
1.  Introduction
How metamorphic core complexes (MCC) accommodate strain and lead to high-magnitude displacement 
of upper plate vs. lower plate rocks is debated (e.g., Armstrong, 1982; Coney, 1980; Crittenden et  al., 1980; 
Davis, 1983; Lister & Davis, 1989; E. L. Miller & Gans, 1989; Teyssier & Whitney, 2002). A general model for 

Abstract  Strongly deformed footwall rocks exposed in metamorphic core complexes (MCC) of the North 
American Cordillera were exhumed via ductile attenuation, mylonitic shearing, and detachment faulting. 
Whether these structures accommodated diapiric upwelling or regional extension via low-angle normal 
faulting is debated. The Ruby Mountains-East Humboldt Range MCC, northeast Nevada, records top-west 
normal-sense exhumation of deformed Proterozoic-Paleozoic stratigraphy and older basement. We conducted 
1:24,000-scale mapping of the southwestern East Humboldt Range, with integrated structural, geochemical, 
and geochronological analyses to characterize the geometry and kinematics of extension and exhumation 
of the mylonitized footwall. Bedrock stratigraphy is pervasively intruded by Cretaceous, Eocene, and 
Oligocene intrusions, but observations of a coherent stratigraphic section show >80% vertical attenuation of 
Neoproterozoic to Ordovician rocks. These rocks are penetratively sheared with top-west kinematics. The shear 
zone thus experienced combined pure- and simple-shear (i.e., general shear) strain. We argue that this shear 
zone was syn-/post-kinematic with respect to Oligocene plutonism because: (a) mylonitic shearing  spatially 
corresponds with preceding Oligocene intrusions; (b) thermochronology reveals that the shear zone experienced 
substantial cooling and exhumation after Oligocene plutonism; and (c) the mylonites are crosscut by undated, 
but likely late Oligocene, leucogranite. We propose that Eocene mantle-derived magmatism and thermal 
incubation led to Oligocene diapiric upwelling of the middle crust, with ductile stretching focused on the 
flanks of this upwarp. Regional Basin and Range extension initiated later in the middle Miocene. Therefore, 
the development of the East Humboldt Range shear zone was not driven by regional extension and coupled 
detachment faulting.

Plain Language Summary  How the Earth's continental crust stretches and deforms is important 
for understanding how ancient mountain ranges collapsed in the past and how long these mountains can 
remain thick and elevated before they undergo the same fate. Regions known as metamorphic core complexes 
provide important windows into these processes, as they consist of strongly deformed and stretched rocks that 
were previously deeply buried. These rocks deformed at temperatures that were high enough for the rocks to 
slowly flow like a liquid. In this study, we mapped, dated, and examined rocks from the East Humboldt Range, 
northeast Nevada, to investigate exactly how these deeply buried rocks flowed during their migration toward 
the Earth's surface. Previous models argued that this geology resulted from extreme horizontal extension of the 
Great Basin over the past 30 million years. However, we interpret that these rocks only flowed locally due to 
doming of hot, lower crust rocks rising upward, over (geologically) brief timescales of several million years, 
about 29 million years ago. Therefore, the present-day extension in the Great Basin is not directly related to this 
older flowing process. Our interpretation emphasizes that hot crust can flow vertically, like hot wax convecting 
in a lava lamp.
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MCC development involves regional extension that drives upper crustal stretching and exhumation of deeper 
rocks along ductile shear zones (e.g., Whitney et al., 2013), typified by low-angle normal fault models (e.g., 
Axen,  2020; Wernicke,  1981; Wernicke & Axen,  1988). However, localized crustal stretching may alterna-
tively be driven by syn-kinematic intrusions leading to crustal diapirism, local crustal flow, and/or wallrock 
stretching around a plutonic margin (e.g., Konstantinou et al., 2012, 2013; E. L. Miller et al., 1983; Rehrig & 
Reynolds, 1980; Sylvester et al., 1978; Teyssier et al., 2005).

MCCs in the North American Cordillera have been intensely studied over the past half century, but disagreement 
exists about the timing, driving mechanisms, and magnitude of total lithospheric stretching and vertical thinning 
(e.g., Coney & Harms, 1984; Davis, 1983; Lister & Davis, 1989; E. L. Miller et al., 1983; Naruk et al., 1990; 
Wernicke,  1981). Our understanding of these systems and our ability to successfully restore their kinematic 
and thermal history back through geologic time is necessary to understand not just the mechanism of crustal 
extension, but also the Mesozoic convergent-margin history of the North American Cordillera, including the 
hypothesized Nevadaplano orogenic plateau (e.g., Coney & Harms, 1984; DeCelles, 2004). There is debate about 
whether the MCCs involve bulk non-coaxial vs. coaxial shear, which would correspond, respectively, to models 
of low-angle normal faulting with high-magnitude fault displacement vs. local crustal stretching, attenuation, and 
doming (e.g., Bailey & Eyster, 2003; Bartley & Wernicke, 1984; J. Lee et al., 2017; E. L. Miller et al., 1983; Platt 
et al., 2015). Kinematic, finite strain, and temporal observations across the ductile lower plate can potentially 
resolve between these end-member model scenarios.

In this work, we investigate the structural architecture and kinematic history of the mylonitic footwall a detach-
ment fault (i.e., lower plate) in the Ruby Mountains-East Humboldt Range MCC, northeast Nevada (Figure 1), 
which exposes a complex record of Mesozoic contractional deformation, Mesozoic-Cenozoic intrusions, and 
Cenozoic extension (Snoke, 1980; Snoke et al., 1990). We focused on the top-west mylonitic shear zone that 
developed within the Proterozoic-Paleozoic paragneiss and voluminous Mesozoic-Cenozoic intrusions, located 
beneath the brittle detachment fault. We present new geologic mapping across the East Humboldt Range with 
U-Pb zircon dating of igneous and detrital samples, microstructural observations including electron backscatter 
diffraction (EBSD), geochemical analyses, and structural restoration to provide a viable kinematic history for the 
Cenozoic evolution of the Ruby Mountain-East Humboldt Range MCC. Our observations are consistent with a 
significant component of pure-shear ductile stretching of the upper-middle crust (E. L. Miller et al., 1983) that 
was later exhumed, and possibly reactivated, during later Miocene (post-17 Ma) detachment- and high-angle 
faulting active across the Great Basin (Colgan & Henry, 2009; Colgan et al., 2010).

2.  Geologic Setting
The Ruby Mountain-East Humboldt Range exposes metamorphosed Proterozoic-Paleozoic paragneiss, lesser 
deformed upper Paleozoic sedimentary rocks, deformed Mesozoic-Cenozoic igneous rocks, minimally deformed 
(i.e., tilted) Miocene-present volcanic rocks, Cenozoic basin sediments, and Quaternary surficial deposits includ-
ing several generations of glacial moraines (Howard, 1980; Snoke, 1980; Snoke et al., 1997, 1990; Snoke & 
Miller, 1988; Figures 1 and 2). The geologic history that most pertains to this study includes Neoproterozoic-early 
Mesozoic passive margin sedimentation on North American basement rocks, Mesozoic contractional deforma-
tion and magmatism, and Cenozoic magmatism and extension, described below.

Neoproterozoic-Paleozoic carbonate and siliciclastic passive margin rocks are exposed throughout much of north-
eastern Nevada (Figure 1). The total sedimentary thickness is 12–15 km (Bond et al., 1989; Hadlari et al., 2012; 
Stewart, 1972; Stewart & Poole, 1974). Passive margin sedimentation was partially interrupted by the Missis-
sippian Antler orogeny, resulting in the deposition of Mississippian siliciclastic rocks (Beranek et  al.,  2016; 
Ketner, 2008; Poole & Sandburg, 1977; Speed & Sleep, 1982). This overall stratigraphy (discussed in the next 
section) is well resolved, which aids in reconstructions of the polyphase deformation in the region.

The Mesozoic geology of the region has been recently synthesized in Zuza, Henry, et  al.  (2021) and Zuza 
et al. (2020, 2022). The Ruby Mountains-East Humboldt Range region was in the Cordilleran retroarc, east of 
subduction along the western margin of the North American Cordillera (e.g., DeCelles, 2004; Dickinson, 2004). 
Middle-Late Jurassic intrusions, metamorphism, and southeast-directed shortening affected the region 
(Hudec, 1992; D. M. Miller & Hoisch, 1995; Thorman et al., 1991; Zuza, Henry, et al., 2021; Zuza et al., 2020), 
followed by Late Cretaceous metamorphism, anatexis with leucogranite intrusions, and shortening (e.g., Hallett 
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Figure 1.  (a) Regional locator map of Cordilleran geology across Nevada, including the location of metamorphic core complexes and (b) in red. (b) Geologic map of 
northeast Nevada and northwest Utah, from the East Humboldt Range in the west to the Pequop Mountains in the east. Geology adapted mostly from Coats (1987), 
with modifications in the Pequop Mountains from Zuza, Henry, et al. (2021). Also shown are the locations of microstructural/EBSD samples (sample labels omitted 
for clarity but complete location information provided in Table 2), the detailed geologic map presented in Figure 2, and well WNC 119. (c) Simplified Clover 
Creek stratigraphy, showing available age constraints and only known, possibly Oligocene stratigraphy in the region (adapted from Zuza, Henry, et al., 2021). ARG, 
Albion-Raft River-Grouse Creek metamorphic core complex.
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& Spear, 2014, 2015; S. Y. Lee et al., 2003; McGrew et al., 2000). Prograde metamorphism for samples from the 
East Humboldt Range reached peak pressures of 7–9+ kbar (Hallett & Spear, 2014, 2015; McGrew et al., 2000), 
although whether these pressures reflect lithostatic conditions and tectonic burial to 26–34+ km depths is debated 
(Thorman et al., 2019; Zuza, Henry, et al., 2021; Zuza et al., 2020, 2022). Compared to deformation in the Sevier 
fold-thrust belt to the east in central Utah (DeCelles & Coogan, 2006; Yonkee & Weil, 2015), Mesozoic shortening 
was more moderate (≤30% strain), as evidenced by mapped contractional structures (e.g., Camilleri et al., 1997; 
Zuza, Henry, et al., 2021) and subcrop maps of the geology underneath Cenozoic unconformities (Konstantinou 
et al., 2012; Long, 2012; Van Buer et al., 2009). Various proxies support models where eastern Nevada was a 
relatively thick and high orogenic plateau by the end of the Cretaceous, including (a) structural reconstructions of 
extension (e.g., Coney & Harms, 1984; Long, 2019; McQuarrie & Wernicke, 2005) and contractional deforma-
tion (e.g., DeCelles & Coogan, 2006); (b) Sr/Y proxies (Chapman et al., 2015), (c) paleoaltimetry results (Cassel 
et al., 2014, 2018; Chamberlain et al., 2012), and (d) deeply incised east-flowing paleovalleys (e.g., Henry, 2008; 
Henry et al., 2011; Zuza, Henry, et al., 2021).

