
incompatible with the ~17-20 km maximum restored depth of the upper contact of Precambrian crystalline
basement interpreted on the COCORP line (Allmendinger et al., 1983; DeCelles & Coogan, 2006; Greene, 2014)
(Figure 5b). Assuming that the thermobarometry samples did attain ~21-30 km peak depths, and projecting the
NSRD at its dip angle interpreted on the COCORP line, it would require 65-90 km of minimum displacement on
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the NSRD (assuming no erosion beneath the top of the Triassic section at the time of Late Cretaceous peak burial),
and 73-102 km of maximum displacement on the NSRD (assuming erosion to the level of the Paleogene un-
conformity at the time of Late Cretaceous peak burial). Such high displacements are not possible without resulting
in spatial overlap of rocks from unit Cu preserved in the SCRDS footwall in the Schell Creek Range and preserved
in the NSRD hanging wall in the Northern Snake and Confusion Ranges (Figure 5c). A maximum additional
17.9 km of NSRD displacement beyond the 50.0 km shown in Figure 5c is possible without overlapping rocks of
units Cu, yielding an upper limit of 67.9 km of displacement. This falls short of the 76—102 km displacement
range required to exhume the three highest-pressure samples (Figure 5b).

3.3. Northern Cross Section

We present a northern regional cross section (Figure 6; section lines shown on Figure 1b) that is supported by
cross sections across the Cherry Creek/Egan (Blackford et al., 2022), Schell Creek (this study; supported by
mapping from Dechert, 1967), Antelope (this study; supported by mapping from Avent (1962); Hose and
Blake (1976)), and Deep Creek Ranges (Blackford et al., 2022). Figure 6 was restored using methods defined in
Long (2019), in which the bedrock geometries of modern valleys are not interpreted and their pre-extensional
widths are restored using percent extension estimates in the ranges bounding either side. Though the NSRD is
not exposed at the latitude of Figure 6, this cross section is important for testing interpretations of deep structural
burial via thrust and reverse faulting (Bartley & Wernicke, 1984; Lewis et al., 1999), for comparison with the
extension magnitude measured on Figures 4 and 5, and for providing a third regional view of the structural and
thermal architecture of the crust.

The Cherry Creek Range contains the western breakaway zone for top-down-to-east, domino-style normal
faulting (Figure 6a), which is the dominant structural style observed in all ranges to the east (Blackford
et al., 2022; Gans, 1982; Gans & Miller, 1983; Rodgers, 1987). The magnitude of westward tilting accommodated
by domino-style normal faulting, as defined by the Paleogene subvolcanic unconformity, is typically 35-45°.
Restoration of all normal faulting (Figure 6b) yields 46.8 km of total extension (67%; 116.9 km modern length and
70.1 km pre-extensional length). This is similar to the 50.2 km total extension (39.9 km SCRDS-NSRD extension
and 10.3 km post-SCRDS-NSRD extension) measured on Figure 4, which is only 20-40 km to the south of
Figure 6. This similarity provides a strain compatibility argument against deep NSRD footwall burial. For
example, increasing displacement on the NSRD on Figure 4 to the 66-94 km displacement required to exhume 30
km-deep footwall rocks would result in approximately doubling the regional extension magnitude across a 20—
40 km north-south distance, which would generate significant strain incompatibility.

Figure 6b demonstrates that the Paleogene unconformity overlies Pennsylvanian-Permian rocks with a typical
angularity <10°, which defines minimal pre-Paleogene deformation. Exposure levels in the Egan and Schell
Creek Ranges restore as deep as 13 and 9 km, respectively, below the top of the Triassic section, and define gentle
folding and no evidence for thrust faulting. The Deep Creek Range exposes rocks that restore as deep as 20 km
below the top of the Triassic section, including Neoproterozoic rocks that are stratigraphically deeper than those
exposed in the NSRD footwall (Rodgers, 1987). The Deep Creek Range provides no evidence for thrust faulting
down to a restored depth of 20 km, which is at odds with a regional, top-to-east thrust fault hypothesized at 10—
12 km depth as a mechanism to bury NSRD footwall rocks (Bartley & Wernicke, 1984). The Deep Creek Range is
deformed by the west-vergent Water Canyon anticline (Figure 6), which Lewis et al. (1999) proposed was
involved in accommodating deep burial of NSRD footwall rocks; we discuss this in detail below.

4. Thermal Architecture of the Northern Snake Range and Surrounding Region

Here, we present peak temperatures (7peak) from 95 samples from the Northern Snake Range and surrounding
ranges, which we combine with 132 published 7Tpeax measurements. We integrate these Tpeak data with strati-
graphic thicknesses and our reconstructed cross sections to provide a detailed view of the pre-extensional thermal
architecture of the crust in this region, which provides support for several arguments against the deep burial of
NSRD footwall rocks.

4.1. Peak Metamorphic Temperatures From RSCM Thermometry

The RSCM thermometer (e.g., Aoya et al., 2010; Beyssac et al., 2002, 2003; Kouketsu et al., 2014; Liinsdorf
etal.,2017; Rahl et al., 2005) quantifies the Tpeak attained by metasedimentary rocks that contain metamorphosed
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organic matter. We utilized the RSCM calibrations of Rahl et al. (2005) and Kouketsu et al. (2014) to measure
Tpeak from 95 samples, consisting of 17 from the Duck Creek and Schell Creek Ranges, 72 from the Northern
Snake Range, and 6 from the Confusion Range (Table 1; sample locations shown on Figures 1-3). Examples of
Raman spectra from representative samples and photomicrographs of analyzed grains of carbonaceous material
are shown on Figure 7. Analytical methods, supporting data, and examples of Raman spectra from all 95 samples
are included in Supporting Information S1.

We followed procedures described in Rahl et al. (2005) and Kouketsu et al. (2014), which involved fitting as
many as five Raman peaks (G, D1, D2, D3, D4) in the wavenumber range of 1,000-1,800 cm-!. We used
Equation 3 of Rahl et al. (2005), which is calibrated to the peak height ratio of D1/G (their parameter R1) and the
peak area ratio of D1/(G + D1 + D2) (their parameter R2) to calculate Tpeak for grain analyses >400°C, and we
used Equation 1 (calibrated to the full width at half maximum of the D1 peak) and Equation 2 (calibrated to the
full width at half maximum of the D2 peak) of Kouketsu et al. (2014) to calculate Tpeak for grain analyses between
200-400°C and 150-200°C, respectively. Tpeak values reported for our samples represent the mean of multiple
analyzed grains of carbonaceous material (typically between 12 and 16 grains per sample; Table 1). Tpeak values
are reported with two standard errors of the mean (Table 1, footnote 3), which typically ranges between +~20-
50°C for our samples.

4.2. Compilation of Published RSCM and CAI Data

We combined the Tpeak data from our 95 RSCM samples with published Tpeak data (Table 2; sample locations
shown on Figures 1-3), including 29 RSCM samples from Blackford et al. (2022) (3 from the Egan Range, 7 from
the Schell Creek Range, 14 from the Deep Creek Range, and 5 from the House Range), 15 RSCM samples from
the Northern Snake Range (14 from Hoiland et al. (2022); 1 from Cooper (2008)), and 9 thermobarometry
samples from the Northern Snake Range (7 from Cooper, Platt, Anczkiewicz, and Whitehouse (2010); 2 from
Lewis et al. (1999)).

We combined these 148 total Tpeak measurements with published conodont alteration index (CAI) values from
Cambrian to Triassic sedimentary rock samples in east-central Nevada (Crafford, 2007) and west-central Utah
(Harris et al., 1980) (sample locations and CAI values shown on Figure 1b). The CAI, which is based on the color
change that occurs as conodonts attain progressively higher temperatures, provides a semi-quantitative estimate
of Tpeak (e.g., Epstein et al., 1977). We used the Tpeak ranges reported in Konigshof (2003), in which CAI values of
1-1.5 = <50-80°C, 2-2.5 = 60-140°C, 3-3.5 = 110-200°C, 44.5 = 190-300°C, and 5-5.5 = 300—480°C. We
compiled CAI values from 79 samples that fall on the area of Figure 1b, yielding a combined data set of 227 total
Treak measurements. Below, we discuss Tpeak patterns as a function of stratigraphic depth, restored structural
depth, and west-to-east distance (for simplicity, in the following sections we list Tpeak values without their
accompanying error ranges).

4.3. Results of Combined RSCM, Thermobarometry, and CAI Data Sets

Overall, Tpeak values increase as a function of stratigraphic depth (Figures 8 and 9). Most Triassic and Permian
samples (12 out of 18) yielded CAI values of 1, indicating Tpeak <50—-80°C (Figure 8a). Most Mississippian-
Pennsylvanian samples also attained low Tpeak values; out of 26 total CAI samples, 13 yielded values of 1
(<50-80°C) and 10 were between 1 and 2 (<50-80°C to 60—-140°C) (Figure 8b). RSCM temperatures from 9
Mississippian-Pennsylvanian samples yielded Tpeak values between 74 and 193°C. Seven of these samples
yielded Tpeak values that fall below the 150°C minimum calibration temperature of Kouketsu et al. (2014)
Equation 2, and therefore can only be constrained as <150°C. Devonian samples yielded CAI values between 1
and 3 (n = 10), without a dominant value, and RSCM temperatures typically between ~150 and 200°C (n = 11)

(Figure 8c). Ordovician-Silurian rocks yielded CAI values with a mode of 3 (11 out of 24 total) (110-200°C) and

RSCM temperatures typically between ~180 and 280°C (n = 16) (Figure 8c).