Late Cretaceous-early Cenozoic eastward shallowing of the Farallon slab has been interpreted to have resulted 
in Laramide deformation east of the Sevier belt (e.g., Axen et al., 2018; Copeland et al., 2017) and subsequent 
westward slab steepening starting in the Paleogene led to a southwestward sweep of magmatism across the 
Great Basin (e.g., Best et al., 2016; Cassel et al., 2018). In northeast Nevada, this was expressed by pervasive 
Eocene volcanism and intrusions observed in the Ruby Mountains-East Humboldt Range (Henry, 2008; Henry 
et al., 2012; Howard, 2003; Lund Snee et al., 2016). The Eocene Elko Basin (e.g., Lune Snee et al., 2016) also 
formed at this time, with subsidence potentially tied to Farallon slab dynamics (M. E. Smith et al., 2017). Next, 
an enigmatic phase of Oligocene plutonism affected the area, as evidenced by Oligocene granites observed in the 
Ruby Mountains-East Humboldt Range (Howard et al., 2011; MacCready et al., 1997; McGrew, 2018; McGrew 
& Snee, 1994; McGrew & Snoke, 2015; Wright & Snoke, 1993), which resulted in no reported volcanism (e.g., 
Lund Snee et al., 2016).

The extensional history of the Ruby Mountain-East Humboldt Range MCC is debated. Phases of Late 
Cretaceous-Eocene decompression are recorded via zircon and monazite dating and  40Ar/ 39Ar ages (Hallett & 
Spear, 2014, 2015; McGrew et al., 2000). This early phase of exhumation may reflect distributed ductile thinning 
of an eastward stretching thrust-fault hanging wall contemporary with shortening to the east in the Sevier thrust 
belt (Long & Kohn, 2020) or syn-to-post convergence normal faulting (e.g., McGrew et al., 2000). However, 
this kinematic history and chronology is hindered by a complicated thermal history and possible non-lithostatic 
pressure conditions for these highest grade rocks (Zuza et al., 2022, 2020). These models imply substantial exhu-
mation on structures that have not yet been documented (see discussion in Hallett & Spear, 2015) or are strongly 
overprinted by middle-late Cenozoic extension and mylonitization. In this work, we refrain from interpreting this 
earlier phase of possible exhumation, but emphasize that the Late Mesozoic-Eocene structural and kinematic 
histories are poorly resolved.

Oligocene top-west mylonitization and unit attenuation is the most dominant structural feature of the East 
Humboldt Range (e.g., Hurlow et al., 1991; Snoke, 1980). Age constraints for this shearing are evidenced by 
the mylonitic shearing of Late Cretaceous, Eocene, and Oligocene intrusions, thus requiring some or all of this 
deformation after the emplacement of the youngest Oligocene deformed granites (e.g., Wright & Snoke, 1993). 
Hurlow et al. (1991) reported geothermobarometry results that suggest this mylonitization occurred at ∼11–14 km 
depth (∼3.1–3.7 kbar) and ∼580°C–620°C. Age constraints for the cessation of mylonitization include fission 
track and  40Ar/ 39Ar biotite ages that record cooling through ∼300°C–200°C by ca. 23 Ma (Dokka et al., 1986; 
McGrew & Snee, 1994; Wright & Snoke, 1993), which is below assumed temperatures for crystal-plastic quartz 
deformation and dynamic recrystallization (e.g., Stipp et al., 2002). Undeformed ca. 17–15 Ma basalt dikes, with 
chilled margins, cut the mylonites across the East Humboldt Range (Snoke, 1980; Zuza, Henry, et al., 2021), 
which provides another cross-cutting relationships for mylonitic shearing.

There are negligible records of Oligocene basin deposits (e.g., Lund Snee et al., 2016; Zuza, Henry, et al., 2021), 
which might be expected if Oligocene mylonitic shearing was coupled with regional detachment faulting during 
crustal extension (e.g., Dorsey & Becker, 1995; Friedmann & Burbank, 1995). The only known deposits that 
are possibly Oligocene are in the Clover Creek section (McGrew & Snoke, 2015), but refined geochronology 
suggests <500 m of strata could possibly be Oligocene (Zuza, Henry, et al., 2021; Figure 1c). However, these 
strata lack absolute dates and could be also Miocene.
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Middle Miocene to present extension across northeast Nevada established the current range morphology (e.g., 
Colgan & Henry, 2009; Henry et al., 2011) and involved a phase of low-angle west-directed detachment faulting 
followed by later, high-angle normal faulting (Dokka et al., 1986; Haines & van der Pluijm, 2010; Hurlow, 1987; 
Snoke et al., 1990). Middle Miocene to present extension is associated with deposition of Miocene-present basins 
(Camilleri et al., 2017; Colgan & Henry, 2009; Henry et al., 2011; Zuza, Henry, et al., 2021), including deposition 
of the Miocene-Pliocene Humboldt Formation (Sharp, 1939; J. F. Smith & Ketner, 1978). Mapping and seismic data 
suggest that this sequence is up to 5 km thick in Lamoille Valley (Colgan et al., 2010; Satarugsa & Johnson, 2000). 
The Humboldt Formation was deposited after ca. 16 Ma based on  40Ar/ 39Ar dating and detrital zircon geochro-
nology, with the basal tuffaceous sediments yielding a maximum depositional zircon age of ca. 24 Ma, although 
the base may be significantly younger (Lund Snee et al., 2016; Perkins & Nash, 2002; Wallace et al., 2008). In the 
Pequop Mountains to the east, Humboldt Formation sediments are exposed on the western flank of the range, where 
they are ≤2 km thick and well WNC 119 (Figure 1) suggests a local thickness ≤1 km (Zuza, Henry, et al., 2021). 
Ages for these sediments are as old as ca. 16 Ma (Camilleri et al., 2017; Zuza, Henry, et al., 2021).

3.  Geologic Mapping in the East Humboldt Range
3.1.  New Geologic Mapping

New geologic mapping in the East Humboldt Range was conducted in 2019–2021. Herein, we focus on 
1:24,000-scale geologic mapping of the northern half of the Tent Mountain quadrangle (Zuza, Dee, et al., 2021), 
which was one of the last regions not previously mapped at such scale in the East Humboldt Range. Complete 
adjacent 1:24,000-scale quadrangle maps include Herder Creek to the north (Dee & Ressel, 2016), Welcome 
and Humboldt Peak to the northeast and east (McGrew, 2018; McGrew & Snoke, 2015), Gordon Creek to the 
southeast (Sicard & Snoke, 2021), Secret Valley to the south (Snoke et al., 2021), and Heelfly Creek to the west 
(Dee et al., 2015). The southern half of the Tent Mountain quadrangle was mapped as part of an M.S. thesis 
(Hurlow, 1987) and later by Zuza, Dee, et al. (2021). In this study, we also observed important regional structures 
in previously mapped regions, such as the Secret Creek gorge mylonitic shear zone and Winchell Lake nappe 
(e.g., Hacker et al., 1990; McGrew & Peters, 1997; McGrew et al., 2000).

3.2.  Primary Geologic Units

The bedrock in the study area (summarized in a schematic column in Figure 3) consists of metamorphosed and 
mylonitized Proterozoic-Paleozoic sedimentary rocks, part of the passive margin sequence of western North 
America (e.g., Bond et al., 1989; Stewart, 1972; Stewart & Poole, 1974), and voluminous Cretaceous-Cenozoic 
igneous rocks. Unit divisions and correlations were based on earlier mapping of the East Humboldt Range 
(e.g., McGrew, 2018; McGrew et al., 2000; McGrew & Snoke, 2015; Sicard & Snoke, 2021; Snoke, 1980). The 
bedrock was commonly intruded by >2/3 intrusions by volume—observed at the outcrop and map scales—but we 
attempted to name map units by the host-rock protolith, following the approach used in the Ruby Mountains-East 
Humboldt Range since Howard (1966, 1971). This style of mapping may make the abundance of igneous intru-
sions in the map area appear less substantial than they actually are (Figure 2), but we reiterate that the igneous 
rocks are very extensive and dominate the bedrock exposures (e.g., Figures 3 and 4).