Excluding NSRD footwall samples, Middle-Upper Cambrian rocks yielded RSCM temperatures typically be-
tween ~250 and 370°C (n = 33) (Figure 8d), with samples in the Schell Creek Range, Deep Creek Range, NSRD
hanging wall, and House Range yielding similar average temperatures of 314 + 54°C (n = 8),367 = 5°C (n = 3),
305 £ 40°C (n = 18), and 351 £ 80°C (n = 3), respectively (errors for average Tpeak values listed at 1o level)
(Figure 8g). Middle-Upper Cambrian metasedimentary rocks in the NSRD footwall are hotter, typically ranging
between ~470 and 580°C, with an average of 528 + 39°C (n = 42) (Figures 8d and 8g). Lower Cambrian rocks
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Table 1
Summary of RSCM Thermometry Results for Samples From This Study From the Duck Creek, Schell Creek, Northern Snake, and Confusion Ranges Zg ),
wnyx
D2 23 ’
m2Z
D1 FWHM FWHM R1 R2 Theax (°C) 8o G
I Structural 3 -
- Latitude  Longitude position ~ Map Relative Temperature 2 EERT ]
Sample (°N) (°W) Transect (m)* unit Formation Lithology  to NSRD Calibration” Mean lo Mean lo Mean 1lo Mean lo Mean lo SEM' n
SCR21-69 39.55814 114.63156 Schell Creek Range, 1,500 D  Guilmette Formation Limestone - Kouketsu - - 553 34 - - - - 160 23 28 15
cross section et al. (2014)
A-A' Equation 2
SCR21-68  39.56353 114.60386 Schell Creek Range, 775 OS  Laketown Dolomite Dolomite = Kouketsu = - 538 83 - - - - 170 56 39 15
cross section et al. (2014)
A-A Equation 2
SCR21-67  39.56569 114.59900 Schell Creek Range, 400 Cu  Raiff Limestone Limestone - Kouketsu 95.3 72 - - - - - - 273 15 18 14
cross section et al. (2014)
A-A Equation 1
SCR20-27  39.55419 114.57861 Schell Creek Range, -90 Cu  Eldorado Limestone  Limestone - Kouketsu 66.7 2.7 - - - - - - 335 6 16 15
cross section et al. (2014)
A-A’ Equation 1
SCR20- 39.54489 114.57225 Schell Creek Range, -1,510 Z  McCoy Creek Group, Argillite = Rahl et al. (2005) - - - - 0177 0.034 0.288 0.039 485 36 35 12
21A cross section Unit A Equation 3
A-A
SCR21-66  39.56475 114.56942 Schell Creek Range, -2,075 Z  McCoy Creck Group, Argillite - Rahl et al. (2005) - - - - 0709 0234 0469 0051 420 20 30 13 H
cross section Unit C Equation 3 g
A-A" =
=)
SCR20- 39.43703 114.54861 Schell Creek Range, -3,510 Z  McCoy Creek Group, Schist - Rahl et al. (2005) - - - - 0179 0.027 0259 0.028 516 22 28 15 =
104A cross section Unit H Equation 3 a.
B-B’ 7]
SCR20- 39.43833 114.54433 Schell Creek Range, -3,720 VA McCoy Creek Group, Schist = Rahl et al. (2005) = = = — 0169 0.061 0.245 0.059 528 47 36 15
100A cross section Unit H Equation 3
B-B’
SCR20-74 39.47861 114.71528 Duck Creek Range, 145 MIP  Ely Limestone Limestone - Kouketsu - — 63.8 39 - - - — 102 27 29 15
cross section et al. (2014)
B-B’ Equation 2
SCR20-52  39.47375 114.72428 Duck Creek Range, 40 OS  Laketown Dolomite Dolomite Kouketsu - - - - - - 185 25 32
Ccross section et al. (2014)
B-B’ Equation 2
SCR20-54  39.47347 114.72219 Duck Creek Range, 3 Cu  Eldorado Limestone  Limestone Kouketsu 98.2 9.0 - - - - 267 9 29
cross section et al. (2014)
B-B’ Equation 1
SCR20-37  39.23778 114.59400 Schell Creek Range, 20 Cu Lincoln Peak Limestone Kouketsu 98.6 6.2 - - - - 266 13 17
cross section Formation etal. (2014)
cC’ Equation 1
SCR20-35 39.23408 114.58939 Schell Creek Range, -30 Cu Pole Canyon Limestone Kouketsu 73.0 4.0 - - - - 321 9 4
cross section Limestone et al. (2014) S
cC’ Equation 1 —
S
SCR20- 39.24756 114.52897 Schell Creek Range, -1,510 Cl  Prospect Mountain Argillite Rahl et al. (2005) = = 0.194 0.017 0249 0.018 531 15 30 g
49A cross section Quartzite Equation 3 N
-C’ S
cC E
SCR20- 39.24814 114.52614 Schell Creek Range, -1,750 4 McCoy Creek Group, Argillite Rahl et al. (2005) = = 0.152 0.122 0.217 0.114 551 88 49 —
47A cross section undifferentiated Equation 3 Q
’ =
cC S
o0
SCR20-95 39.23558 114.75153 Duck Creek Range, 480 OS Late Cambrian-Early ~ Limestone Kouketsu 112.7 9.1 - - - - 236 19 18 g
cross section Ordovician, et al. (2014) o0
D-D’ undiff. Equation 1
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Table 1
) Z»
Continued ég )’
D2 23
DI FWHM FWHM RI R2 T (O) g6 G’
Structural RS c [
Latitude  Longitude position ~ Map Relative Temperature 2 CERT
Sample (°N) (°W) Transect (m)* unit Formation Lithology to NSRD Calibration” Mean lo Mean lo Mean 1lo Mean lo Mean lo SEM°® n
SCR20-91 39.24186 114.73869 Duck Creek Range, 80 Cu  Pole Canyon Limestone - Rahl et al. (2005) - - - — 0517 0.112 0417 0.040 436 21 30 13
cross section Limestone Equation 3
D-D’
NSR21-65 39.49350 114.35808 Northern Snake 10 Cu Middle Cambrian Limestone Hanging Kouketsu 75.0 9.1 = = = = = = 317 20 21 12
Range, Third limestone, wall et al. (2014)
Butte undiff. Equation 1
NSR20-24  39.46653 114.29617 Northern Snake -85 Cu  Eldorado Limestone Marble Footwall Rahletal. (2005) - = = — 0415 0.152 0421 0.081 406 50 34 17
Range, Equation 3
Western
Marble Wash
NSR20-21  39.46664 114.29297 Northern Snake -250 Cu  Raiff Limestone Marble Footwall Rahletal. (2005) - - - — 0133 0080 0.199 0089 566 72 45 15
Range, Equation 3
Western
Marble Wash
NSR20-18  39.46614 114.28942 Northern Snake -415 Cu  Raiff Limestone Marble Footwall Rahletal. (2005) - - = — 0.115 0.057 0.181 0.071 580 60 42 14
Range, Equation 3 !
Western (¢}
Marble Wash g
NSR20-16  39.46692 114.28597 Northern Snake -605 Cu  Raiff Limestone Marble Footwall ~Rahletal. (2005) - - - = 0325 0243 0320 0119 487 69 4 15 g
Range, Equation 3 =.
Western 8
Marble Wash
NSR20-8  39.46389 114.27908 Northern Snake -925 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - - - - 0256 0203 0274 0.136 518 95 68 10
Range, Equation 3
Western
Marble Wash
NSR20-1 39.46092 114.27419 Northern Snake -1,170 Cu  Notch Peak Marble Footwall Rahl et al. (2005) - - - - 0259 0.117 0301 0.093 493 68 49 12
Range, Formation Equation 3
Western
Marble Wash
NSR21-13  39.37161 114.18567 Northern Snake -10 Cu  Notch Peak Marble Footwall Rahl et al. (2005) - - - — 0.153 0.147 0.209 0.124 560 93 64 11
Range, Formation Equation 3
Ryegrass
Canyon
NSR21-10  39.36947 114.18617 Northern Snake =75 Cu  Dunderberg Shale Marble Footwall Rahl et al. (2005) - - - - 0247 0300 0239 0170 549 107 68 12
Range, Equation 3
Ryegrass
Canyon
NSR21-3 39.36642 114.19156 Northern Snake -280 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - - - - 0219 0.185 0264 0.148 519 110 70 12 5
Range, Equation 3 —
Ryegrass 8
Canyon S
3]
NSR21-1 39.36394 114.19169 Northern Snake -420 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - - - - 0.134 0.112 0.191 0.108 574 84 54 13 8
Range, Equation 3 R
Ryegrass 8
Canyon S
S
NSR21-20  39.36531 114.20261 Northern Snake -605 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - - - — 0.156 0.051 0.232 0.066 538 56 43 12 &
Range, Equation 3 %
Ryegrass
Canyon
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Table 1
Continued
D2
D1 FWHM FWHM R1 R2 T CO)
Structural i
Latitude  Longitude position  Map Relative Temperature 2

Sample (°N) (°W) Transect (m)* unit Formation Lithology to NSRD Calibration” Mean lo Mean lo Mean lo Mean 1o Mean lo SEM® n

NSR21-21  39.36278 114.20836 Northern Snake =750 Cu  Eldorado Limestone ~ Marble Footwall Rahl et al. (2005) = = = - 0.113 0.129 0.165 0.125 59 9% 53 17
Range, Equation 3
Ryegrass
Canyon

NSR20-39  39.44556 114.14928 Northern Snake 10 Cu Middle Cambrian Dolomite ~ Hanging Kouketsu 70.0 6.3 = = = = = = 328 13 17 15
Range, Eastern limestone, wall et al. (2014)
Marble Wash undiff. Equation 1

NSR20-38 39.44525 114.14964 Northern Snake =7/ Cu Notch Peak Marble Footwall Rahl et al. (2005) - - - — 0247 0.087 0.320 0.086 470 68 47 13
Range, Eastern Formation Equation 3
Marble Wash

NSR20-37 39.44508 114.14992 Northern Snake -17 Cu  Notch Peak Marble Footwall Rahl et al. (2005) - - - - 0215 0.078 0.263 0.080 522 63 42 15
Range, Eastern Formation Equation 3
Marble Wash

NSR20-36 39.44506 114.15011 Northern Snake -26 Cu Notch Peak Marble Footwall Rahl et al. (2005) - - - - 0.185 0.159 0.213 0.110 564 77 75 6
Range, Eastern Formation Equation 3
Marble Wash

NSR20-35 39.44472 114.15011 Northern Snake -32 Cu  Dunderberg Shale Marble Footwall ~ Rahl et al. (2005) = = = — 0211 0.120 0264 0.104 519 79 48 15
Range, Eastern Equation 3
Marble Wash

NSR20-31 39.44431 114.15031 Northern Snake -60 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - - - — 0207 0.144 0230 0.112 553 82 46 17
Range, Eastern Equation 3
Marble Wash

NSR20-29 39.44425 114.15056 Northern Snake =71 Cu  Raiff Limestone Marble Footwall ~Rahl et al. (2005) - = = — 0309 0287 0306 0.151 496 9 55 16
Range, Eastern Equation 3
Marble Wash

NSR20-26 39.44397 114.15058 Northern Snake -91 Cu  Eldorado Limestone ~ Marble Footwall Rahl et al. (2005) - - - - 0187 0218 0214 0.152 562 107 57 17
Range, Eastern Equation 3
Marble Wash

NSR20-25 39.44378 114.15078 Northern Snake -107 Cu  Eldorado Limestone ~ Marble Footwall Rahl et al. (2005) - - - - 0265 0217 029 0.148 503 105 56 17
Range, Eastern Equation 3
Marble Wash

NSR20-58 39.42783 114.15847 Northern Snake 3 Cu  Middle Cambrian Dolomite ~ Hanging Kouketsu 722 Sl = = = = = = 323 11 16 15
Range, Marble limestone, wall et al. (2014)
Canyon undiff. Equation 1

NSR20-57 39.42764 114.15786 Northern Snake 1 Cu  Middle Cambrian Dolomite ~ Hanging Kouketsu 65.8 59 - - - - - - 336 13 18 13
Range, Marble limestone, wall etal. (2014)
Canyon undiff. Equation 1

NSR20-56  39.42733  114.15772 Northern Snake -4 Cu  Notch Peak Marble Footwall Rahl et al. (2005) - - = — 0.196 0.092 0251 0.085 529 66 39 18
Range, Marble Formation Equation 3
Canyon

NSR20-52  39.42586 114.15289 Northern Snake -23 Cu  Notch Peak Marble Footwall ~Rahl et al. (2005) - - - - 0107 0.068 0.158 0.077 601 63 43 14
Range, Marble Formation Equation 3
Canyon

NSR20-49 39.42581 114.15167 Northern Snake -31 Cu  Dunderberg Shale Marble Footwall Rahl et al. (2005) - - - — 0349 0267 0325 0.167 486 113 75 11
Range, Marble Equation 3
Canyon

NSR20-48 39.42569 114.15128 Northern Snake -49 Cu  Dunderberg Shale Marble Footwall Rahl etal. (2005) - - - — 0.234 0217 0.248 0.145 540 101 56 16

Range, Marble
Canyon

Equation 3
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Table 1
< Continued 5
o ontinue &g ),
B2z
® > = 6)
D1 FWHM FWHM R1 R2 T CC) as
i Structural 2 3 c -
3
= Latitude  Longitude position  Map Relative Temperature 2 oI wmm
Fa Sample (°N) (°W) Transect (m)* unit Formation Lithology to NSRD Calibration” Mean lo Mean 1o Mean lo Mean lo Mean 1lo SEM® n
_; NSR20-46 39.42533 114.15133 Northern Snake -69 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) — — - — 0.261 0.244 0271 0.131 521 85 48 17
L™ Range, Marble Equation 3
Canyon
NSR20-44 39.42492 114.15133 Northern Snake -87 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - - - — 0.192 0.134 0.246 0.120 532 92 51 17
Range, Marble Equation 3
Canyon
NSR21-28 39.43419 114.13539 Northern Snake 190 OS  Ordovician-Silurian ~ Dolomite ~ Hanging Kouketsu 1353 115 - - - - - 187 25 20 15
Range, dolomite, undiff. wall etal. (2014)
Easternmost Equation 1*
Marble Canyon
SR19-34 39.44760 114.11067 Northern Snake 10 Cu Middle Cambrian Dolomite ~ Hanging Kouketsu 94.1 11.6 - - - - - - 276 25 20 15
Range, limestone, wall et al. (2014)
Easternmost undiff. Equation 1
Marble Wash
SR19-28 39.44223 114.11308 Northern Snake =20 Cu Notch Peak Marble Footwall Rahl et al. (2005) - - - - 0311 0224 0317 0.111 487 71 45 15
Range, Formation Equation 3 H
Easternmost g
Marble Wash 8
SR19-29B  39.44386 114.11655 Northern Snake -50 Cu  Dunderberg Shale Marble Footwall Rahl et al. (2005) - - - - 0207 0.172 0.250 0.137 531 100 62 13 =]
Range, Equation 3 s o
Eas . (4
asternmost W
Marble Wash
SR19-30 39.44523 114.12516 Northern Snake -90 Cu  Raiff Limestone Marble Footwall Rahl et al. (2005) - — - — 0.217 0.144 0.274 0.082 510 52 37 15
Range, Equation 3
Easternmost
Marble Wash
SR19-31 39.44492 114.13211 Northern Snake -120 Cu Monte Neva Marble Footwall Rahl et al. (2005) - - - - 0292 0.183 0298 0.138 503 9% 73 9
Range, Formation Equation 3
Easternmost
Marble Wash
NSR21-31 39.40450 114.08033 Northern Snake 70 MIP Ely Limestone Limestone Hanging Kouketsu - - 61.7 86 - - - 116 58 40 15
Range, Pete's wall et al. (2014)
Knoll Equation 2
NSR21-29  39.40664 114.08286 Northern Snake 60 D  Guilmette Formation Limestone Hanging Kouketsu - - 529 68 - - - 177 46 35 15
Range, Pete's wall et al. (2014)
Knoll Equation 2
NSR21-61 39.31858 114.31256 Northern Snake 10 OS  Ordovician-Silurian Dolomite  Hanging Kouketsu 1359 7.8 - - - - - - 186 17 18 15
Range, dolomite, undiff. wall etal. (2014) —
Fourmile Equation 1* =
—_
Canyon 8
SR19-11 39.33390 114.11734 Northern Snake ~100 Cu Middle Cambrian Dolomite  Hanging Kouketsu 63.5 10.7 - - - - - 341 23 22 12 ©
Range, Smith limestone, wall et al. (2014) 8
Creek undiff. Equation 1 N
=~
SR19-18 39.33311 114.12173 Northern Snake ~50 Cu Middle Cambrian Dolomite  Hanging Kouketsu 66.1 7.7 = = = = - 336 17 18 15 —
Range, Smith limestone, wall et al. (2014) g
. : S
o Creek undiff. Equation 1 &
Oo SR19-14B  39.33142 114.12598 Northern Snake -20 Cl  Prospect Mountain Schist Footwall Rahl et al. (2005) - - - — 0.038 0.015 0.074 0.025 671 2 29 14 o
) Range, Smith Quartzite Equation 3 o
& Creek
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Table 1
Continued -
EE] )’
D2 2
D1 FWHM FWHM Rl R2 T (C) oz c,
Structural an
Latitude  Longitude position ~ Map Relative Temperature 2 2 § c -
Sample (°N) (°W) Transect (m)* unit Formation Lithology  to NSRD Calibration” Mean lo Mean lo Mean 1lo Mean lo Mean lo SEM' =n G W=
SR19-55 39.27561 114.16264 Northern Snake 10 D  Guilmette Formation Limestone Hanging Kouketsu 150.5 22 - - - - - - 154 5 16 15
Range, wall etal. (2014)
Hampton Equation 1*
Creek
NBSR19-  39.23933  114.11267 Northern Snake 10 Cu  Pole Canyon Limestone Hanging Kouketsu 65.4 12.2 - - - - - - 337 26 21 14
19 Range, Limestone wall etal. (2014)
Hampton Equation 1
Creek
NSR21-44  39.24333 114.07175 Northern Snake -10 Cu Pole Canyon Marble Footwall Rahl et al. (2005) - - = - 0.147 0.070 0.196 0.071 573 56 40 14
Range, Limestone Equation 3
Hampton
Creek
NSR21-41  39.24908 114.07297 Northern Snake -10 Cu  Pole Canyon Marble Footwall Rahl et al. (2005) - - — — 0.180 0.104 0.104 0.094 534 71 50 12
Range, Limestone Equation 3
Hampton
Creek
SR19-23 39.24261 114.08345 Northern Snake -120 Z  McCoy Creek Group, Schist Footwall Rahl et al. (2005) - - - - 0125 0.013 0.191 0.016 567 2 29 14 (’?
Range, Unit o Equation 3 )
Hampton =
Creek g
SR19-21B  39.24351 114.08260 Northern Snake -110 Z  McCoy Creek Group,  Schist Footwall Rahl et al. (2005) - — - — 0.059 0.018 0.102 0.029 647 26 29 15 ;'
Range, Unit o Equation 3 74}
Hampton
Creek
SR19-25A  39.24342 114.08868 Northern Snake -220 Z  McCoy Creek Group,  Schist Footwall Rahl et al. (2005) - - - — 0253 0.022 0302 0.017 491 14 29 13
Range, Unit 2 Equation 3
Hampton
Creek
SR19-27 39.24313  114.09280 Northern Snake -250 Z  McCoy Creek Group,  Schist Footwall Rahl et al. (2005) = = = — 0.048 0.011 0.086 0.020 660 18 29 13
Range, Unit 2 Equation 3
Hampton
Creek
SR19-12 39.19506 114.07489 Northern Snake 80 OS  Ordovician-Silurian Limestone Hanging Kouketsu 129.1 9.7 - - - - - - 201 21 19 15
Range, dolomite, undiff. wall etal. (2014)
Hendry's Creek Equation 1
NBSR19-  39.19625 114.07594 Northern Snake 10 OS  Pogonip Group Dolomite  Hanging Kouketsu 131.3 29 - - - - - - 196 6 16 15
11 Range, wall etal. (2014)
Hendry's Creek Equation 1*
SR18-1 39.21583 114.12611 Northern Snake 20 Cu Notch Peak Limestone Hanging Kouketsu 119.4 12.3 - - - - - - 221 27 19 17 —
Range, Formation wall et al. (2014) S
Hendry's Creek Equation 1 8
SRI19-15A  39.20897 114.06686 Northern Snake 10 Cu Notch Peak Limestone Hanging Kouketsu 80.4 45 - - - - - - 305 10 17 14 R
Range, Formation wall et al. (2014) 8
Hendry's Creek Equation 1 ﬁ
NBSR19-  39.20739 114.06525 Northern Snake 20 Cu Pole Canyon Dolomite ~ Hanging Kouketsu 42.6 2.7 = = = = = = 386 6 16 15 g
14 Range, Limestone wall et al. (2014) )
Hendry's Creek Equation 1 8
NSR21-38 39.19475 114.07847 Northern Snake -10 Cu Pole Canyon Marble Footwall Rahl et al. (2005) = = = - 0.192 0.173 0221 0.124 558 88 52 15 §
Range, Limestone Equation 3
Hendry's Creek
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Table 1
»
Continued z3
25 J»
B2z
D2 5o c)
D1 FWHM FWHM RI R2 T (O) a8
Structural 2 4 c -
3
= Latitude  Longitude position  Map Relative Temperature 2 oI wmm
Sample (°N) (°W) Transect (m)* unit Formation Lithology to NSRD Calibration” Mean lo Mean 1o Mean lo Mean lo Mean 1lo SEM® n
SR19-9 39.21395 114.08732 Northern Snake -250 Z  McCoy Creek Group, ~Schist Footwall Rahl et al. (2005) - - - - 0.060 0.016 0.098 0.024 651 21 28 15
Range, Unit 2 Equation 3
Hendry's Creek
SR19-10 39.21741 114.09483 Northern Snake -390 Z  McCoy Creek Group, ~Schist Footwall Rahl et al. (2005) - - - — 0.165 0.062 0.245 0.061 527 48 40 12
Range, Unit 5 Equation 3
Hendry's Creek
NSR21-49  39.18372 114.07317 Northern Snake ~250 MIP  Ely Limestone Limestone Hanging Kouketsu - - 653 5.1 = = = = 92 34 31 15
Range, The wall et al. (2014)
Cove Equation 2
NSR21-48  39.18211 114.07283 Northern Snake 30 D  Simonson Dolomite Dolomite ~ Hanging Kouketsu - - 49.8 2.1 - - - - 197 14 27 15
Range, The wall et al. (2014)
Cove Equation 2
NSR21-46  39.18158 114.09161 Northern Snake 10 Cu  Notch Peak Limestone Hanging Kouketsu 112.1 43 = = = = = 237 9 16 15
Range, The Formation wall et al. (2014)
Cove Equation 1
NSR21-45  39.18231 114.09142 Northern Snake -10 Cu  Pole Canyon Marble Footwall ~Rahl etal. (2005) - - — 0.136  0.064 0.196 0.074 570 60 42 ?
Range, The Limestone Equation 3 P
Cove =g
=)
SR19-68 39.29331 114.22003 Northern Snake ~220 D Guilmette Formation Limestone Hanging Kouketsu - - 533 24 - - - - 174 16 27 15 E.
Range, The wall et al. (2014) ()
Table Equation 2 @»
SR19-65 39.29053 114.21550 Northern Snake ~340 D  Sevy Dolomite Dolomite ~ Hanging Kouketsu 131.3 12.0 - - - - - - 196 26 20 15
Range, The wall etal. (2014)
,,,,, Equation 1*
SR19-64 39.29028 114.21447 Northern Snake ~330 OS  Ordovician-Silurian Limestone Hanging Kouketsu 103.5 4.8 - - — — - 255 10 20
Range, The dolomite, undiff. wall et al. (2014)
Table Equation 1
SR19-63 39.28933 114.21358 Northern Snake ~320 OS  Ordovician-Silurian Limestone Hanging Kouketsu - - 6.2 - - - - 197 42 34
etal. (2014)
%;]Sl eC, 1rne UOIVIIILE, undLLL. wall Equation 2
SR19-61 39.28867 114.20850 Northern Snake ~450 Cu Lincoln Peak Limestone Hanging Kouketsu 83.1 4.0 = = = = = 299 9 16
Range, The Formation wall et al. (2014)
Table Equation 1
NSR21-51  39.24806 114.33006 Northern Snake ~300 MIP Ely Limestone Limestone Hanging Kouketsu - - 4.7 - - - = 75 32 31
Range, Negro wall et al. (2014)
Creek Equation 2
NSR21-52 39.24836 114.33058 Northern Snake ~550 OS  Pogonip Group Limestone Hanging Kouketsu 904 8.0 - - - - - 284 17 18 —
Range, Negro wall et al. (2014) =
q o
Creek Equation 1 S
NSR21-53 39.24908 114.33222 Northern Snake ~200 Cu Lincoln Peak Limestone Hanging Kouketsu 101.3 10.0 - - - - - 260 22 22 Na)
Range, Negro Formation wall et al. (2014) >
Creek Equation 1 S
N
NBSR20-  39.27542 114.26828 Northern Snake -90 Cl  Prospect Mountain Schist Footwall Rahl et al. (2005) = = — 0.112 0.044 0.197 0.065 561 57 39 —
74B Range, Negro Quartzite Equation 3 g
Creek (=)
oo
JL1-156 39.27407 114.24127 Northern Snake -80 Cl  Prospect Mountain Quartzite  Footwall Rahl et al. (2005) = = = — 0.868 0.086 0.500 0.035 421 28 33 12 g
Range, Negro Quartzite Equation 3 S
Creek
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Table 1
Continued
D2
DI FWHM FWHM R1 R2 o)
Structural
Latitude Longitude position ~ Map Relative Temperature 2
Sample (°N) (°W) Transect (m)* unit Formation Lithology to NSRD Calibration® Mean lo Mean 1o Mean lo Mean lo Mean 1lo SEM® n
NSR21-26  39.45575 113.82867 Northwestern - MIP Ely Limestone Limestone Hanging Kouketsu 188.1 5.8 - - - - - - 74 13 17 15
Confusion wall et al. (2014)
Range Equation 1*
NSR21-27  39.46597 113.80214 Northwestern - MIP  Joana Limestone Limestone Hanging Kouketsu - - 587 41 - - - - 137 28 29 15 (‘?
Confusion wall et al. (2014) (o]
Range Equation 2 8
NSR21-24  39.46658 113.88294 Northwestern - D  Simonson Dolomite Dolomite ~ Hanging Kouketsu - - 547 33 - - - - 164 22 28 15 E.
Confusion wall et al. (2014) (o)
Range Equation 2 «
NSR21-36  39.08897 113.87681 West-central - MIP Ely Limestone Limestone Hanging Kouketsu - - 662 5.6 - - - - 86 38 32 15
Confusion wall et al. (2014)
Range Equation 2
NSR21-34  39.10664 113.90081 West-central - D  Guilmette Formation  Limestone Hanging Kouketsu - - 539 35 - - - - 169 24 28 16
Confusion wall et al. (2014)
Range Equation 2
NSR21-33  39.11508 113.93667 West-central - OS  Laketown Dolomite Dolomite ~ Hanging Kouketsu 130.3 8.1 - - - - - - 198 17 18 15
Confusion wall et al. (2014)
Range Equation 1*
Note. NSRD, Northern Snake Range décollement; FWHM, full width at half-maximum; 7., peak temperature; SEM, standard error of the mean; n, number of grain spot analyses that support Tpex.
Structural position was measured as foliation- or bedding-normal distance below or above the structurally lowest Schell Creek Range detachment fault for Duck Creek and Schell Creek Range samples,
and foliation-normal distance below or detachment-normal distance above the NSRD for Northern Snake Range samples. °T __, values >400°C were determined using Equation 3 of Rahl et al. (2005),
Theak values between 200 and 400°C were determined using Equation 1 of Kouketsu et al. (2014), and T values <200°C were determined using Equation 2 of Kouketsu et al. (2014). Equation 1 of
Kouketsu et al. (2014) was utilized for seven samples (marked with asterisks) that yielded mean 7. values below the 200°C calibration threshold for this equation, because mean 7.k values yielded by
Kouketsu et al. (2014) Equation 2 for these samples were even further out of its 150-200°C calibration range. “After Cooper et al. (2013), T ., values are reported with 2 standard errors of the mean
(SEM), calculated from quadratic addition of 1o internal error and the external error of =50°C from Rahl et al. (2005) Equation 3, +30°C from Kouketsu et al. (2014) Equation 1, or +50°C from Kouketsu =
et al. (2014) Equation 2, divided by the square root of the number of individual grain spot analyses (n). —
S
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(n = 6) yielded temperatures that vary from ~310 to 380°C in the Egan and Deep Creek Ranges, to ~530°C in the
Schell Creek Range, to ~420—670°C in the NSRD footwall (Figure 8d).

Neoproterozoic rocks in the Schell Creek Range (n = 10) yielded RSCM temperatures typically between ~470
and 525°C (502 = 34°C average; Figures 8e and 8h). Neoproterozoic rocks in the Deep Creek Range (n = 6)
yielded RSCM temperatures typically between ~575 and 625°C (586 = 36°C average; Figures 8e and 8h).
Neoproterozoic rocks in the NSRD footwall yielded overall similar temperatures between RSCM (n = 6) and
thermobarometry (n = 9), with a total range between ~490 and 660°C (588 + 61°C average; Figures 8¢ and 8h).