The oldest map unit is the Neoproterozoic McCoy Creek Group paragneiss (Zmu; Figure 3), which consists of 
pelitic schist, quartzite, and marble (Figures 4a–4d). The structurally deepest exposures of Zmu are commonly 
migmatitic (Figures 4c and 4d). Graphite-bearing white-gray calcite marbles within Zmu formed continuous and 
discontinuous layers that ranged in thickness from <1  to ∼100 m, although most layers were <5 m (Figures 4j 
and 4l). When possible, the marbles were mapped separately as Zmm. Wickham and Peters (1993) demonstrated 
that the Neoproterozoic marbles display relatively high δ 13C values up to +12‰ (generally +6–10‰), whereas 
Paleozoic marbles yield δ 13C values closer to 0‰ or negative. In this study, we explored this observation further by 
conducting δ 13C analyses on marbles, and our results support this earlier observation. McCoy Creek Group rocks 
were differentiated from the overlying Neoproterozoic-Cambrian Prospect Mountain Quartzite due to the presence 
of interlayered and significant pelitic schist and marble layers. Prospect Mountain Quartzite is a relatively pure white 
quartzite. The Prospect Mountain Quartzite, Zmm, and Zmu were commonly mapped as a collective unit ꞒZpmi, 
due to relatively poor exposure, voluminous intrusions, and mylonitized and metamorphosed protolith rocks.
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Above ꞒZpm, the Cambrian-Ordovician impure marble sequence (OꞒm) consists of calcite marble, dolomite 
marble, calc-silicate rocks, and silty pelitic layers (Figure 3). The marbles are very diverse in their appearance, 
including color, foliation development, purity, and shearing. The lowermost part of unit includes highly folded 
siliciclastic and impure marble layers (Figure 4n). Boudinage of Cretaceous-Cenozoic igneous rocks (∼1–50 cm 

Figure 3.  Interpretive stratigraphic column of the study area, displaying cross-cutting relationships, main rock types, and correlations with regional 
Neoproterozoic-Paleozoic stratigraphy.
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scale) in a flowing sheared marble matrix is commonly observed (Figure 4m), with a stretching direction parallel 
to the regionally observed  ∼WNW-trending lineation. Thin beds (<1  m) of pure-white quartzite, commonly 
discontinuous or expressed as lag on slopes, surrounded by marbles were interpreted as Ordovician Eureka 
Quartzite (Oe). The outcrop in Figure 5b shows an exceptional exposure of several meters of Oe, which was 
overlain by marbles and dolomite of the mixed Devonian-Ordovician marble and dolomite unit (DOd).

Less mylonitized, deformed, and intruded marbles were observed in a few locations in this map area, which we 
interpreted as structurally higher marbles faulted against higher grade marbles. These relationships were mapped 
as detachment fault slivers, similar to those of Hurlow (1987) in the southern Tent Mountain quadrangle. In the 
northernmost part of Figure 2 map, a rust-colored pebble conglomerate was interpreted as part of the Mississippian 
Diamond Peak Formation (i.e., Mdp). These rocks were faulted against mylonitic ꞒZpmi quartzite. To the south in 
Secret Valley, Snoke et al. (2021) mapped Mdp as isolated klippe juxtaposed over OꞒmi (Figure 5a). The rust-brown 
rock is very fine grained due to mylonitization, but streaky dark and light colors appear most similar to Mississippian 
Diamond Peak Formation, a distinctive conglomerate unit in eastern Nevada. New detrital zircon analyses discussed 
below support correlating Snoke et al. (2021)'s mapped Mdp unit with the Diamond Peak Formation.

A particularly poorly resolved map unit is a dark-brown carbonaceous schist and quartzite in the southwest corner 
of Figure 3, mapped as Msq. It is structurally above ꞒZpmi quartzite and below mylonitic marble mapped as 
OꞒm. This area has poor exposure on a dip slope, and thus robust structural relationships are ambiguous. We 
interpret these rocks as having a Mississippian clastic-rock protolith, and thus mapped it as Mississippian schist 
and quartzite (Msq) because it is rich in organic material, similar to the Mississippian Chainman Shale, and new 
detrital zircon data (this study) supports such a correlation.

In the southern Tent Mountain quadrangle, upper Paleozoic rocks (i.e., Mississippian through Permian limestone 
and shales) are detachment faulted above the strongly mylonitic units outlined above (Hurlow, 1987; Zuza, Dee, 
et al., 2021). The upper-plate stratigraphy is not intruded. Further discussion of the upper plate is outside the 
scope of the present study focused on lower-plate geology, and will be presented on in a future study.

Most sub-detachment paragneiss bedrock units are pervasively intruded by three igneous rock types: a 
Cretaceous-Tertiary leucogranite and leucocratic orthogneiss (TKlg), middle Eocene hornblende-biotite quartz 
diorite (Tqd), and Oligocene biotite monzogranite orthogneiss (Tmg). These intrusions commonly comprise a 
majority of the bedrock exposures, with Cenozoic Tmg and Tqd representing the greatest volume in the study 
area. The TKlg unit is commonly a weakly foliated two-mica leucogranite (±garnet). TKlg commonly forms 
discontinuous meter to sub-meter scale concordant sheets, pods or lenses throughout the rocks in the MCC. At 
deeper structural levels, minor leucogranite pods are surrounded by restitic biotite-sillimanite schist. Most leuco-
granite ages are Late Cretaceous, including ca. 85 Ma zircon ages (McGrew et al., 2000) and ca. 80 Ma U-Pb 
monazite ages (Hallett & Spear, 2015). Observations of TKlg intermingled with, or directly cross-cutting, the 
Cenozoic Tqd and Tmg intrusions (Figures 4c and 4d) require that the TKlg age range extends to as young as 
Oligocene. Therefore, the broad TKlg unit likely has a Late Cretaceous phase and an Oligocene phase that can be 
revealed by more systematic geochronology (e.g., Howard et al., 2011).

The Tqd unit is weakly to strongly foliated and lineated, and has a porphyritic texture with 1–2 mm plagioclase 
and lesser hornblende, biotite, and quartz. Tqd forms dark gray-black, jagged, high-relief cliffs that commonly 
define ridges (e.g., Figure 4i). It is less strongly foliated and lineated (Figure 4h), probably due to the relative 
strength of this more mafic igneous unit. Tqd is commonly intermingled with TKlg, mostly subparallel to the 
dominant foliation, but locally cuts across lithologic units (Figure 4i). Previous ages include ca. 40 Ma dates by 
U-Pb zircon ID-TIMS (Wright & Snoke, 1993) and SHRIMP (Premo et al., 2014), and we provide two new, but 
similar, U-Pb zircon ages in this study.

The Tmg unit is moderately to strongly foliated and lineated. It is an equigranular biotite monzogranite and 
lesser tonalite and granodiorite (Batum, 1999). Tmg is commonly exposed as tabular sheets (up to 70 m thick but 
typically 1–10 m) that are concordant to slightly discordant to foliated paragneiss. Existing ages for this unit are 
older U-Th-Pb zircon and monazite ages from Lamoille Canyon in the Ruby Mountains of 29 ± 0.5 Ma (Wright 
& Snoke, 1993). Two new ages are reported in this study.

All mylonitic bedrock units are cut by rare and poorly exposed subvertical, undeformed aphyric basaltic dikes. 
Dikes strike north and are up to 1 m wide. These were dated at ca. 17–15 Ma (Dee et al., 2015; Snoke, 1980; Zuza, 
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Henry, et al., 2021). In the southern Tent Mountain quadrangle in Dorsey Creek, a basalt dike cuts mylonitic 
fabrics and is truncated by brittle detachment faulting. This dike has a whole-rock  40Ar/ 39Ar date of ca. 16.8 Ma 
(Zuza, Dee, et al., 2021), thus indicating that all or some detachment slip occurred after ca. 16.8 Ma. Basalt dikes 
near Angel Lake have a ca. 17.3 Ma plagioclase  40Ar/ 39Ar age and basalt lava in the Clover Creek sequence, 
northeast of the East Humboldt Range, has a date of ca. 15.3 Ma (Zuza, Henry, et al., 2021; Figure 1c).

The west-northwest part of the map area consists of Miocene-Pliocene Humboldt Formation conglomerate, sand-
stone, shale, tephra, and tuffaceous sediments that may be underlain by Eocene Elko Formation. These deposits 
are bound on the west by the Quaternary active west-dipping Ruby Mountain frontal fault zone and on the east 
by a west-dipping, but less recently active normal fault against the bedrock (Figure 2). Age constraints for these 
sediments include detrital  40Ar/ 39Ar feldspars ages that require the sediments to be younger than 23 Ma, and 
ages from four tephra samples that range from 15.77 Ma to as young as 5.15 Ma (Zuza, Henry, et al., 2021). The 
Miocene sediments are interbedded with 15.3 Ma Jarbidge-type (Brueseke et al., 2014) rhyolite (Figure 2).

Quaternary (mid-Pleistocene to present) surficial deposits cover the western lower elevation regions, including 
a variety of alluvial fan surfaces, landslide deposits, glacial moraines, and glacial outwash deposits. There are 
at least two generations of glacial deposits. Cosmogenic  10Be exposure dating constrain Qgo1 to 13–27 ka and 
Qgo2 to 120–130 ka (Figure 3a; Zuza, Dee, et al., 2021), which correspond with the ages of the Angel Lake and 
Lamoille glaciations, respectively (Laabs et al., 2013; Osborn & Bevis, 2001; Wesnousky et al., 2016).