To quantify trends with depth, we graphed Tpeak values against stratigraphic depth below the top of the Triassic
section (Figure 9), using representative stratigraphic columns from specific ranges (see Figure 9 caption). These
graphs yielded best-fit Tpeak gradients of 57°C/km in the Schell Creek and Duck Creek Ranges (Figure 9a) (down

to 12.5 km depth; n = 36), 49°C/km in the Deep Creek Range, Kern Mountains, and Antelope Range (Figure 9b)
(down to 14.5 km depth; n = 29), and 53°C/km in the Confusion and House Ranges (Figure 9¢) (down to 8.5 km
depth; n = 43). In the Northern Snake Range, Cambrian to Permian rocks in the NSRD hanging wall yielded a
best-fit Tpeak gradient of 56°C/km (Figure 9d) (down to 8 km depth; n = 45). NSRD footwall rocks (n = 60), when

graphed versus restored stratigraphic depth (i.e., after retro-deforming ductile strain; Figures 4b and 5b), exhibit
Tpeak values that largely overlap within error between ~6 and 13 km depth (Figure 9d). Middle-Upper Cambrian

rocks in the NSRD footwall yielded consistent temperatures of ~500-600°C and Neoproterozoic rocks vary
between ~500 and 650°C. Importantly, most Neoproterozoic samples in the NSRD footwall (including the
majority of thermobarometry samples) fall close to the 56°C/km best-fit gradient defined by NSRD hanging wall
rocks, and thus did not attain hotter conditions than predicted by this upper-crustal gradient (Figure 9d). Graphing
all data from the NSRD hanging wall and surrounding ranges together (n = 153) defines an approximately linear
downward-increasing trend to a pre-extensional depth of 14.5 km, which is best-fit by an average regional Tpeak
gradient of 56°C/km (Figure 9¢). In contrast, projecting the Tpeak values of the nine NSRD footwall thermo-
barometry samples to ~21-30 km lithostatic depths yields a much cooler (by a factor of 2.5) best-fit gradient of
22°C/km (Figure 9¢). We acknowledge that this is an average Tpeak gradient calculated between the surface and
~21-30 km depth, and therefore does not necessarily represent a true geotherm, which does not have to remain
linear across such a large range of crustal depths.

We also graphed Tpeak versus restored structural depth below the top of the Triassic section (Figure 10), as
measured from our reconstructed cross sections in Figures 4c, Sc, and 6b. These graphs yielded best-fit Tpeax
gradients of 30°C/km for the Schell Creek and Duck Creek Ranges (Figure 10a) (down to 18.5 km depth; n = 45),
37°C/km for the Deep Creek Range, Kern Mountains, and Antelope Range (Figure 10b) (down to 20 km depth;
n = 29), and 44°C/km for the Confusion and House Ranges (Figure 10c) (down to 12 km depth; n = 43). NSRD
hanging wall samples yielded a best-fit gradient of 34°C/km (down to 10 km depth). Graphing all data from the
NSRD hanging wall and surrounding ranges together (Figure 10e) yields an approximately linear trend that is
best-fit by a regional Tpeak gradient of 36°C/km, which is 1.6 times greater than the 22°C/km best-fit Tpeak gradient
predicted by projecting thermobarometry samples to lithostatic depths (Figure 10e).

In seven localities in the Northern Snake Range (Figure 2), spatially dense sampling transects constrain 7peak
patterns as a function of present-day structural depth beneath the NSRD, as well as the upward decrease in Tpeak
across the NSRD (Figure 11). For five transects in the northern part of the range (the Western Marble Wash,
Ryegrass Canyon, Marble Canyon, and Eastern Marble Wash sections of Long et al. (2023), and the Easternmost
Marble Wash section of this study), Tpeak in Middle-Upper Cambrian carbonates is largely invariant with
structural depth below the NSRD, with similar mean 7peak values of 508 = 57°C, 556 = 25°C, 535 + 34°C,
523 £ 31°C, and 502 = 18°C, respectively (Figures 11a—11e). In the Hampton Creek and Hendry's Creek

Figure 7. (a—d): Photomicrographs of representative examples of analyzed grains of carbonaceous material (CM) from thin sections of (a) Schell Creek Range, (b and ¢)
Northern Snake Range, and (d) Confusion Range samples (taken in plane-polarized light). Red circles represent the approximate area of the analyzed spot. (e) Examples
of representative Raman spectra from single CM grain analyses of samples from the Schell Creek Range, Northern Snake Range (samples from four transects are shown;
samples in each transect are ordered from structurally lowest at the bottom and structurally highest at the top), and Confusion Range. Unit abbreviations listed after
sample numbers are as follows: “Z” = Neoproterozoic, “C1l” = lower Cambrian, “Cu” = middle-upper Cambrian, “OS” = Ordovician-Silurian, “D” = Devonian,
NSRD = Northern Snake Range décollement. Positions of the graphite peak (G) and defect peaks (D1-D4) are labeled for the top sample in each sample group. R1 and
R2 parameters are calculated after Rahl et al. (2005). FWHM = full width at half-maximum. Single grain analyses are listed with the external uncertainty of their
corresponding calibration equation (see Table 1).
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o Table 2 82 ))
m Summary of Published RSCM Thermometry From the Egan Range, Schell Creek Range, Deep Creek Range, House Range, and Northern Snake Range, and Published Thermobarometry From the g é c’
Northern Snake Range an
I 2 E c -
- Structural Tpeax CC) Pressure oz =
s Source Latitude  Longitude position  Map ‘I'emperature Pressure  Pressure error
. Sample publication (°N) (°W) Transect (m)* unit Formation Lithology = Technique calibration Mean Error® 7 calibration  (kbar) (kbar)®
"0::' ER19-13 Blackford 39.73731 114.92717 Egan Range - D  Sevy Dolomite Dolomite RSCM  Kouketsu 154 19 13 - - -
etal. (2022) etal. (2014),
Equation 2
ER19-18 Blackford 39.72733 114.91086 Egan Range - Cu  Windfall Formation = Limestone = RSCM  Kouketsu 233 19 11 - - -
etal. (2022) etal. (2014)
Equation 1
ER19-11 Blackford 39.73433 114.86042 Egan Range - Cl  Pioche Shale Shale RSCM  Kouketsu 307 18 11 - - -
etal. (2022) etal. (2014)
Equation 1
SCR18-13 Blackford 39.47306 114.63667 Schell Creek Range, 400 Cu  Windfall Formation  Limestone = RSCM  Kouketsu 278 20 10 - - -
et al. (2022) cross section et al. (2014)
B-B’ Equation 1
SCR18-8 Blackford 39.47278 114.61556  Schell Creek Range, -50 Cu Eldorado Limestone  Limestone RSCM  Kouketsu 338 19 11 - - -
et al. (2022) cross section et al. (2014)
B-B’ Equation 1 !
SC16-6 Blackford 39.42494 114.56092 Schell Creek Range, -2,510 Z  McCoy Creek Slate RSCM  Rahl et al. (2005) 472 36 11 - - - g
etal. (2022) cross section Group, Unit C Equation 3 8
B-B’ =
SC16-5 Blackford 39.42417 114.55325 Schell Creek Range, -2,990 Z  McCoy Creek Argillite RSCM  Rahletal. (2005) 511 35 17 - - - a.
etal. (2022) Ccross section Group, Unit F Equation 3 @
B-B’
SC16-4 Blackford 39.42731 114.54350 Schell Creek Range, -3,620 Z  McCoy Creek Phyllite RSCM  Rahletal. (2005) 512 35 14 - - -
etal. (2022) cross section Group, Unit H Equation 3
B-B’
SC16-3 Blackford 39.42928 114.54022 Schell Creek Range, -3,910 Z  McCoy Creek Marble RSCM  Rahletal. (2005) 505 40 15 - - -
etal. (2022) cross section Group, Unit I Equation 3
B-B’
SC16-1 Blackford 39.43225 114.53303 Schell Creek Range, -4,350 Z  McCoy Creek Marble RSCM  Rahletal. (2005) 523 38 16 - - -
etal. (2022) Ccross section Group, Unit J Equation 3
B-B’
DCR17-20 Blackford 39.76364 114.13639 Deep Creck Range - MIP Chainman Shale Limestone RSCM  Kouketsu 130 32 12 - - -
etal. (2022) et al. (2014)
Equation 2
DCR17-17 Blackford 39.74503 114.12486 Deep Creek Range - D  Guilmette Formation Dolomite RSCM  Kouketsu 166 30 12 - - -
etal. (2022) et al. (2014)
Equation 2
DCR17-15 Blackford 39.73592 114.11942 Deep Creck Range - OS Hanson Creek/Lone  Dolomite RSCM  Kouketsu 298 17 13 = = = S
etal. (2022) Mountain et al. (2014) =
Dolomite Equation 1 e
O
DCR17-13 Blackford 39.73342 114.09233 Deep Creek Range - OS  Pogonip Group Limestone RSCM  Kouketsu 314 21 11 = = = >
etal. (2022) etal. (2014) S
Equation 1 ﬁ
DCR17-11 Blackford 39.73231 114.08158 Deep Creck Range - Cu  Mid-Upper Limestone RSCM  Kouketsu 369 19 10 = = = g
etal. (2022) Cambrian et al. (2014) S
g limestone, Equation 1 %
e undiff. %
N
3
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Table 2
>
tinued z3
Continue 2 ;,
Structural Theak O Pressure g c,
Source Latitude  Longitude position ~ Map Temperature Pressure  Pressure error § § -
Sample publication (°N) (°W) Transect (m)* unit Formation Lithology = Technique calibration Mean Error® »n calibration  (kbar) (kbar)® ﬁ% c-
DCR17-09 Blackford 39.72844 114.07119 Deep Creek Range Cu  Mid-Upper Limestone =~ RSCM  Kouketsu 361 20 10 -
et al. (2022) Cambrian et al. (2014)
limestone, Equation 1
undiff.
DCR17-07 Blackford 39.73181 114.06217 Deep Creek Range Cu  Mid-Upper Limestone RSCM  Kouketsu 372 19 10 =
et al. (2022) Cambrian et al. (2014)
limestone, Equation 1
undiff.
DCR17-03 Blackford 39.73506 114.04239 Deep Creek Range Cl  Pioche Shale Slate RSCM  Kouketsu 381 13 13 -
et al. (2022) et al. (2014)
Equation 1
DR-342] Blackford 39.72778 113.99861 Deep Creek Range Z  McCoy Creek Slate RSCM  Rahl et al. (2005) 517 39 16 -
et al. (2022) Group, Unit e Equation 3
DR-329E Blackford 39.75556 113.88889 Deep Creek Range Z  McCoy Creek Argillite RSCM  Rahl et al. (2005) 577 40 12 -
et al. (2022) Group, Unit b Equation 3
DR-338B Blackford 39.73611 113.90278 Deep Creek Range Z  Trout Creek Slate RSCM  Rahl et al. (2005) 581 44 11 -
et al. (2022) Formation, Equation 3 !
Unit 6 (e
(]
DR-336A4 Blackford 39.71806 113.89028 Deep Creek Range - Z  Trout Creek Quartzite RSCM  Rahl et al. (2005) 621 32 13 - - = =
etal. (2022) Formation, Equation 3 g
Unit 5 =
(&)
DR-334E Blackford 39.75278 113.88611 Deep Creek Range - Z  Trout Creek Schist RSCM  Rahl et al. (2005) 624 39 8 - - - 7]
etal. (2022) Formation, Equation 3
Unit 3
DR-433G Blackford 39.74861 113.87222 Deep Creek Range - Z  Trout Creek Schist RSCM  Rahl et al. (2005) 597 43 13 - - -
etal. (2022) Formation, Equation 3
Unit 1
HR19-5 Blackford 39.01606 113.42181 House Range - OS Laketown Dolomite  Dolomite RSCM  Kouketsu 207 19 10 - - -
etal. (2022) et al. (2014)
Equation 1
HR19-3 Blackford 39.03389 113.34156 House Range - OS  Fillmore Formation  Shale RSCM  Kouketsu 235 22 11 - - -
etal. (2022) et al. (2014)
Equation 1
HR19-1 Blackford 39.05936 113.26197 House Range - Cu  Notch Peak Limestone =~ RSCM  Kouketsu 267 19 11 - - -
et al. (2022) Formation etal. (2014)
Equation 1
HR19-13B Blackford 39.22114 113.37633 House Range - Cu  Weeks Limestone Limestone =~ RSCM  Rahletal. (2005) 457 32 12 - - -
etal. (2022) Equation 3
HR19-12 Blackford 39.23006 113.37675 House Range - Cu  Marjum Formation Limestone =~ RSCM  Kouketsu 329 20 10 - - - S
etal. (2022) etal. (2014) —
Equation 1 S
O
FMW76 Cooper (2008)  39.44367 114.12631 Northern Snake -100 Cu  Raiff Limestone Marble RSCM  Aoyaetal. (2010), 479 54 10 - - - N
Range, Equation 3 S
easternmost e
Marble Wash g
16CH34 Hoiland 39.46608 114.25099 Northern Snake -10 OS  Pogonip Group Marble RSCM  Aoya et al. (2010), 530 68 4 = = = 8
etal. (2022) Range, western Equation 3 %
Marble Wash N
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Table 2
i Continued
=
o Structural Theax (C) Pressure
Source Latitude  Longitude position ~ Map Temperature Pressure  Pressure error
i Sample publication (°N) (°W) Transect (m)* unit Formation Lithology Technique calibration Mean Error” n  calibration  (kbar) (kbar)®
s 16CH26 Hoiland 39.44408 114.15074 Northern Snake -100 Cu Eldorado Limestone  Marble RSCM Aoya et al. (2010), 539 51 30 = = =
- et al. (2022) Range, eastern Equation 3
‘:'.. Marble Wash
F
16CH28 Hoiland 39.44374 114.15074 Northern Snake -109 Cu Eldorado Limestone =~ Marble RSCM Aoya et al. (2010), 569 53 12 - - -
etal. (2022) Range, eastern Equation 3
Marble Wash
16CH24a Hoiland 39.44409 114.15064 Northern Snake -88 Cu  Monte Neva Marble? RSCM  Aoyaetal. (2010), 496 52 30 - - -
etal. (2022) Range, eastern Formation Equation 3
Marble Wash
16CH22 Hoiland 39.44418 114.15048 Northern Snake -69 Cu  Raiff Limestone Marble RSCM  Aoyaetal. (2010), 521 51 30 - - -
etal. (2022) Range, eastern Equation 3
Marble Wash
16CH14b Hoiland 39.44510 114.15013 Northern Snake -18 Cu  Notch Peak Marble RSCM  Aoya et al. (2010), 475 51 20 - - -
etal. (2022) Range, eastern Formation Equation 3
Marble Wash
16CH13 Hoiland 39.44539 114.14985 Northern Snake -3 Cu Notch Peak Marble RSCM  Aoya et al. (2010), 532 53 16 = = =
etal. (2022) Range, eastern Formation Equation 3
Marble Wash
16CH12a Hoiland 39.44571 114.14985 Northern Snake 7 Cu Middle Cambrian Limestone RSCM  Kouketsu 315 51 12 - - -
et al. (2022) Range, eastern limestone, et al. (2014)
Marble Wash undiff. Equation 1
16CH09b Hoiland 39.44825 114.14992 Northern Snake ~200 Cu Middle Cambrian Limestone ~ RSCM  Kouketsu 264 52 17 - - -
etal. (2022) Range, eastern limestone, et al. (2014)
Marble Wash undiff. Equation 1
16CHO7b Hoiland 39.44955 114.15028 Northern Snake ~260 Cu Middle Cambrian Limestone ~ RSCM  Kouketsu 293 59 4 - - -
etal. (2022) Range, eastern limestone, et al. (2014)
Marble Wash undiff. Equation 1
16CH42 Hoiland 39.47702 114.03873 Northern Snake - Cu  Dunderberg Shale Marble? RSCM  Kouketsu 325 52 15 = = =
etal. (2022) Range, Spring et al. (2014)
Mountain Equation 1
16CH52 Hoiland 39.49118 114.04197 Northern Snake - OS Silurian-Ordovician Dolomite RSCM  Kouketsu 251 51 7 - - -
etal. (2022) Range, Spring dolomite, undiff. et al. (2014)
Mountain Equation 1
16CH58 Hoiland 39.40621 114.08143 Northern Snake 70 D  Guilmette Formation Dolomite RSCM  Kouketsu 202 51 11 - - -
et al. (2022) Range, Pete's et al. (2014)
Knoll Equation 1
16CH56 Hoiland 39.40614 114.08177 Northern Snake 270 MIP Joana Limestone Limestone ~ RSCM  Kouketsu 193 50 6 - - -
etal. (2022) Range, Pete's et al. (2014)
Knoll Equation 2
1 Lewis 39.24437 114.08482 Northern Snake -200 Z  McCoy Creek Metapelite P-T GARB 660 140 - GASP, 7.05 1.55
et al. (1999) Range, Hampton Group, unit 2 GMBP
Creek
3 Lewis 39.24682 114.10881 Northern Snake =370 Z  McCoy Creek Metapelite P-T GARB 610 50 - GASP, 8.1 0.7
et al. (1999) Range, Hampton Group, unit 2 GMBP
Creek
FDC62 Cooper, Platt,  39.30479 114.21766 Northern Snake ~=-400 Z  McCoy Creek Metapelite P-T GARB 654 60 -  GMBP 82 0.9
% Anczkiewicz, Range, Deadman Group, unit o
° and Whitehouse Creek
=
= (2010)
)
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Table 2
Continued
Structural T earc O Pressure
Source Latitude  Longitude position ~ Map Temperature I Pressure  Pressure error
Sample publication (°N) (W) Transect (m)* unit Formation Lithology  Technique calibration Mean Error® n calibration  (kbar) (kbar)®
FDel78 Cooper, Platt,  39.32058 114.14078 Northern Snake ~=-480 Z  McCoy Creek Metapelite P-T GARB 650 67 -  GMBP 82 1.0
Anczkiewicz, Range, Smith Group, unit 2
and Whitehouse Creek
(2010)
FHa49 Cooper, Platt,  39.24821 114.12369 Northern Snake -390 Z  McCoy Creek Metapelite P-T GARB 578 58 -  GMBP 7.9 0.9
Anczkiewicz, Range, Hampton Group, unit 2
and Whitehouse Creek
(2010)
FHa270 Cooper, Platt,  39.24512 114.10765 Northern Snake =360 Z  McCoy Creek Metapelite P-T GARB 568 57 -  GMBP 7.7 0.9
Anczkiewicz, Range, Hampton Group, unit 2
and Whitehouse Creek
(2010)
FHe9 Cooper, Platt,  39.20787 114.07891 Northern Snake -180 Z  McCoy Creek Metapelite P-T GARB 509 59 -  GMBP 5.7 0.9
Anczkiewicz, Range, Hendry's Group, unit 2
and Whitehouse Creek
(2010)
FHe269 Cooper, Platt,  39.23590 114.16934 Northern Snake —-450 Z  McCoy Creek Metapelite P-T GARB 505 46 -  GMBP 6.1 0.7
Anczkiewicz, Range, Hendry's Group, unit 2
and Whitehouse Creek
(2010)
FSil8 Cooper, Platt,  39.18529 114.22828 Northern Snake ~=280 Z  McCoy Creek Metapelite P-T GARB 548 60 - GMBP 6.0 1.0
Anczkiewicz, Range, Silver Group, unit 2
and Whitehouse Creek
(2010)
Structural position was measured as foliation- or bedding-normal distance below or above the structurally lowest Schell Creek Range detachment fault for Duck Creek and Schell Creek Range samples,
and foliation-normal distance below or detachment-normal distance above the NSRD for Northern Snake Range samples. "Errors for Blackford et al. (2022) data are listed at a two standard error of the
mean level, which was calculated using an identical procedure to that described in footnote 3 of Table 1. Errors for Cooper (2008) and Hoiland et al. (2022) data are total errors. P-T data from Lewis
etal. (1999) are final equilibration P-T values from their page 47. Errors listed for Lewis et al. (1999) data are the total error of the range of overlap of P-T fields from GARB, GMBP, and GASP from two
thin sections per sample. P-T data from Cooper, Platt, Anczkiewicz, and Whitehouse (2010) are average peak P and T values from their Table 4. Errors listed for Cooper, Platt, Anczkiewicz, and
Whitehouse (2010) data are reported at a two standard error or the mean level (from their Table 4).
)
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drainages in the southeastern part of the range, Tpeak values from Cambrian-Neoproterozoic rocks (which include
thermobarometry and RSCM data) do not exhibit a trend with depth below the NSRD and yield mean Tpeak values
of 589 + 53°Cand 561 = 55°C, respectively (Figures 11fand 11g). The upward temperature decrease across the
NSRD will vary at any given locality, depending on the age of rocks in the overlying hanging wall klippen. When
Middle-Upper Cambrian rocks are in the hanging wall, this upward temperature decrease is generally on the order
of ~200°C, although it is locally as high as ~300°C (Figures 8i and 11c—11g).

4.4. Arguments Against Deep Structural Burial of the NSRD Footwall From the Tpeak Data set

The Tpeak data set for the Northern Snake Range and surrounding region supports several strong arguments
against the deep structural burial of the NSRD footwall.

4.4.1. Regional Tpeak Gradients Record Late Cretaceous Syn-Metamorphic/Magmatic Peak Crustal
Thermal Conditions

Multiple geochronologic and thermochronologic studies in the Northern Snake, Schell Creek, and Deep Creek
Ranges have documented Late Cretaceous (~73-91 Ma total range) peak metamorphism (Cooper, Platt,
Anczkiewicz, & Whitehouse, 2010; Huggins & Wright, 1989; E. L. Miller et al., 1988; Rodgers, 1987), which
was contemporaneous with Late Cretaceous (~101-75 Ma total range) granitic magmatism (Gottlieb et al., 2022;
Kenney, 2013; E. L. Miller et al., 1988). Thermochronology from deeply exhumed portions of these ranges
defines Late Cretaceous to Middle Eocene (~70-40 Ma), post-metamorphic/magmatic cooling, with no evidence

of significant reheating during <~38 Ma extension (Armstrong, 1970; Best et al., 1974; Gébelin et al., 2011;

Hoiland, 2019; D. E. Lee et al., 1980; J. Lee, 1995; J. Lee & Sutter, 1991; E. L. Miller et al., 1988; E. L. Miller,
Dumitru, et al., 1999). Based on these data, many previous studies have concluded that peak thermal conditions in
this region were attained during the Late Cretaceous (Barton, 1990; Barton et al., 1988; Blackford et al., 2022;
Hoiland et al., 2022; C. F. Miller & Bradfish, 1980; E. L. Miller & Gans, 1989; E. L. Miller et al., 1988), which is
consistent with recent interpretations from other areas of eastern Nevada (Long & Soignard, 2016; Vlaha
et al., 2024; Zuza et al., 2020, 2022). Based on the geo- and thermo-chronologic data summarized above, we
interpret that the average regional Tpea gradients that we calculate (Figures 9e and 10e) record the peak thermal
conditions of the middle-upper crust that were attained during Late Cretaceous metamorphism and magmatism.

4.4.2. No Stratigraphic Overburden Above the Triassic Section

Permian-Triassic rocks yield Tpeak values <50-80°C (Figures 8a and 8f) (Crafford, 2007; Harris et al., 1980), and
their cumulative preserved thickness across this region is up to 2.1-2.5 km (Figure 9) (e.g., Stewart, 1980). Half of
the Mississippian-Pennsylvanian samples yield Tpeak values <50-80°C, with most of the rest yielding <140—
150°C, and the restored base of the Mississippian section is as deep as 3.2-3.7 km across this region (Figure 9).
These Tpeak and depth constraints define a maximum 7Tpeak gradient of 38-47°C/km through the Mississippian-
Triassic section, which falls between the 36 and 56°C/km regional Tpeak gradients that we calculated versus
stratigraphic and structural depth, respectively (Figures 9¢ and 10e). Therefore, Tpeak data rule out the existence of

a thick package of overlying Mesozoic sedimentary rocks in eastern Nevada and western Utah, which has been
hypothesized by Royse (1993), Bjerrum and Dorsey (1995), and Allen et al. (2000). Instead, Tpeax data indicate
that the top of the Triassic section approximated the surface prior to any syn-Cordilleran erosion (e.g.,
Long, 2012; Thorman et al., 2019). This rules out stratigraphic overburden as a mechanism to account for deep
burial of NSRD footwall rocks.

Figure 8. (a—¢) Graphs of Tpeu vs. modern west-to-east distance for: (a) Permian-Triassic sedimentary rocks; (b) Mississippian-Pennsylvanian sedimentary rocks;

(c) Ordovician-Devonian sedimentary rocks; (d) Cambrian sedimentary rocks; and (e) Neoproterozoic metasedimentary rocks. Frequency histograms of CAl values are
shown for graphs (a—d). “Ck.” = creek, “Mtns.” = mountains. “R.” = range. (f) Compilation of best-fit lines from graphs (a—¢). (g) Graph of Tp.. data from Middle-
Upper Cambrian rocks in the Egan, Schell Creek, Deep Creek, Northern Snake, and House Ranges, with samples from each range ordered from low to high Tpe. and
corresponding mean 7. values listed (with 1o error range illustrated by the shaded area). (h) Graph of T data from Neoproterozoic metasedimentary rocks in the
Schell Creek, Deep Creek, and Northern Snake Ranges, with all samples from each range ordered from low to high 7}c. and corresponding mean 7y values listed
(with 1o error range illustrated by the shaded area). (i) Graph of the difference in 7} across the Northern Snake Range décollement (NSRD) in seven localities in the
Northern Snake Range (locations shown on Figure 2). Graphed data are from the structurally highest sample in the NSRD footwall and the structurally lowest sample in
the NSRD hanging wall in each locality.
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4.4.3. Tpeak Gradients Are Significantly Higher Than Predicted by Thermobarometry

The average regional Tpeak gradient for all ranges (excluding data from the NSRD footwall) is 56°C/km to a depth
of 14.5 km (when calculated vs. stratigraphic depth; Figure 9¢) and 36°C/km to a depth of 19.5 km (when
calculated vs. restored structural depth; Figure 10e). We interpret the stratigraphic depth Tpeak gradient as a
maximum possible constraint, as it is calculated assuming that no structural relief had been generated by thrust
faults and folds before the Late Cretaceous attainment of peak temperatures. Accordingly, we interpret the
structural depth Tpeak gradient as a minimum possible constraint, as it takes into account all structural relief
created by thrust faults and folds but was measured assuming that no erosion below the top of the Triassic section
had taken place by the Late Cretaceous. The regional Tpeak gradient (referred to from here onward as a center
value with an error range, i.e., 46 = 10°C/km), is 1.6-2.5 times greater than the 22°C/km average Tpeak gradient
implied by thermobarometry. Therefore, burial of NSRD footwall rocks to 21-30 km depths would necessitate
that the steep upper-crustal Tpeak gradient transitions abruptly downward to an isothermal middle crust that is at
least 6-12 km-thick (Figure 10e) to 10-17 km-thick (Figure 9¢), which we consider a highly unlikely thermal
architecture. Instead, we argue that NSRD footwall rocks were never buried to such great depths, and that the
steep upper-crustal Tpeax gradient continued downward and eventually intersected a mid-crustal zone of partial
melting (e.g., Blackford et al., 2022; Gottlieb et al., 2022; E. L. Miller & Gans, 1989). Downward projection of the
steep Tpeak gradient would result in temperatures above ~700-750°C at depths >14-15 km (Figure 9¢) to >20-
21 km (Figure 10e), which is above the dry solidus for pelitic rocks at ~4—6 kbar (e.g., Spear et al., 1999). No
migmatitic textures have been documented anywhere in the NSRD footwall, despite widespread exposure of
pelitic rocks (Gans, Miller, Huggins, & Lee, 1999; Gans, Miller, & Lee, 1999; J. Lee et al., 1999a, 1999b, 2023; J.
Lee, Miller, et al., 1993; E. L. Miller & Gans, 1999; E. L. Miller, Gans, et al., 1999), which is a strong argument
against deep footwall burial. Additionally, the 588 = 61°C average Tpeak of Neoproterozoic rocks in the NSRD
footwall is virtually identical to the 586 = 36°C average Tpeak of Neoproterozoic rocks in the Deep Creek Range
that restore to 9—14.5 km stratigraphic depths, and is only slightly hotter than the 502 + 34°C average Tpeak Of
Neoproterozoic rocks in the Schell Creek Range that restore to 10-12.5 km stratigraphic depths (Figure 8h),
which provides another line of evidence against deep burial of NSRD footwall rocks.