3.3.  Important Field Relationships

The following field relationships are shown in the geologic map (Figure 2) and the published 1:24,000-scale 
map (Zuza, Dee, et al., 2021). Here, we briefly summarize the field relationships most relevant to this study. The 
west side of the East Humboldt Range is bound by the Quaternary active, west-dipping Ruby Mountains frontal 
fault zone, which extends for more than 60 km to the southwest. In our study area, the fault steps west, result-
ing in a broad, hanging wall uplift underlain by the Miocene to Pliocene Humboldt Formation that dips gently 
north-northeast, although these dips are variable (Figure 2; Zuza, Dee, et al., 2021). The western range-bounding 
fault zone (Figure 2) had several late Quaternary surface-rupturing earthquakes that are recorded by increased 
uplift and dissection of Quaternary surfaces as a function of relative age (Wesnousky & Willoughby, 2003). Lidar 
elevation data shows fault scarps in glacial outwash surfaces, with average vertical separations of 5.2 m in Qgo1 
(younger) and 16.5 m in Qgo2 (older). Using recent cosmogenic  10Be exposure ages (Zuza, Dee, et al., 2021) this 
suggests that the western range-bounding normal fault (Figure 2) has an approximate vertical separation rate of 
∼0.21–0.35 mm yr −1 in the latest Pleistocene and a longer term late Pleistocene rate of ∼0.09–0.17 mm yr −1.

The Miocene-Pliocene Humboldt Formation is interbedded with Jarbidge-type rhyolite. The base of this section 
is not exposed, but its attitudes and map relationship suggest a thickness of at least ∼3 km if there are not unrec-
ognized faults duplicating the section (Dee et al., 2015; Zuza, Dee, et al., 2021). Projection of the ca. 15.3 Ma 
rhyolite exposures suggest ∼1.25 km displacement on the bedrock-bounding, eastern range-bounding normal 
fault system (Figure 2c). Assuming faulting started after rhyolite deposition, this implies a post-15.3 Ma fault-slip 
rate of >0.08 mm yr −1 or a vertical separation rate of >0.05 mm yr −1 on the eastern range-bounding normal fault 
(Figure 2). Seismic reflection profiles suggest that the Humboldt Formation is >5 km thick on the westside of the 
Ruby Mountains and East Humboldt Range (e.g., Colgan et al., 2010; Satarugsa & Johnson, 2000). The seismic 
sections suggest growth strata and tilt fanning, which is not resolved in the field due to poor exposure. These 
observations are consistent with the inferred syn-extensional nature to these deposits (Colgan et al., 2010).

Most of the sub-detachment bedrock units are strongly foliated, lineated, and clearly mylonitized as evidenced 
by strong grainsize reduction and shear fabrics. Foliations parallel rock unit contacts, although original bedding 
is entirely transposed by mylonitic foliation. The dominant lineation trends ∼280°–290° (Figure 2). The overall 

Figure 4.  Field photographs showing represented geologic units and structural relationships in the study area of the western East Humboldt Range. Photo locations in 
Figure 3 or listed here. (a) Humboldt Peak east-facing cirque and Zmu paragneiss (circled person for scale) with (b) interbedded Zmm marble with quartzite and pelite 
(location 40.903130, −115.119521). (c, d) Pelitic and migmatitic Zmu. (e) Tabular Tmg cliff (circled person for scale). (f) Top-west shear-sense observed in plagioclase 
porphyroclasts in Tmg. (g) Sill-like pods of TKlg with quartzite-dominated paragneiss, typical of paragneiss and igneous relationships. (h) Tqd appears less foliated and 
less lineated, but is still deformed and interlayered with TKlg and ꞒZpmi quartzite (lowest gray horizon). (i) Photomosaic of Hole in the Mountain, showing the Tqd 
intruded OꞒmi-ꞒZpmi contact. (j) Tqd intruded Zmm marbles with rusty garnet-rich calc-silicate horizons near intrusive contacts. (k) Paragneiss host rock intruded by 
Tqd with wisps of TKlg (circled person for scale). (l) Fold within Zmm marble with hinge parallel to lineations observed in quartzite, interpreted as an a-type fold. (m) 
Boudinage of siliciclastic and leucogranite layers within OꞒmi marble. (n) Common chaotic tight folding of siliciclastic horizons at the lowermost parts of the OꞒmi unit.
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Figure 4.  (Continued)
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range structures consist of subhorizontal foliations toward the range crest and a gentle west dip toward the western 
range flank (see stereonet in Figure 2). Units are in largely in upright stratigraphic order, with Zmu and ꞒZpmi at 
structurally deeper levels and OCmi to Oe structurally higher. Oe is observed over OCmi marbles in the western 
map area, but is also exposed in a drainage cliff as shown in Figure 5b. The DOd dolomites and marbles structur-
ally and stratigraphically overlying Oe are the highest stratigraphic units in the lower plate (i.e., mylonitized and 

Figure 5.  Field photographs of structurally higher mylonitic samples, including (a) Mississippian Diamond Peak Formation 
and (b) Ordovician Eureka Quartzite (Oe) with overlying Ordovician Fish Haven Dolomite (Ofh) and DOd. (c, d) Photos 
showing undeformed leucogranite (Tlg) cutting mylonitic fabrics. Photo locations: (a) 40.83177, −115.14803; (b) 40.941456, 
−115.22479; (c) 40.911154, −115.130304; and (d) 40.950277, −115.220804.
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sheared) observed in the study area. The rocks from ꞒZpm to Oe have a structural thickness of ∼700 m based 
on map projections and cross-sections (Figure 2b). We sampled the strongly mylonitized Mdp outcrops in the 
adjacent Secret Valley quadrangle (Snoke et al., 2021) to the southeast, which was thus the structurally highest 
part of the lower plate observed in this study.

In our mapping, we observed that the Msq unit was structurally below deformed Ordovician rocks (i.e., Oe and 
OꞒm) and above ꞒZpmi, which implies a complex structural history. One interpretation is that Ordovician (OꞒm 
and Oe) rocks were thrust over Mississippian rocks (Msq) during the Mesozoic; similar stratigraphic separa-
tion is observed across the Independence thrust in the Pequop Mountains to the east (Zuza, Henry, et al., 2021; 
Figure 7). This sequence would have then been severely attenuated and thinned to ultimately place Msq over 
ꞒZpmi. Alternatively, there may have been tight recumbent and overturned detachment folding that leads to the 
observed relationships. The recumbent folds in both the Ruby Mountains and East Humboldt Range could lead 
to complex overturned relationships with units variably missing from the structural section. Here, we tentatively 
interpret that this sequence resulted from Mesozoic thrust faulting followed by Cenozoic attenuation (Figure 7), 
but acknowledge this is a nonunique model to explain this complex structural relationship.

Almost all bedrock units in our map area (Figure 2) show top-west shear sense (Figure 4f) based on observed 
C-S fabrics in the deformed igneous rocks, mica fish, asymmetric porphyroclasts, and asymmetric folds. Rare 
small-scale folds all have fold hinges parallel to the dominant west-northwest-trending lineations (Figure 4l), 
which we interpret as local a-type folds (Hacker et al., 2000; Malavieille, 1987; Mattauer, 1975; Sander, 1930) 
or incompletely exposed sheath folds. Rare top-east shear fabrics or asymmetric folds were observed at deeper 
structural levels, and these may reflect an older shear fabric that was overprinted by Cenozoic top-west myloniti-
zation (McGrew, 1992, 2018; McGrew & Casey, 1998).

Important crosscutting field relationships in the study area, from oldest to youngest, are as follows. (a) Poorly 
resolved Mesozoic deformation and possible unit duplication (?) (Figure 7) is variably overprinted by Cenozoic 
attenuation and mylonitization. (b) An older phase (or phases) of TKlg intruded the main bedrock units, pres-
ently exposed as foliation-parallel pods and sheets. This may be syn-kinematic with Mesozoic deformation and 
tectonic burial. (c) A large Tqd body intruded, focused along the ꞒZpm-OꞒm contact, especially by Hole-in-the-
Mountain peak (Figure 4i). Tqd and TKlg are complexly intermingled (Figures 4h and 4k). (d) Tmg intruded all 
units as large tabular sheets, with sparse dike relationships. Structurally deeper levels have very large volumes 
of Tmg with steep ∼10–40 m wide dikes (Figure 6). (e) The entire section was attenuated and sheared. MꞒmu 
down to ꞒZpmi is most strongly mylonitic, and at structurally deeper levels shear fabrics diminish. (f) Younger, 
sparsely observed leucogranite dikes cut mylonitic fabrics at shallow to steep dips (Figure 5d); leucogranite is 
also observed cutting Tmg at deeper structural levels (Figure 6). (g) Undeformed subvertical north-striking basalt 
dikes intrude the mylonitized rocks (Figure 2). (h) Detachment faulting places non-metamorphosed upper Paleo-
zoic rocks over the mylonitic rocks and cuts the basalt dikes. (i) High-angle normal faulting exhumes the range, 
and Miocene sediments discussed above were deposited along the western flank of the range. Contemporaneous 
middle Miocene rhyolite lava flows and tephra were deposited.