4.4.4. Tpeax Patterns in the NSRD Footwall Are Consistent With Enhanced Heating via Late Cretaceous
Granitic Magmatism

Tpeak values in the NSRD footwall are not systematic as a function of restored stratigraphic level or structural
depth. Tpeak values from Middle-Upper Cambrian rocks (average of 528 = 39°C; n = 41) are ~160-260°C hotter
than the best-fit stratigraphic depth Tpeak gradient at their restored depth, Tpeak values from the highest Neo-

proterozoic stratigraphic unit (Zmo; average 623 + 39°C; n = 3) are an average of ~170°C hotter than the best-fit
gradient, and Tpeak values from the middle Neoproterozoic stratigraphic unit (Zm2; average 585 = 63°C; n = 11)
are an average of ~55°C hotter than the best-fit gradient (Figure 9d). We interpret the non-systematic 7peak
distribution in the NSRD footwall as the consequence of enhanced heating proximal to Late Cretaceous granite
intrusions, which is consistent with multiple studies that have argued that Late Cretaceous magmatism was the
primary heat source for peak metamorphism in the Northern Snake Range and surrounding ranges (Barton, 1990;

Barton et al., 1988; Blackford et al., 2022; Gottlieb et al., 2022; C. F. Miller & Bradfish, 1980; E. L. Miller &
Gans, 1989; E. L. Miller et al., 1988). This interpretation is supported by Tpeak values in the NSRD footwall that
are the highest in the central part of the range, which contains the largest volume of Late Cretaceous granites
(Figure 2). This portion of the range yielded the highest single Tpeak sample (SR19-14B: 671°C; collected from an
outcrop of interlayered pelitic rocks and granite), the highest two thermobarometric temperatures (FDC62:
654°C, FDel78: 650°C; collected within 0.2—0.5 km map distance of granite), and the Middle-Upper Cambrian

Figure 9. Stratigraphic thickness beneath the top of the Triassic section graphed versus 7.k for specific ranges (a—d) and for all ranges including and surrounding the
Northern Snake Range (e). (a) Data from the Schell Creek and Duck Creek Ranges. Stratigraphic column from Long et al. (2022), with Permian unit thicknesses from
Brokaw (1967) and Douglass (1960) and Triassic thickness from Greene (2014). (b) Data from the Deep Creek Range, Kern Mountains, and Antelope Range.
Stratigraphic column from Rodgers (1987), with Permian unit thickness interpolated between thicknesses presented in Brokaw (1967) and Greene (2014), and Triassic
thickness from Greene (2014). (¢) Data from Confusion and House Ranges; stratigraphic column from Greene (2014). (d) Data from the Northern Snake Range;
stratigraphic column from J. Lee, Miller, et al. (1993), with Permian unit thickness interpolated between thicknesses presented in Brokaw (1967) and Greene (2014), and
Triassic thickness from Greene (2014). (e) All data from the Northern Snake Range and surrounding ranges.
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carbonate section with the highest average Tpeak (556 = 25°C; Ryegrass Canyon section; collected within 0-2 km
map distance of granite) (Figures 2 and 11b).

Contouring of Tpeak values on the restored versions of our cross sections (Figure 12), which provides a detailed
view of the Late Cretaceous crustal thermal architecture, clearly demonstrates high Tpeak anomalies proximal to
Late Cretaceous granites. Figures 12a—12c each illustrate the steep regional upper-crustal Tpeak gradient in all
ranges, which culminates downward in ~400-550°C background temperatures at sites of exposed of metasedi-

mentary rocks in the SCRDS footwall in the Schell Creek/Duck Creek Ranges, Deep Creek Range, and NSRD

footwall. Figures 12a—12c¢ each exhibit high Tpeak (~550-650°C) anomalies on the order of ~5 km east-west and

~2—4 km tall that are localized in the NSRD footwall and eastern Deep Creek Range. Each of these anomalies is

spatially associated with Late Cretaceous granite intrusions. Figures 12b and 12¢ demonstrate that the 200-300°C
upward decrease across the NSRD (Figure 8i) is the consequence of a lateral Tpeak gradient, with eastward

displacement on the NSRD placing Cambrian hanging wall rocks that attained ~250-350°C over Cambrian

footwall rocks that experienced enhanced heating via Late Cretaceous granitic magmatism to ~475-650°C
(Figure 8g).

5. Arguments Invalidating Published Structural Models for Deep NSRD Footwall
Burial

Here, we explore the implications of our structural reconstructions and Tpeak data set, as well as geophysical data
and regional geologic field relationships, for testing the predictions of published structural models for high-
magnitude burial and exhumation of the NSRD footwall.

5.1. Burial by Top-To-East Thrust Faulting

Bartley and Wernicke (1984) interpreted that NSRD footwall rocks were buried ~7 km beyond their stratigraphic
depths via displacement on a hypothesized top-to-east thrust fault that places Neoproterozoic rocks over
Devonian rocks (Figures 13a—13c). NSRD footwall rocks were then exhumed by 56 km of displacement on a 15—
30° east-dipping (20° average) NSRD. In this model, the NSRD footwall represents a structural window into the
underlying thrust sheet. The restored depth of Neoproterozoic rocks in the NSRD footwall on the Bartley and
Wernicke (1984) model is 16—17 km (Figure 13a), which falls short of the 21-30 km depth range later interpreted
by thermobarometry studies (Cooper, Platt, Anczkiewicz, & Whitehouse, 2010; Lewis et al., 1999). However, the
Bartley and Wernicke (1984) model invokes a burial mechanism that is more plausible than other models, as
Cordilleran contractional deformation was dominated by top-to-east thrust faulting (e.g., DeCelles & Coo-
gan, 2006; Greene, 2014). In the following sections, we outline multiple lines of evidence that invalidate the
thrust-related burial of NSRD footwall rocks to 21-30 km depths, as well as the extension magnitude necessary to
exhume such deeply buried rocks.

5.1.1. Incompatibility With Regional Field Relationships and Cordilleran Deformation

Despite significant present-day structural relief, multiple-km-throw older-over-younger field relationships
indicative of regional-scale thrust faults have not been mapped in this region of Nevada and Utah. The Deep Creek
Range exposes a structurally intact package of Neoproterozoic-Permian rocks (Rodgers, 1987), which restore to
structural depths as great as 20 km below the top of the Triassic section (Figures 6 and 10b). Rocks in this package
restore as much as ~8 km deeper than the hypothesized thrust on Figure 13a, yet lack evidence for thrust faults.

Burial of Neoproterozoic rocks in the NSRD footwall to the high end of the 21-30 km depth range implied by
thermobarometry would require structural duplication of the entire 14.5 km-thick Neoproterozoic-Triassic sec-
tion, or alternatively would require two (or more) thrust sheets that duplicated significant portions of this section.
This would have profound implications for the magnitude of crustal shortening accomplished during Cordilleran

Figure 10. Graphs ofrestored structural depth beneath the top of the Triassic section (measured from Figures 4c, 5c, and 6b) versus T for specific ranges (a—d) and for
all ranges (e). (a) Data from the Schell Creek and Duck Creek Ranges; includes data from all samples that restore to the west of the western limit of Northern Snake
Range décollement (NSRD) footwall exposure on Figures 4c and 5c. (b) Data from the Deep Creek Range, Kern Mountains, and Antelope Range. (c) Data from the
Confusion and House Ranges; includes data from all samples that restore to the east of the eastern limit of NSRD footwall exposure on Figures 4c and 5c. (d) Data from
the Northern Snake Range; includes all NSRD footwall samples and all samples that restore between the restored western and eastern limits of NSRD footwall exposure
on Figures 4c and Sc. (e) All data from the Northern Snake Range and surrounding ranges.
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Figure 11. T graphed vs. present-day structural position beneath the Northern Snake Range decollement (NSRD). (a—e) Structural thickness columns of Middle-Late
Cambrian rock units in the northern part of the Northern Snake Range, including the: (a) Western Marble Wash, (b) Ryegrass Canyon, (c) Marble Canyon, (d) Eastern
Marble Wash, and (e) Easternmost Marble Wash transects (sample locations shown on Figure 2; columns (a—d) are modified from Long et al. (2023)). Rocks in column
(a) are in the overturned limb of the O’Neill Peak recumbent syncline. Columns (c—¢) are shown at the top of the figure with the same vertical scale as columns (a—b),

which illustrates the dramatic eastward increase in ductile thinning across the range. (f~g) Tpeax Vs. structural thickness for Neoproterozoic-Cambrian rocks in the NSRD

footwall in the southeastern part of the range, in the (f) Hampton Creek and (g) Hendry's Creek drainages (shown at a different vertical scale than columns (a—e)).

orogenesis. The hypothesized top-to-east thrust fault on Figure 13a adds at least 94 km of shortening to the Sevier
fold-thrust system, and this could double or even triple if additional thrust sheets were emplaced at depth. This
would generate strain incompatibility along-strike in the Sevier fold-thrust belt. For example, the 220 km of
shortening measured in the Sevier fold-thrust belt to the east of the Northern Snake Range (DeCelles & Coo-
gan, 2006) is already 70 km greater than shortening measured 200 km to the north (Coogan, 1992), and adding >
~100 km of shortening at our studied latitude would greatly exacerbate this discrepancy.

The geometry shown on Figure 13a requires a downward step in structural level to the west at the point where the
~14 km-thick thrust sheet folds downward over the 8 km-tall trailing footwall ramp of the underlying thrust sheet.
This is invalidated by the Paleogene unconformity, which defines ~3 km of total regional structural relief and no
significant steps in structural level for at least an additional ~70 km to the west of Figure 13a (restored pre-
extensional distance measured from Long (2019), Armstrong (1972), Gans and Miller (1983), and
Long (2012, 2015, 2019)).

The Bartley and Wernicke (1984) model requires that Neoproterozoic-Cambrian rocks in the NSRD footwall
restore far to the east (94 km at the minimum) of age-correlative rocks in surrounding ranges prior to thrusting.
However, E. L. Miller, Dumitru, et al. (1999) presented several lines of evidence that Neoproterozoic-Cambrian
rocks in the Southern Snake, Northern Snake, and Deep Creek Ranges were laterally continuous prior to
extension, including distinct east-west facies changes in Neoproterozoic quartzite and Middle Cambrian lime-
stone that can be correlated between these ranges, and similarity in the age of metamorphism and the age and
composition of Jurassic and Late Cretaceous granites between these ranges.

5.1.2. Large NSRD Displacement Results in Spatial Overlap of Preserved Rocks

The geometry shown on Figures 13a—13c requires at least 70—100 km of displacement on the NSRD to exhume
the thermobarometry samples to the surface. Similar to our Figures 4 and 5, such a high displacement magnitude
is not possible, as it would result in the spatial overlap of Cambrian rocks preserved in the SCRDS footwall in the
Schell Creek Range and in the NSRD hanging wall in the Confusion Range. These rocks are separated by an
NSRD-parallel distance of 56 km today (points “A” and “B” on Figure 13c), which provides a firm upper limit on
displacement.
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Figure 12. Late Cretaceous, pre-extensional crustal thermal architecture of eastern Nevada and western Utah, as illustrated with small-scale versions of the: (a) northern
cross section (Figure 6b), (b) central cross section (Figure 4c) and (c) southern cross section (Figure 5c) that are contoured for Tjeax values. The mean 7. values of
RSCM and thermobarometry samples and the center of the T}, range of CAl values were contoured. In several places, a mean value of T} measurements from
multiple closely spaced samples was calculated and contoured (the number of supporting samples for each average is listed in parentheses). Contouring was performed
in ArcGIS using natural neighbor interpolation. The seven RSCM samples that yielded mean 7jeax values <150°C were not utilized in contouring, as they fall below the
minimum calibration temperature range from Equation 2 of Kouketsu et al. (2014). Panels (a—c) demonstrate the hot, regional background 7., gradient in all ranges,
which culminates downward in ~400-550°C Tp.q values at sub-Paleogene unconformity depths of ~7—12 km in the SCRDS footwall in the Schell Creek and Duck

Creek Ranges, the eastern Deep Creek Range, and the Northern Snake Range décollement (NSRD) footwall, as well as km-scale, ~550-650°C T, anomalies that are
localized proximal to Late Cretaceous granites in portions of the NSRD footwall and the eastern Deep Creek Range.

5.1.3. The NSRD Does Not Ramp Down-Section Eastward

The top-to-east thrust burial model requires the SCRDS-NSRD system to cut down-section eastward to 21-30 km
depths at an average stratigraphic cutoff-angle of 20° (Figure 13a). The SCRDS does cut down-section eastward,
at stratigraphic cutoff-angles of 4-11°, but it roots to a >13 km-long footwall flat at the top of the Lower
Cambrian section (Figure 5) (Long et al., 2022). Across the southern half of the Northern Snake Range, the NSRD
occupies a footwall flat at the top of the Lower Cambrian Prospect Mountain Quartzite (e.g., E. L. Miller
et al., 1983), which can be traced for a restored (i.e., pre-footwall stretching) length of 8.7 km (Figure 5) (Long
et al., 2022). Exposures of the overlying Pioche Shale are observed intermittently beneath the NSRD across the

width of the range (J. Lee et al., 2023; J. Lee, Miller, et al., 1993; E. L. Miller & Gans, 1999; E. L. Miller, Gans,
et al., 1999), which demonstrates that the NSRD does not cut downward to the east through the Prospect Mountain
Quartzite. This invalidates the geometry of an eastward-ramping NSRD shown on Figures 13a—13c. To support
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Figure 13. Published models for deep Northern Snake Range décollement (NSRD) footwall burial via: (a—c) top-to-east thrust faulting, and (d—g) top-to-west reverse
faulting. (a—c) Cross section diagrams modified from Figure 2 of Bartley and Wernicke (1984), showing their interpreted structural evolution. The positions of NSRD
footwall thermobarometry samples (seven from Cooper, Platt, Anczkiewicz, and Whitehouse (2010) shown in red; two from Lewis et al. (1999) shown in orange) are
projected to their peak depths beneath the NSRD (shown at the 20°E average dip angle measured from the deepest portions of the NSRD on Figure 2 of Bartley and
Wernicke (1984)), assuming a lithostatic pressure gradient of 3.7 km/kbar. Inset on upper right shows a frequency histogram of the area-dominant geologic unit carried
within each of the 708 normal fault-bound packages in the NSRD hanging wall (compiled from the geologic maps of Hose and Blake (1976), J. Lee et al. (1999a, 1999b,
2023), J. Lee, Miller, et al. (1993), Gans, Miller, Huggins, and Lee (1999), Gans, Miller, and Lee (1999), and Johnston (2000)). “Cu” = middle-upper Cambrian,
“OS” = Ordovician-Silurian, “D” = Devonian, “MIP” = Mississippian-Pennsylvanian, “P” = Permian, “Pg” = Paleogene. (d—g) Cross section diagrams modified from
Figure 6 of Lewis et al. (1999), showing their interpreted structural evolution. “Hampton Creek” corresponds with the projected locations of the Lewis et al. (1999)
thermobarometry samples.

the top-to-east thrust burial model at the burial magnitudes implied by thermobarometry, the SCRDS-NSRD
system would have to change geometry from a ~13 km-long flat in the Schell Creek Range to a footwall
ramp that cuts sharply down-section through ~5.5-18.5 km of stratigraphy (which is now concealed beneath
Spring Valley), and then switch back to a ~9 km-long flat within a lower thrust sheet in the Northern Snake
Range. Not only is this geometry highly improbable, but it is geometrically impossible for the high end of the
thermobarometry burial range, as exposures of the SCRDS and NSRD are separated by as little as 10 km east-west
distance after restoration of post-SCRDS-NSRD normal faulting (Long et al., 2022).

RIGHTS LI MN Hiz 38 of 48

od ‘01 ¥T0T ‘v6167161

:sdpy woxy

AsULOIT suowwoy) dAnear) s[qeoridde ayy £q pawoaod aie sa[ARIE YO (2SN JO SA[NI 10j AIRIQIT SUIUQ AJ[IA\ UO (SUOIIPUOI-PUE-SULIA}/W0D AA[Im ATeIqijaur[uo//:sdiy) suonipuo)) pue suta], oyl 22§ ‘[$70z/01/1¢] uo Areiqry auruQ Ao[ip © Suo ueas £q 89¢8000.1+T0T/6201°01/10p/wod Aa[im A:


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024TC008368&mode
https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024TC008368&mode

~1
A\Jd

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008368

5.1.4. No Klippe of Neoproterozoic-Lower Cambrian Rocks in the NSRD Hanging Wall

The top-to-east thrust burial model requires that the NSRD ramps downward to the east through at least 4.5 km of
Neoproterozoic-Lower Cambrian rocks along the portion of the NSRD that is now concealed beneath Spring
Valley (Figure 13a). If correct, this would be reflected by preservation of klippe of Neoproterozoic-Lower
Cambrian rocks in the NSRD hanging wall. Using geologic maps of the Northern Snake Range (Gans, Miller,
Huggins, & Lee, 1999; Gans, Miller, & Lee, 1999; Hose & Blake, 1976; J. Lee et al., 1999a, 1999b, 2023; J. Lee,
Miller, et al., 1993; E. L. Miller & Gans, 1999; E. L. Miller, Dumitru, et al., 1999), we counted 708 total normal
fault-bound rock packages in the NSRD hanging wall, and we documented the dominant age of rocks (by exposed
area) in each of these packages (Figure 13 upper-right inset). All stratigraphic levels between Middle-Upper
Cambrian and Permian are represented, with the relative proportion increasing stratigraphically downward.
Not one klippe of Neoproterozoic-Lower Cambrian rocks is observed. This is strong evidence against the NSRD
ramping downward through these rocks beneath Spring Valley, in particular as the Neoproterozoic-Lower
Cambrian section is dominated by quartzite, which is commonly preserved as brecciated packages in normal
fault zones. Instead, the age distribution of rocks in the NSRD hanging wall is consistent with the SCRDS and
NSRD occupying the same 6—8 km deep footwall flat at the top of the Lower Cambrian section (e.g., Figures 4
and 5).

5.1.5. Tpeak Arguments

Many of the same arguments derived above from the Tpeak data set further invalidate the top-to-east thrust burial
model. Most importantly, deep NSRD footwall burial would require the highly unlikely scenario of a 48 = 10°C/
km upper-crustal Tpeak gradient that overlies a 6-17 km-thick interval of isothermal temperatures distributed
across the hypothesized buried thrust sheets at depth. For example, the top-to-east thrust burial model would
require Neoproterozoic rocks in the NSRD footwall that were buried to 21-30 km depths to have attained virtually
the same average Tpeak as Neoproterozoic rocks in the Schell Creek and Deep Creek Ranges that were never
buried beyond half of these depths (Figure 8h).

5.2. Burial by Top-To-West Reverse Faulting

Lewis et al. (1999) presented a model for burial of Neoproterozoic rocks in the NSRD footwall to ~27 km depths
via displacement on a hypothesized, steeply east-dipping (55° average), top-to-west, Jurassic-Cretaceous reverse
fault (Figures 13d and 13e). The reverse fault is interpreted to have fed its ~25 km of total displacement into a
thrust flat at the base of the Mississippian section at 2-3 km depth, with displacement transferred westward to
emergent thrusts in the Cherry Creek and Antelope Ranges and eastward into folding in the Confusion Range
(Figure 13e). Lewis et al. (1999) interpreted that the reverse fault is located in the Kern Mountains, but has been
overprinted and concealed by a Late Cretaceous granitic pluton. Lewis et al. (1999) also interpreted that the
reverse fault must be concealed beneath Snake Valley along the full ~65 km north-south length of the Northern
Snake Range, to account for thermobarometry data that imply deep burial of the NSRD footwall in the south-
eastern part of the range.

The reverse faulting model calls upon structures observed at different latitudes. The inspiration for a top-to-west
reverse fault comes from the Water Canyon anticline, an overturned, west-vergent anticline exposed in the
southern Deep Creek Range (Nelson, 1966, 1969; Rodgers, 1987) (Figures 1 and 6), which extends downward to
restored structural depths of at least 1420 km below the top of the Triassic section (Figure 6b) (Blackford
etal., 2022). Lewis et al. (1999) interpreted the Water Canyon anticline as a drag fold that was constructed in the
hanging wall of the reverse fault. However, no top-to-west reverse faults have been mapped associated with this
fold (Rodgers, 1987), and no large-scale, top-to-west thrust or reverse faults have been mapped anywhere in this
region of Nevada and Utah.

The reverse faulting model generates testable predictions that are invalidated by regional field relationships. First,
the ~25 km of displacement on the reverse fault has to be accounted for by upper-crustal shortening distributed
both eastward and westward (Figure 13e). To the east, Greene (2014) demonstrated that east-vergent folds and
thrust faults in the Confusion Range account for <10 km of shortening. Lewis et al. (1999) called upon thrust
faults in the Cherry Creek and Antelope Ranges mapped by Hose and Blake (1976) to distribute shortening

westward, with a regional top-to-west thrust decollement interpreted at the Mississippian-Devonian contact
(Figure 13e). However, the “thrust faults” mapped in the Antelope, Schell Creek, Egan, and Cherry Creek Ranges
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on Hose and Blake (1976) (which are compiled from the mapping of Young (1960), Avent (1962),
Dechert (1967), and Fritz (1968)) all omit stratigraphy and have been reinterpreted in multiple studies as top-
down-to-east normal faults (Blackford et al., 2022; Gans, 1982; Gans & Miller, 1983; Long et al., 2022; Wer-
nicke, 1981; also see Figure 6). There is also no evidence for a regional thrust décollement at the Mississippian-
Devonian contact. For example, in the Egan, Cherry Creek, and Schell Creek Ranges, Fritz (1968), Young (1960),
and Dechert (1967) mapped stratigraphic Mississippian-Devonian contacts in multiple places.

The Lewis et al. (1999) model suffers from the same 7peak arguments as other models, in that deep NSRD footwall
burial would require an isothermal middle crust. For example, on Figure 13e, Neoproterozoic rocks in the
footwall of the reverse fault (presently exposed in the NSRD footwall) were buried to ~25-30 km depths, while
these same rocks in its hanging wall (presently exposed in the Deep Creek Range) only attained depths of ~9—
14 km. However, these rocks record virtually identical average Tpeak values (588 and 586°C, respectively;
Figure 8h).

5.3. No Evidence for a “Late Cretaceous-Early Cenozoic Mid-Crustal Spreading” Event

Lewis et al. (1999) and Cooper, Platt, Anczkiewicz, and Whitehouse (2010) both interpreted that a pure shear-
dominated, mid-crustal spreading event that post-dated Jurassic-Cretaceous thrust burial but pre-dated mid-
Cenozoic extension on the NSRD accomplished approximately half (~10-15 km) of the total exhumation of

NSRD footwall rocks (Figures 13e and 13f). Lewis et al. (1999) called upon mid-crustal spreading to flatten their

hypothesized reverse fault from its 55°E average original dip to a significantly shallower 10°E average dip,
corresponding to 45° of bulk angular shear (Figure 13f). Their proposed magnitude of exhumation and angular
shear would require exceptionally high mid-crustal strains. For example, assuming that all rocks between 10 km
and 25-30 km depth experienced homogeneous pure shear, it would require 100%—200% horizontal stretching to
accomplish 10—15 km of exhumation and 285% stretching to accomplish 45° of angular shear.

Several lines of evidence rule out that such a pre-NSRD crustal spreading event occurred. First, U-Pb
geochronology of deformed and undeformed dikes that intrude the NSRD footwall bracket the timing of
ductile extensional shearing and related fabric development between ~38 and 22 Ma (J. Lee et al., 2017), which is
contemporaneous with displacement on the NSRD (e.g., J. Lee, 1995; J. Lee & Sutter, 1991; J. Lee et al., 1987,
2017; E. L. Miller et al., 1983; E. L. Miller, Dumitru, et al., 1999). Second, there is no evidence for significant
upper-crustal extension in this region prior to ~36-35 Ma volcanism. High-throw, regionally distributed, pre-
volcanic normal faulting is ruled out by the minimal structural relief of the Paleogene subvolcanic unconfor-
mity (e.g., Armstrong, 1972; Gans & Miller, 1983; Long, 2012, 2015) and by field relationships described in
myriad mapping- and cross section-based studies (e.g., Anderson et al., 1983; Blackford et al., 2022;
Dechert, 1967; Drewes, 1967; Fritz, 1968; Gans, 1982; Gans & Miller, 1983; Greene, 2014; Hintze &
Davis, 2002; Long, 2019; Long et al., 2022; Rodgers, 1987; Young, 1960). Thus, the hypothesized mid-crustal
spreading would had to have been accomplished with complete decoupling between the middle and upper crust,
which is incredibly unlikely given the lack of evidence for melt-related weakening down to restored depths of at
least 15-20 km (Figure 10e).