Just north of the map area is the west-trending, recumbent, isoclinal northward opening Winchell Lake nappe 
(Henry et al., 2011; McGrew, 2018; McGrew et al., 2000), a fold that involves Mississippian rocks near its core 
and Neoproterozoic McCoy Creek Group rocks on its limbs (Figure 8). This fold is well exposed in high cirque 
walls in the central East Humboldt Range. The geometry of this fold relies on interpretations of its folded, and 
pervasively intruded, units, including ꞒZpmi, OꞒmi, Oe, Dod, and Mississippian clastic units. Here, we present 
carbon isotope and detrital zircon data to confirm these age relationships. Our mapping is consistent with the 
overall interpretations of McGrew (2018) that the recumbent syncline was juxtaposed by a fault against rela-
tively coherent ꞒZpm-OꞒm stratigraphy. In our study area, apparently upright ꞒZpm along the northernmost 
west-trending ridge in Figure 2, just north of Ackler Creek, trends into the Winchell Lake nappe to the east and is 
structurally above the main package of ꞒZpm-OꞒm stratigraphy that makes up most of the map area to the south. 
Relationships with the Winchell Lake nappe imply that the rocks on this ridge become overturned toward the 
northeast, but they are juxtaposed against upright ꞒZpmi-OꞒm in Ackler Creek (Figure 2). We inferred a queried 
thrust fault that links along strike to the east with a nappe-emplacement thrust interpreted by McGrew (2018), 
but poor exposure and similar hanging wall-footwall units makes this structure ambiguous. This nappe fold, and 
others to the south in the Ruby Mountains, may have formed in the Late Cretaceous (McGrew, 2018; McGrew 
et al., 2000), Cenozoic (MacCready et al., 1997), or during a complex polyphase history.
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4.  Analytical Methods and Results
4.1.  U-Pb Zircon Geochronology Methods

Igneous zircon U-Pb dating was conducted to constrain the ages of mylonitized intrusions Tqd and Tmg. Detrital 
zircon U-Pb dating was conducted to better constrain the age of important sedimentary rocks in the study area, 
including mapped Oe and Mdp/Msq units. Detrital zircon ages of these rocks were compared against better 
constrained rock units from elsewhere in the eastern Great Basin. First, we analyzed a known Oe sample from 
the Pequop Mountains (sample PFW1; Figure 1), which was compared with three probable Oe samples from the 
East Humboldt Range in and around the Winchell Lake nappe. Additionally, the interpretation of strongly atten-
uated Mdp/Msq was tested via detrital zircon comparison. Separation and analytical details are in the Supporting 
Information.

Figure 6.  Field photographs of structurally deeper rocks near Steele Lake in the Humboldt Peak quadrangle of 
McGrew (2018). (a) Uninterpreted and interpreted photos across Steele Lake showing relationship between subvertical 
Tertiary monzogranite (Tmg) and Tertiary leucogranite (Tlg) dikes. Box shows approximate view in (b). (b) Close-up view 
of Tlg cutting across Oligocene Tmg, thus requiring Oligocene or younger age to some of the Tlg unit. (c) View of Tmg 
cutting foliated Zmu quartzite. Tmg is weakly foliated and lineated. Photo locations: (a, b) 40.915826, −115.113429; and (c) 
40.914018, −115.109019.
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Detrital zircon results were compared against known Oe data from PFW1 (this study) and a compilation of 
Oe and Neoproterozoic strata ages (Gehrels & Pecha,  2014). Data were plotted as normalized probability 
density plots, compared qualitatively, and statically evaluated via DZstats v2.3 (Saylor & Sundell, 2016) with a 
Kolmogorov-Smirnov (K-S) test and multi-dimensional scaling (MDS; Vermeesch, 2013). The K-S test explores 
the likelihood two compared samples are from the same parent population, and when the p value is <0.05, there 
is a 95% that two compared samples are from dissimilar populations. With MDS, samples are visually mapped 
to explore their similarity by minimizing misfit (“stress”) between disparities, which results in similar samples 
concentrating together whereas dissimilar samples are farther apart.

4.2.  Zircon U-Pb Geochronology Results

Four igneous and 6 detrital zircon samples were analyzed for zircon U-Pb dating. Complete data tables and 
concordia plots for zircon analyses are in the Supporting Information, including Supporting Table S1. Summary 

Figure 7.  (a) Sketch of possible attenuation of the coherent Oe to ꞒZ footwall stratigraphy from ∼3.5 km to 700 m. (b) A model to explain the thrust relationships in 
Figure 2 as a simple pre-Cenozoic thrust fault that places Ordovician marbles onto Mississippian siliciclastic rocks. Attenuation of this relationship would result in a 
similar map pattern as observed in the southwest corner of Figure 2.

Figure 8.  (a) Annotated photomosaic of the Winchell Lake fold nappe in the East Humboldt Range, showing approximate stratigraphic contacts and positions of 
collected detrital zircon and carbon isotope samples. These analyses confirm drafted age assignments. (b) Possible models for the generation of the isoclinal, recumbent 
fold: a prior generation of folding could have been strongly attenuated, recumbent overturned folds could have been generated during diapiric metamorphic core 
complex upwelling, or the fold could have developed during top-west mylonitic shearing as an a-type fold (note parallel fold hinge and stretching lineations; after 
Malavieille, 1987). See text for discussion.
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ages and sample locations are in Table 1. Monzogranite sample AZ8-19-19(6) was collected from a large tabular 
monzogranite body on the western flank of the map area. Twenty-five zircons were analyzed. All analyses were 
concordant with ages spanning ca. 35–31 Ma. The weighted mean age of the dominant population of 21 grains 
was 31.3 ± 0.2 Ma (MSWD: 1.1), which we interpret as the crystallization age of this sample.

Sample AZ7-28-20 (4) was collected from a monzogranite ridge-forming exposure in the northeast corner of the 
map area. Of 40 zircons analyzed, 31 were concordant, spanning ca. 29 Ma to ca. 83 Ma. Excluding the single 
youngest age that lies outside the dominant ca. 32 Ma population and the older Cretaceous age yields a weighted 
mean age from 29 analyses of 32.5 ± 0.3 Ma (MSWD: 1.6). This is interpreted as the crystallization age of the 
sample.

Both analyzed quartz diorite samples yielded a significant population of inherited zircons. Quartz diorite sample 
060720-4 was collected from a ∼5 m thick sill. Analysis of 109 grains yielded diverse ages including several 
2.5 Ga ages, some Mesoproterozoic ages, a few Cretaceous grains, and mostly Eocene dates. The weighted mean 
age of the dominant population of concordant Eocene grains (n = 67) was 39.9 ± 0.2 Ma (MSWD: 1.9), which 
we interpret as the crystallization age of this sample. The older zircon grains were inherited.

Forty-one grains were analyzed from quartz diorite sample AZ 6-30-20 (6), collected from Tqd sills that intruded 
OꞒmi marbles along the west fork of Boulder Creek. Analyses yielded a dominant Eocene population and 
several grains >2.0 Ga. The weighted mean age of the dominant concordant youngest population of analyses 
(n = 34) yielded a weighted mean age of 38.7 ± 0.3 Ma (MSWD: 1.6). In summary, the new zircon U-Pb igneous 
ages confirmed an Eocene age, ca. 38–40 Ma, for the quartz diorite unit and Oligocene age, 31–33 Ma, for the 
monzogranite unit in the East Humboldt Range, consistent with previous ages (Premo et al., 2014; Wright & 
Snoke, 1993).

To serve as a reference of detrital zircon spectra, PFW1 was collected from well-constrained Oe quartzite expo-
sures in the Pequop Mountains (Table 2; Figure 1). Of 139 analyses, 138 were concordant, with ages spanning ca. 
1.0 Ga to ca. 3.0 Ga (Figure 11). This Oe sample displayed a prominent ca. 1.85 Ga age population, with lesser 
Paleoproterozoic ages.

Detrital zircon samples AZ 10-21-20 (11) and AZ 10-21-20 (5) were collected from probable Oe quartzite from 
the lower upright limb of the Winchell Lake nappe, just northeast of the study area (McGrew, 2018; Figure 8). 
Sample AZ 10-21-20 (11) yielded a range of Late Cretaceous to 3.0  Ga ages, with many discordant analy-
ses. Most Late Cretaceous ages were discordant, had Th/U ratios <0.1, and defined a discordia line with Late 
Cretaceous lower intercept, and thus these analyses were interpreted as metamorphic zircons or overgrowths 

Sample Latitude Longitude Map unit Lab Mean age (Ma) MSWD n a

Igneous analyses

  AZ8-19-19(6) 40.95752 −115.20163 Tmg 1 31.3 ± 0.2 1.1 21/25

  AZ7-28-20(4) 40.990739 −115.12566 Tmg 3 32.5 ± 0.3 1.6 29/40

  060720-4 40.950218 −115.22081 Tqd 2 39.9 ± 0.2 1.9 67/109

  AZ 6-30-20 (6) 40.954877 −115.22200 Tqd 3 38.7 ± 0.3 1.6 34/41

Detrital analyses

  AZ 10-20-20 (1) 40.941456 −115.22479 Msq 1 - - -

  HR 12-03 41.025861 −115.09167 Oe 1 - - -

  AZ 10-21-20 (5) 40.98838 −115.105 Oe 1 - - -

  AZ 10-21-20(11) 40.99079 −115.112 Oe 1 - - -

  AZ 10-8-19(1a) 40.83177 −115.14803 Mdp 1 - - -

  PFW1 40.97812 −114.5700 Oe 3 - - -

Note. Laboratories: (1) Arizona LaserChron; (2) UC Santa Barbara; and (3) University of Nevada, Reno.
 an = number of analyses in mean over the total number of analyses or grains analyzed for detrital.

Table 1 
Zircon U-Pb Summary Age Table
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(Figure S2 in Supporting Information  S1). The remaining population of concordant ages (n  =  29) spanned 
Proterozoic-Mesoarchean with a prominent ca. 1.85 Ga age population (Figure 11). Sample AZ 10-21-20 (5) 
yielded mostly concordant ages and 182 concordant grains yielded a range of Proterozoic-Mesoarchean ages, 
with a prominent ca. 1.8–1.85 Ga peak. Sample RH 12-03 was collected from Angel Lake from mapped Oe 
(McGrew & Snoke, 2015; Figure 1). A total of 177 grains were analyzed, and except for a single younger grain 
(i.e., Phanerozoic) and discordant analyses, most ages were Paleoproterozoic and Archean with a prominent ca. 
1.8–1.85 Ga peak (Figure 11).