Third, the northwestern part of the NSRD footwall did not experience any extensional ductile shearing (e.g., Gans
etal., 1985;J. Lee et al., 1987). These rocks locally exhibit ductile fabrics with NNW-SSE-trending stretching and
intersection lineations, which record low-magnitude strain generated during Late Cretaceous folding and
thrusting (J. Lee et al., 1999a, 1999b, 2023; Long et al., 2023; Wrobel et al., 2021). However, this portion of the
NSRD footwall lacks the strongly developed ductile fabrics that were generated during ~38-22 Ma, WNW-ESE-
directed ductile extensional shearing of the NSRD footwall in the central and eastern parts of the range (Figure 2)
(e.g., Gans, Miller, Huggins, & Lee, 1999; Gans, Miller, & Lee, 1999; J. Lee et al., 1999a, 2023; J. Lee, Miller,
etal., 1993; E. L. Miller & Gans, 1999; E. L. Miller, Gans, et al., 1999).

Cambrian rocks in the NSRD footwall in the northwestern part of the range record an average Tpeak of ~500°C
(Figure 11a), which was likely attained during ~91-78 Ma peak metamorphism (Cooper, Platt, Anczkiewicz, &
Whitehouse, 2010). Following this, these rocks cooled through ~425°C at ~55-50 Ma, through ~310-275°C at
~47-43 Ma, and through ~250°C at ~38 Ma (K-Ar muscovite and biotite, “°Ar/* Ar muscovite and K-feldspar;
D. E. Lee et al., 1980; J. Lee, 1995; J. Lee & Sutter, 1991; Hoiland, 2019), defining a long-term cooling rate of
~4.5-6°C/Myr. We attribute this ~250°C of pre-extensional cooling to the gradual relaxation of the Late
Cretaceous peak thermal regime, though we acknowledge that some of this cooling could be attributed to a portion
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of the 2—4 km of total erosion above the Paleogene unconformity (Figures 4 and 5) being accomplished during this
time interval. Importantly, this cooling history demonstrates that the western NSRD footwall had cooled below
the ~300°C quartz crystal-plastic transition (e.g., Stipp et al., 2002) before the ~38 Ma initiation of NSRD
displacement, and thus was residing at upper-crustal depths over the entire duration of extension (J. Lee, 1995).
All of this cooling took place in the absence of extensional ductile shearing and normal faulting, which rules out
any significant pre-NSRD extension-related exhumation, and thus provides another strong argument against deep
footwall burial. This indicates that the western portion of the NSRD footwall was never at any point buried
beyond upper-crustal depths (7.5-11 km depth below the top of the Triassic section, 5.5-8 km depth below the
Paleogene unconformity; Figure 4c).

5.4. What if NSRD Footwall Rocks Were Initially East-Dipping?

Calcite-dolomite thermometry from the northeastern flank of the range (Cooper, Platt, Platzman, et al., 2010)
defines a ~433°C deformation temperature in the NSRD footwall during ~38 Ma initial extensional ductile
shearing, which is hotter than the ~250°C temperature of NSRD footwall rocks in the western part of the range at
this time (J. Lee, 1995). This temperature difference could be the consequence of shear heating within the high-
strain, eastern portion of the NSRD footwall (Long et al., 2023). Alternatively, it is possible that NSRD footwall
rocks were dipping eastward at the onset of ductile extensional shearing (e.g., J. Lee, 1995; J. Lee & Sutter, 1991).
We do not see evidence in our cross section reconstructions for an initial eastward dip of NSRD footwall rocks
(Figures 4c and 5c), but we acknowledge that alternative geometries are possible.

However, restoration of ductile strain in the NSRD footwall (J. Lee et al., 1987; Long et al., 2022, 2023),
combined with arguments discussed in the previous section that NSRD footwall rocks in the northwestern part of
the range were never buried beyond depths of 7.5-11 km, provide another geometric argument against deep burial
of'the NSRD footwall. After restoration of ductile strain, the thermobarometry samples of Lewis et al. (1999) and
Cooper, Platt, Anczkiewicz, and Whitehouse (2010) restore between 6.1 and 8.3 km NSRD-parallel distance
eastward of the western limit of ductile fabrics (Figures 4c and 5c). Assuming that NSRD footwall rocks eastward
of this point were tilted 40°E (e.g., J. Lee, 1995), this would yield maximum possible burial depths of 11.4—
16.3 km for these samples, which are approximately half of the peak depths predicted by thermobarometry.

6. Discussion

The structural constraints, crustal thermal architecture, regional geologic field relationships, and seismic
reflection interpretations discussed above, when viewed independently or together, do not allow for a viable
scenario for burial of NSRD footwall rocks to the 21-30 km depths implied by thermobarometry. This makes the
Northern Snake Range a critically important structural system that has implications for the global-scale issue of
how pressure data are interpreted in orogenic settings. One possible scenario for reconciling this depth
discrepancy is that NSRD footwall rocks have experienced non-lithostatic pressure (also known as tectonic
overpressure) (e.g., Gerya, 2015; Luisier et al., 2019; Moulas et al., 2013; Petrini & Podladchikov, 2000;
Schmalholz & Podladchikov, 2013; Schmalholz et al., 2014; Wheeler, 2014; Yamato & Brun, 2017). Though still
a heavily debated topic, a growing number of studies over past 20 years have proposed mechanisms for achieving
tectonic overpressure, including the influence of differential stress on metamorphic reactions (Wheeler, 2014,
2018), modeling of the deviatoric stress conditions experienced by rocks at depth (Gerya, 2015; Moulas
etal., 2013, 2019; Petrini & Podladchikov, 2000; Schmalholz et al., 2014), the effects of variable rheology within
ductile shear zones on deviatoric stress (Moulas et al., 2014, 2019; Schmalholz & Podladchikov, 2013), changes
in deviatoric stress accompanying the switch from a contractional to an extensional stress regime (Yamato &
Brun, 2017), and the effects of volume expansion and density reduction accompanying partial melting (Chu
et al., 2017; Vrijmoed et al., 2009). With the exception of melting-related volume and density changes, all of these
mechanisms are potentially applicable to NSRD footwall rocks.

Field-based studies that have argued for tectonic overpressure based on evaluation of relationships between
barometry and restored depth include investigations in the Himalayas, Alps, and Appalachians (Chu et al., 2017;
Luisier et al., 2019; Marques et al., 2018; Pleuger & Podladchikov, 2014). Recent studies have utilized structural
reconstructions and Tpeak gradients to argue for tectonic overpressure in the Ruby East-Humboldt metamorphic
core complex in northeastern Nevada (Figure 1a) (Zuza et al., 2020, 2022), and the possibility of tectonic
overpressure has recently been suggested for the Northern Snake Range (Hoiland et al., 2022). The multiple lines
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of evidence that prohibit deep burial of the NSRD footwall make the Northern Snake Range one of a growing
number of important case studies that necessitate a non-lithostatic interpretation of pressure data.

The results of this study have regional implications for limiting the magnitude of shortening and thickening
accomplished in the Sevier hinterland region of westernmost Utah and eastern Nevada. Minimal upper-crustal
shortening in east-central Nevada has long been supported by the 3 km total regional structural relief and lack
of evidence for emergent thrust faults defined by the Paleogene subvolcanic unconformity (e.g., Armstrong, 1972;
Gans & Miller, 1983; Long, 2012, 2015), as well as investigations of contractional structures that define low-
magnitude (35-40 km total) shortening diffusely distributed across central Nevada, eastern Nevada, and west-
ern Utah (e.g., Blackford et al., 2022; Di Fiori et al., 2020, 2021; Greene, 2014; Long, 2019; Long et al., 2014;
Taylor et al., 1993, 2000). The minimal upper-crustal shortening in the Sevier hinterland supports interpretations

that underthrusting of the thick North American craton beneath eastern Nevada was the dominant thickening
mechanism that constructed the ~50-60 km-thick crust of the Cordilleran retroarc plateau (Long, 2019, 2023).

Integrating the extension estimates from our central (Figure 4) and southern (Figure 5) cross sections with the
province-wide cross section reconstruction of Long (2019) helps constrain the total extension across the Basin
and Range Province and the pre-extensional crustal thickness of the Cordilleran retroarc plateau. Displacement on

the NSRD was the largest single source of uncertainty in the Long (2019) reconstruction, accounting for = 22 km
of error in his 230 + 42 km estimate of province-wide extension (46 = 8%). Incorporating the results from our

central (Figure 4) and southern cross sections (Figure 5, using the 50.0 km minimum and 64.6 km maximum
NSRD displacement estimates as lower and upper bounds) yields 213 = 14 km (41% = 3%) and 229 + 22 km
(45% = 4%) of province-wide extension, respectively. Additionally, Long (2019) documented that the Northern
Snake Range and surrounding ranges lie within a domain of high-magnitude extension (137.5 £ 32.4 km
extension; 66% = 16%) that spans across eastern Nevada and westernmost Utah, which corresponds with the
spatial extent of the ~2.75-3.5 km-elevation retroarc plateau (Cassel et al., 2018) and the thick underthrusted
craton. Long (2019) incorporated present-day Moho depths (Gilbert, 2012) to calculate a 60 + 11 km pre-

extensional crustal thickness for this domain. Incorporating results from our Figures 4 and 5 into this recon-
struction improves the pre-extensional crustal thickness estimate to 54 + 3 km (120.3 = 4.3 km extension;
53% = 2%) and 58 = 5 km (135.9 = 12.2 km extension; 64% =+ 6%), respectively.

7. Conclusions

1. The principal arguments that invalidate deep structural burial of the NSRD footwall are:

a. Burial of Neoproterozoic-Cambrian NSRD footwall rocks to 21-30 km depths is incompatible with the 17—
20 km depth of the top of Precambrian basement on the COCORP seismic line.

b. Our two cross sections define 42 km and 50-65 km of displacement on the NSRD. It would require >66—
94 km and >76-102 km of displacement, respectively, to exhume thermobarometry samples from 21 to
30 km depths, which is not possible without spatially overlapping Cambrian rocks preserved in the footwall
and hanging wall of the SCRDS-NSRD system.

c. CAlI data define <50-80°C Tpeak values for Permian-Triassic rocks, which rules out stratigraphic over-
burden above the Triassic section as a mechanism to bury the NSRD footwall.

d. The 22°C/km Tpeax gradient predicted by thermobarometry is incompatible with the regional Late Creta-
ceous Tpeak gradient of 46 = 10°C/km that we calculate down to 15-20 km depths.

2. A model for burial of the NSRD footwall by top-to-east thrust faulting is invalidated by:

a. A lack of field evidence for large-displacement thrust faults in this region, down to pre-extensional depths
of 20 km.

b. Facies changes that demonstrate that Neoproterozoic-Cambrian rocks in the Southern Snake, Northern
Snake and Deep Creek Ranges were laterally continuous prior to extension.

c. This model requires the NSRD to ramp eastward to 21-30 km depths. However, the NSRD cannot be traced
deeper than 8 km on the COCORP seismic line, and attempting to project it downward would result in its
truncation at 15 km depth. Also, a lack of Neoproterozoic-Lower Cambrian rocks in NSRD hanging wall
klippe indicates that the NSRD does not cut deeper than its 6-8 km-deep footwall flat at the top of the Lower
Cambrian section.

3. A model for burial of the NSRD footwall by a top-to-west reverse fault, followed by 10—15 km of exhumation
accommodated during a pre-NSRD mid-crustal spreading event, is invalidated by:
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a. Geochronology that brackets extensional ductile shearing of the NSRD footwall between 38 and 22 Ma,
which is contemporaneous with NSRD displacement.

b. Field relationships that do not allow for the 25 km of upper-crustal shortening that the model requires to
have been distributed to the west and east of the hypothesized reverse fault.

c. The minimal regional structural relief of the 36-35 Ma sub-volcanic unconformity, which rules out any
significant pre-NSRD upper-crustal extension.

d. The western part of the NSRD footwall never being buried beyond 7.5—11 km depth, based on a lack of pre-
or syn-NSRD extensional ductile shearing.

4. Tpeax distributions in the NSRD footwall are best explained by enhanced heating via Late Cretaceous granitic
magmatism, as indicated by km-scale, 550-650°C Tpeak anomalies spatially associated with granite bodies.
The 200-300°C decrease across the NSRD results from a lateral Tpeak gradient, with NSRD displacement
placing Cambrian hanging wall rocks that attained 275-350°C over Cambrian footwall rocks that attained
475-650°C via magmatic heating.

5. Our cross sections reconstructions demonstrate that:

a. NSRD footwall rocks restore to a maximum pre-extensional burial depth range of 7-16 km below the top of
the Triassic section, and that the NSRD initiated at a depth of 68 km.

b. The NSRD accomplished 42—65 km of top-down-to-ESE displacement, which progressively decreases
eastward as a consequence of ductile stretching of the NSRD footwall.

c. This region of the Sevier hinterland experienced minimal Jurassic-Cretaceous upper-crustal shortening and
thickening.

6. The lack of deep burial of the NSRD footwall necessitates a non-lithostatic interpretation of barometry data.
One possibility for reconciling this discrepancy is that NSRD footwall rocks experienced tectonic over-
pressure. The outstanding structural and stratigraphic context of the Northern Snake Range make it a critical
structural system for further investigation of this issue.
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