The Msq quartzite sample AZ 10-20-20 (1) was collected from a large Msq exposure in the southwest corner 
of the map (Figure 2). A total of 224 grains were analyzed, and 200 concordant analyses spanned ca. 299 Ma to 
2.85 Ga. The Mdp sample AZ 10-8-19(1a) was collected from the Secret Valley quadrangle (Snoke et al., 2021; 
Figure 1). Only 92 grains were analyzed, and 84 concordant analyses spanned ca. 382 Ma to ca. 3.0 Ga. Both 
Msq and Mdp samples yielded a ca. 1.8 Ga age peak, a minor ca. 2.6 Ma population, and a subdued range of ca. 
1.5–1.7 Ga ages (Figure 11).

All samples were compared against compilation spectra from Gehrels and Pecha (2014) for Oe and Neoprote-
rozoic rocks from Utah and Nevada (Figure 11). Qualitatively, Oe spectra analyzed in this study resemble the 
Gehrels and Pecha (2014) data set, with the Msq and Mdp samples appearing most dissimilar due to the ca. 2.6 
and 1.5–1.6 Ga age populations. The K-S test (inset of Figure 11a) shows that Oe samples were broadly similar 
to each other, and the Mdp/Msq samples were dissimilar to all but one Oe sample (95% with p < 0.05 in all 
comparisons). As expected, the Neoproterozoic compilation of Gehrels and Pecha (2014) was dissimilar from all 
Oe and Mdp/Msq analyses (Figure 11a). In the MDS comparison, all Oe samples cluster together, the Mdp and 
Msq samples were similar but distinctly different from Oe, and the Neoproterozoic analyses from Gehrels and 
Pecha (2014) were most dissimilar. These detrital zircon comparisons suggest that all of the strongly mylonitized 
analyzed Oe in the East Humboldt Range had similar detrital zircon spectra to other known Oe exposures in 
the Pequop Mountains and broader Great Basin, which confirms previous age assignments. The Mdp and Msq 
samples were subtly distinct from Oe. However, Mississippian strata do not have unique detrital zircon records, 
due in part because they were deposited as recycled detritus from an eroded Antler highland to the west (e.g., 
Beranek et al., 2016; Poole & Sandburg, 1977; Speed & Sleep, 1982). That said, these samples were dissimilar 
to Oe and Neoproterozoic rocks. The limited abundance of siliciclastic rocks in the Neoproterozoic-Paleozoic 

Vollmer (1990) ternary

Sample Unit Step (μm) M K P G R Recrystallized grainsize (μm) a Flow stress (MPa) Latitude Longitude

AZ10-8-19 (1a) Mdp 2.5 0.02 0.95 0.10 0.16 0.73 - - 40.83177 −115.14803

" " 0.2 - - 0.14 0.16 0.71 3.41 ± 1.11 209 " "

AZ 7-1-20 (1) Oe 1 0.09 0.88 0.26 0.30 0.45 6 ± 2.3 146 40.936922 −115.23821

AZ 10-20-20(1) Msq 5 0.11 0.24 0.21 0.50 0.29 - - 40.941456 −115.22479

" " 1 0.24 0.57 0.47 0.37 0.16 6.6 ± 3.2 138 " "

AZ 7-2-20(4) Zmu 5 0.39 0.28 0.67 0.30 0.03 83.8 ± 51.9 28 40.946568 −115.15773

AZ 6-30-20 (2) ꞒZpmi 3 0.34 0.10 0.60 0.38 0.02 37.4 ± 21.3 46 40.949227 −115.21765

AZ8-19-19-(2) Tmg 5 0.24 2.66 0.53 0.19 0.28 21.9 ± 10.2 65 40.95774 −115.1994

AZ8-19-19-(4) ꞒZpmi 5 0.39 0.82 0.68 0.25 0.07 35.4 ± 20 48 40.95701 −115.17796

AZ8-19-19-(5) ꞒZpmi 5 0.49 1.51 0.79 0.16 0.04 50 ± 28.9 39 40.95703 −115.17836

020,619_5 ꞒZpmi 5 0.28 0.35 0.51 0.39 0.09 37.8 ± 22.9 46 40.86400 −115.24400

AZ 8-4-18 (3) ꞒZpmi 5 0.37 0.90 0.66 0.26 0.08 57.7 ± 35.9 35 40.841632 −115.13982

" " 2 - - 0.72 0.24 0.03 37.5 ± 25.9 46 " "

AZ8-4-18 (1) ꞒZpmi 5 0.38 0.09 0.61 0.30 0.09 - - 40.841583 −115.13997

" " 2 - - 0.54 0.37 0.09 33.5 ± 19.9 50 " "

 aCalculated using Cross et al. (2017) MTEX code.

Table 2 
Samples for Microstructural Observations and Electron Backscatter Diffraction Analyses
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section supports the Mississippian age call. There are several thin quartzite or quartz arenite units in the Cambrian 
through Devonian stratigraphy (e.g., Cambrian Morgan Pass, Shafter, or Dunderberg Formations, Ordovician 
Kanosh quartzite, or in the Devonian Guilmette; Zuza, Henry, et al., 2021), and it remains possible that this expo-
sure is older than its Mississippian assignment.

4.3.  Whole-Rock Igneous Geochemistry Methods

To characterize igneous rocks in the study area, and understand their petrogenesis, we conducted whole-rock 
geochemical analyses on representative samples. Samples were collected, cleaned, and crushed, using 
10–50 grams per analysis. Analyses were conducted by ALS Geochemistry in Reno, Nevada. Major element 
analyses were completed by fused bead and acid digestion preparation and analyzed using an inductively coupled 
plasma atomic emission spectroscopy. Rare and trace element analyses were also completed by fused bead and 
acid digestion preparation and analyzed using an inductively coupled plasma mass spectrometer. For classifica-
tion and discrimination diagrams, major oxides were normalized to anhydrous values.

4.4.  Whole-Rock Geochemistry Results

Geochemical data is provided in Table S3 in Supporting Information S1. Silica content for each of the main 
deformed igneous units show discrete clusters, with the Eocene quartz diorite units being most mafic (∼65–70 SiO2 
wt%), the Oligocene monzogranite being fairly felsic (>70–75 SiO2 wt%), and the analyzed Cretaceous-Tertiary 
leucogranites overlapping the monzogranite but in general being most felsic (>75 SiO2 wt%). The two analyzed 
basalt dikes were noticeably more mafic (<60 SiO2 wt%), with sample AZ 6-30-20(1) showing anomalously high 
Nb and Ta.

4.5.  Carbon Isotopic Analyses Methods

Carbon isotopic analyses were conducted to investigate differences between Neoproterozoic and Paleozoic 
marbles, as suggested by Wickham and Peters (1993). Specifically, earlier mapping interpreted that most marbles 
were part of the OꞒm unit (Hurlow,  1987), but more recently it has been appreciated that Neoproterozoic 
marbles exist within the ꞒZpmi/Zmu unit (e.g., McGrew, 2018). Hurlow (1987) interpreted that some of the 
marbles  found interlayered with siliciclastic paragneiss were complexly infolded and interwoven OꞒmi marbles, 
dragged to stratigraphically and structurally deeper levels.

Bulk carbonate samples were analyzed for the  13C/ 12C content at the Beijing Createch Testing Technology 
Company using a MAT253 with a GasBench II peripheral device. The results are expressed in delta (δ) notation 
relative to the V-PDB standard. Repeated analyses of laboratory standard carbonates (TTB1) with known δ 13C 
values were performed daily to ensure instrumental accuracy. The analytical errors of the laboratory standard 
were better than ±0.1‰.

4.6.  Carbon Isotopes Results

Thirteen samples were collected for carbon isotopic analyses, including 12 from the East Humboldt Range study 
area and one from the Pilot Range. In the East Humboldt Range, three samples were collected from mapped Zmm 
marbles, whereas nine were collected from probable OꞒmi marbles. A few OꞒmi samples were from ambiguous 
structural positions, with substantial Quaternary cover surrounding them, and thus their analyses were conducted 
as tests of their unit call. The single Pilot Range sample was collected from a thick sequence of McCoy Creek 
Group strata (D. M. Miller, 1984), and thus this sample was an external test of the carbon isotope results.

Sample location information and isotopic results are in Table S4 in Supporting Information S1. Analyses yielded 
a bimodal distribution of δ 13C values: four samples had δ 13C values between 6.62 and 10.23‰, whereas eight 
samples had δ 13C values of <2‰ (mostly negative; Figure 12). The extremely positive δ 13C values were from 
Neoproterozoic marble samples and the negative δ 13C values were from Cambrian-Ordovician marble samples. 
The Pilot Range sample was unambiguously from McCoy Creek Group marbles, and yielded δ 13C of 9.47‰. 
To compare with our results, probability distribution functions of analyses from Lizzie's Basin (Neoprotero-
zoic McCoy Creek marbles; Wickham & Peters, 1992) and Secret Creek Gorge (Cambrian-Ordovician marbles; 
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Fricke et al., 1992) were plotted next to the new analyses (Figure 12). Consistent, very positive δ 13C values for 
Neoproterozoic marbles and negative (or close to 0‰) δ 13C values for the Cambrian-Ordovician marbles match 
the observations of Wickham and Peters (1993).

4.7.  Microstructure and EBSD Methods

Oriented samples were collected from representative rock units across the East Humboldt Range. Thin sections 
were cut parallel to lineation and perpendicular to foliation, and microprobe polished. Microstructures and kine-
matics were observed via petrographic microscope (Figure 9). Samples were polished for ∼8 hr on a vibrational 
polisher with 0.02 μm colloidal silica suspension to remove near-surface crystal lattice damage and to allow for 
EBSD analyses at the University of Nevada, Reno following methods outlined in Zuza et al. (2019). The EBSD 
analyses used a Nordlys Nano high-resolution detector and Oxford Instruments Aztec 3.3 acquisition software 
package on a JEOL 7100 FE-SEM housed in the Mackay Microbeam Laboratory. Individual run conditions are 
listed in Table S4 in Supporting Information S1, and post-processing was completed in AZtecHKL software and 
MTEX v. 5.1.1 (Bachmann et al., 2011). Pole figure plots were plotted on lower hemisphere stereonets, in sample 
reference frame, shown as scatter plots of all grains (Figure 10). Some samples were presented as orientation 
distribution functions (Ismaïl & Mainprice, 1998; Wenk & Wilde, 1972) of one-point-per grain analyses when the 
scatter plots were very diffuse. More plots are in Figure S5 in Supporting Information S1. Quartz misorientation 
axes with angles between 2° and 10° were plotted and contoured on inverse pole figures with 10° half width, 
using the approach of Piette-Lauzière et al. (2020) for recrystallized and relict grains (Cross et al., 2017). Inter-
pretation of the misorientation axes in terms of active slip systems was guided by Neumann (2000).

In addition to pole-figure plots and analyses, the EBSD data was used to determine crystallographic preferred 
orientation (CPO) strength and shape, recrystallized grainsize, misorientation axes, and kinematic vorticity. CPO 
strength parameters were derived in MTEX, including K and M (Mainprice et al., 2015), and Vollmer (1990)'s 
point (P), girdle (G), and random (R) indices. Grain-size determinations were made using the methodology of 
Cross et al.  (2017), which determined recrystallized vs. relict grains depending on the range intragranular of 
misorientations. The step size of analyses was always <20% the minimum average grainsize, which provided 
confidence in this approach.

4.8.  Microstructure and EBSD Results

Eleven samples were collected from across the western and southern East Humboldt Range (Figure  1b and 
Table 2). All samples were quartzite, except Tmg sample AZ8-19-19-(2). In addition to quartz, lesser phases 
included mica and feldspar (Figure 9). Mica fish, C-S fabrics, and asymmetric porphyroclasts all suggest top-west 
shear sense (Figure 9). Example top-west indicators include S-C’ relationships in Mdp sample (Figure 9a), tails 
on feldspar (Figure 9f), and mica fish (e.g., Figures 9e, 9g, 9h, 9j). Most samples were collected from a west-east 
traverse across the Tent Mountain quadrangle. An Oe sample AZ7-1-20 (1) was the structurally highest sample 
from this traverse (Figure 5b), collected from just outside of the southwest corner of the map in Figure 2. The 
structurally lowest sample, Zmu AZ7-2-20 (4), was collected from deep in a valley in the center of the range. 
To explore variations along strike, three samples were collected from Secret Valley to the south: Mdp samples 
AZ10-8-19(1a) and two ꞒZpmi samples. Almost all samples revealed similar quartz microstructure and grain-
size, with the exception of the structurally highest Oe and Mdp samples. Therefore, our microstructural obser-
vations are divided between (a) the majority of ꞒZpmi-Zmu samples and (b) the structurally higher Mdp, Msq, 
and Oe samples.

For the ꞒZpmi-Zmu samples, quartz grains show interlobate grain boundaries with minor polygonal textures 
(Figure 9). These textures are indicative of grain boundary migration recrystallization (GBM) and lesser subgrain 
rotation recrystallization (SGR; Hirth & Tullis, 1992; Stipp et al., 2002). Feldspar is dynamically recrystallized, 
forming tails on relatively larger porphyroclasts showing top-west shear sense (Figure 9f). The deepest Zmu 
sample is coarser grained and shows a clear GBM texture with interlobate grain boundaries (Figure 9k). The 
structurally higher samples showed distinctly different microstructures. Both Mdp and Msq samples display S-C’ 
fabrics consistent with top-west shear (Figures 9a and 9c). The Msq sample was rich in organic carbon, and quartz 
grains possess polygonal textures of minor SGR and a core-mantle structure with very fine recrystallized bulging 
grain boundaries indicative of bulging recrystallization (BLG; Figure 9c; e.g., Stipp et al., 2002). Quartz grains 
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in the Oe sample were flattened, displaying a core-mantle BLG texture (Figure 9b). Sample Mdp is very finely 
recrystallized and comprised of almost entirely recrystallized grains (Figure 9a).

Quartz EBSD results (summarized in Table  2) show generally similar CPO patterns. Samples broadly show 
c-axis maxima normal to the thin sections (normal to the xy plane), parallel to fabric z-axis, in the center of the 
stereonets (Figure 10). Most c-axes show either short girdles or weak cross girdle geometries (Figure 10). For 
many of the samples, the girdles are roughly symmetric across the center of the pole figures, but some samples 

Figure 9.  Photomicrographs of quartz-rich mylonite samples, revealing textures of dynamic quartz recrystallization. All samples are oriented so the right is west 
although foliation may not be horizontal in each photo due to stage rotation. Note all samples show clear top-west shear-sense indicators. Panel labeled GP has gypsum 
plate in and BC is a band-contrast map from EBSD analyses to show overall texture. Sample AZ10-8-19 (1a) shows an IPF-Z map to show finely recrystallized 
grainsize and evidence for possible diffusion creep deformation, including straight grain boundaries and four-way grain intersections. Samples are generally arranged so 
that the structurally higher samples are at the top and structurally deeper samples are at the bottom. Sample locations in Figure 1 and Table 2.
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Figure 10.  Quartz electron backscatter diffraction results for mylonite samples (additional plots in Figure S5 in Supporting Information S1). Samples are oriented so 
the right is west. (a) Legend for interpreting pole figure plots and misorientation inverse pole figures (IPF) plots derived from Neumann (2000). (b) Ternary of point, 
girdle, and random factors based on Vollmer (1990). (c–m) For each sample, a scatter plot of all analyses is shown for quartz c axes, except panels (c and e) where an 
orientation distribution function of one-point-per-grain is plotted due to more diffuse scatter. The right side of each panel are IPF of 2°–10° misorientation axes for 
relict (rlct) and recrystallized (rex) quartz grains (determined via Cross et al., 2017 script).
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show slightly top-right inclination of the girdles that is consistent with top-west shear sense (Figure 10). Crys-
tallographic vorticity axis (Michels et al., 2015) analyses show that shear zone flow was plane-strain monoclinic 
(see Supporting Information), which allows interpretation of the CPO patterns with respect to possible active 
slip systems. The overall concentration of c axes near the center of the stereonet is consistent with predominately 
prism <a> slip, with lesser rhomb <a> to basal <a> activity in quartz (Barth et al., 2010; Toy et al., 2008). The 
dominance of prism <a> activity (Figure 10) is consistent with GBM (lesser SGR) recrystallization textures 
(Figure 9).

Fabric strength and shape were tracked via K, M indices, and P, G, and R terms (Table 2; Mainprice et al., 2004; 
Skemer et al., 2005). Most samples yielded M values between 0.2 and 0.5, indicating fairly strong fabrics strength. 

Figure 11.  Detrital zircon results from this study on Ordovician Eureka Quartzite (Oe) and Mississippian clastic (Mdp and 
Msq) rocks. (a) Normalized probability plots of four new Oe analyses, one new Mdp analysis, and Gehrels and Pecha (2014) 
Oe compilation. Inset shows comparison results of K-S (Kolmogorov-Smirnov) test as p values, where values <0.05. 
(b) Multi-dimensional scaling plot showing how Oe samples are most similar, and the Mdp sample is distinct (e.g., 
Vermeesch, 2013).
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The outlier samples were the structurally higher samples AZ10-8-19 (1a), AZ 7-1-20 (1), and AZ 10-20-20 (1) 
that yielded M indices of 0.02, 0.09, and 0.11 respectively. These values are consistent with the relatively diffuse 
pole figure plots (Figure 10). Values of K, which reflects the shape distribution of the crystallographic axes, 
spanned ∼0.09–2.6 with an average of 0.9. When K = 1, the crystallographic axes are at the transition between 
cluster distributions (Woodcock, 1977). Results for Vollmer (1990)'s P, G, and R terms were plotted on a ternary 
diagram (Figure 10b), which shows that most samples trended toward the point values (generally P > 0.5). The 
three prominent exceptions are Tmg sample AZ8-19-19-(2) and the structurally higher Oe and Mdp samples 
(Figure  10). We interpret that polyphase deformation (i.e., quartz and feldspar) or grain pinning in the Tmg 
sample may have disrupted its quartz CPO strength and its M index (0.24) is higher than the Oe and Mdp samples. 
The Oe sample plotted in the middle of the ternary diagram, conveying equal girdle, point, and randomness for its 
CPO fabric (Figure 10b). The Mdp sample (AZ10-08-19 (1a)) trended toward a random fabric, which is consist-
ent with its pole figure dispersion (Figure 10).

For the low-angle (2°–10°) misorientation plots, almost all samples show maxima clusters near the c-axis for 
both recrystallized and relict grains, which is consistent with prism<a> slip (Neumann, 2000; Figure 10a). The 
structurally deepest sample, Zmu sample AZ 7-2-20 (4), showed some scatter in the misorientation plots toward 
the {z}<a + c> domain, possibly indicating minor {z} slip (Figure 10l). Two samples deviated from this trend: 
Tmg sample AZ8-19-19-(2) and Oe sample AZ 7-1-20(1). Recrystallized grains from the Tmg sample weakly 
cluster on the outer edge of the misorientation, suggesting rhomb<a> activity, whereas the relict grains concen-
trate near the c axis associated with prism<a> slip (Neumann, 2000; Figure 10g). Recrystallized grains from the 
Oe sample concentrate on the lower outer edge of the IPF plot, suggesting rhomb<a> activity, whereas the relict 
grains concentrate near the c axis and lower outer edge, associated with distributed rhomb and prism <a> slip 
(Neumann, 2000; Figure 10d).

Recrystallized grainsize was determined from the EBSD data (Cross et al., 2017). For the finest grained samples, 
additional maps were constructed using smaller stepsizes, and grainsize estimates were made using the finest 
stepsize maps. Results are summarized in Table 2. There is an overall trend of finer recrystallized grainsize with 
higher structural position, with Zmu sample AZ 7-2-20(4) yielding recrystallized grainsizes of ∼84 μm and Mdp 
sample AZ10-8-19 (1a) yielding recrystallized grainsizes of ∼3 μm. These grainsizes were translated to differ-
ential stresses using the sliding resolution piezometer of Cross et al. (2017), yielding stress estimates from 28 to 
209 MPa for the range of observed recrystallized grainsizes (Table 2).

Figure 12.  Carbon isotope data from the East Humboldt Range (one sample from the Pilot Range) showing distinct 
difference of δ 13C values for Cambrian-Ordovician marbles (low or negative values) and Neoproterozoic marbles (very 
positive values), with probability density plots of published data for Cambrian-Ordovician marbles (blue curve) and 
Neoproterozoic marbles (red curves). Analytical uncertainties are <0.06‰, which is smaller than the symbol size.
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5.  Discussion
5.1.  Deformation Conditions

The East Humboldt Range mylonitic shear zone exhibits consistent top-west shear kinematics across its map- and 
cross-section distribution. The structurally highest samples displayed BLG quartz recrystallization, the structur-
ally lowest samples showed GBM conditions, and many samples in between showed mixed GBM/SGR quartz 
recrystallization (Figure 9). The pronounced variation in recrystallization mechanism is most dominantly affected 
by temperature, although grain pinning, water content, and strain rate can also influence these shifts (e.g., 
Law, 2014; Lloyd & Freeman, 1994; Mainprice et al., 1986; Stipp et al., 2002). That said, we can qualitatively 
infer that the deepest GBM samples deformed at temperatures ∼500–600+°C for GBM recrystallization mech-
anism, mixed SGR/GBM recrystallization probably operated at temperatures of ∼500°C, and the structurally 
higher samples displaying BLG recrystallization may have deformed at temperatures ≤400°C (e.g., Blumenfeld 
et al., 1986, 1988; Hirth & Tullis, 1992; Jessell, 1987; Law, 2014; Lloyd & Freeman, 1994; Mainprice et al., 1986; 
Stipp et al., 2002). Dynamic recrystallization of feldspar grains (Figure 9f) supports deformation temperatures 
above ∼450°C (e.g., Tullis & Yund, 1985).

The CPOs revealed by EBSD analyses show similar strength (M ∼ 0.3–0.5, R < 0.1) for all analyses except 
for the mylonitized granite and the structurally highest samples (Table 2; Figure 10b). Most samples revealed 
predominately prism <a> slip in quartz, with lesser rhomb <a> activity (Figure 10). These slip systems are 
active at ∼450°C–550°C (e.g., Barth et al., 2010; Okudaira et al., 1995; Stipp et al., 2002; Toy et al., 2008). 
These temperature estimates are similar to the above constraints from observations of dynamic quartz recrystal-
lization. A few samples showed cross-girdle geometries, which were fit by hand for opening-angle thermometry 
(e.g., Law, 2014), using the calibration of Faleiros et al. (2016) with an uncertainty of ±50°C. This approach 
yielded temperature estimates of ∼460°C for Oe sample AZ7-1-20(1) and ∼500°C for ꞒZpmi sample AZ8-4-
18(3) (Figure 10).

The Mdp sample was the finest grained sampled (Figure 9a). EBSD data were consistent with predominately 
prism <a> and rhomb <a> slip activity (Figure 10c). However, this sample also displayed the weakest CPO 
(M: 0.02, R: 0.73; Figure 10b). To explain this, we suggest that this sample may display evidence for diffusion 
creep, including its very fine grainsize (∼3 μm), straight grain boundaries, and four-way grain junctions (see 
IPFZ EBSD map in Figure 9a). Diffusion creep can potentially weaken CPOs (Bestmann & Prior, 2003; Jiang 
et al., 2000; Wightman et al., 2006). In this interpretation, dislocation creep would have generated finer grain-
sizes, associated with a stronger CPO, and the activation of diffusion creep may have weakened the CPO during 
grain-boundary sliding.

In summary, the quartz microstructure data are consistent with most deformation occurring at temperatures of 
500°C–600°C, with the structurally higher samples deforming at colder conditions in the 400°C–500°C range. 
In a study at Secret Creek gorge, Hacker et  al.  (1990) inferred peak mylonitization temperatures of ∼630°C 
based on unpublished data from Hurlow, 1987's thesis. However, Hurlow et al. (1991) subsequently suggested 
temperatures of ∼600°C. Therefore, based on constraints from this study and Hacker et al. (1990), we assume the 
highest temperature mylonitic shearing occurred at ∼600°C but also acknowledge that our study did not employ 
quantitative methods.

5.2.  Flow Stress and Strain Rate

The mylonitic rocks displayed recrystallized grainsizes ranging from 3 to 84  μm, which are approximately 
inversely correlated with structural depth, and corresponded to flow stress estimates of 209–28 MPa, respec-
tively (Table 2; Figure 10). As expected for normal-sense exhumation of a broad brittle-ductile transition and 
our understanding of power-law rheology, the structurally higher samples reflect greater strength whereas the 
deeper samples are weaker (Behr & Platt, 2011). Although the temperature is only qualitatively determined, and 
any presumed geothermal gradient may become compressed during extension (e.g., England & Thompson, 1984; 
Ketcham, 1996; Marotta et al., 2009), our observations are consistent with the structurally higher samples being 
colder and stronger, and vice versa. For a temperature range of ∼500°C–600°C and wet quartzite dislocation creep 
parameters (Hirth et al., 2001; Tokle et al., 2019), grainsize piezometry implies fast strain rates of >10 −13 s −1.
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5.3.  Timing Constraints for Normal-Sense Shearing in the East Humboldt Range

Most penetrative fabrics in the East Humboldt Range consisted of subhorizontal to gently dipping foliations and 
west-northwest trending lineation that display top-west shear kinematics. However, rare top-east kinematics were 
also observed, generally at structurally deeper levels, and it is assumed that older Mesozoic top-east fabrics in 
this region were obliterated by top-west-northwest normal-sense shearing (McGrew, 1992, 2018; McGrew & 
Casey, 1998). Subtly deformed Tmg crosscutting mylonitic quartzite at a structurally deep locality near Steele 
Lake (Figure 6) is evidence for a pre-Oligocene phase of shearing. This older phase of deformation may have 
potentially attenuated some of the stratigraphy and condensed structural levels (Long & Kohn, 2020; McGrew 
et al., 2000), as quantified by thermobarometry data sets (Hallett & Spear, 2014, 2015). The relative contribu-
tions of Mesozoic vs. Cenozoic attenuation are impossible to quantify. In this regard, we discuss the more recent 
mylonitic episode, but emphasize that there was probably Jurassic and Cretaceous deformation (e.g., Hallett & 
Spear, 2015; Hudec, 1992; Jones, 1999; McGrew et al., 2000) that was overprinted by Cenozoic mylonitic shear-
ing in the East Humboldt Range.

Direct crosscutting relationships with dated igneous rocks allow for the main phase of mylonitic shearing to span 
ca. 29 Ma (i.e., deformed Tmg) to ca. 17 Ma (i.e., undeformed subvertical basalt dikes; Snoke, 1980; Premo 
et al., 2014; Wright & Snoke, 1993; Zuza, Dee, et al., 2021; Zuza, Henry, et al., 2021; this study). To further 
resolve the timing of this deformation, we consider the two known geologic events between 29 and 17 Ma that 
could have driven mylonite formation: (a) deformation related to, or driven by, Oligocene magmatism (see 
Konstantinou et al., 2012, 2013 models for the Albion-Raft River-Grouse Creek MCC) or (b) the earliest phase of 
Miocene-to-present regional extension (bracketed to initiate at ca. 17–16 Ma; Colgan & Henry, 2009) that would 
have immediately preceded ca. 16.8 Ma basalt intrusions. As discussed above, mylonitic shearing was probably 
rapid (< several Myr), which means that it could have reflected initial hot and fast Miocene extension (e.g., Zuza 
et al., 2019) just prior to 17 Ma. However, ca. 17–15 Ma  40Ar/ 39Ar plagioclase phenocryst or plagioclase-bearing 
groundmass dates from Tb dikes around Angel Lake (Zuza, Henry, et al., 2021) imply that the dikes were cooled 
below plagioclase closure temperatures of ∼225°C–300°C (e.g., Cassata et al., 2009) at this time. It is untenable 
that relatively hot quartz dynamic recrystallization temperatures (around 500°C–600°C; Hacker et al., 1990; this 
study) would cool that rapidly (<1 Myr) by ca. 17 Ma.

Conversely, a hypothesis of middle-late Oligocene shearing is supported by fission track and  40Ar/ 39Ar biotite 
dating that suggest cooling through ∼300°C–200°C by ca. 23 Ma (Dokka et al., 1986; McGrew & Snee, 1994; 
Wright & Snoke, 1993) and observations of presently undated but undeformed mylonite-crosscutting leucogranite 
dikes in the East Humboldt Range (Figure 5c). Howard et al. (2011) reported ca. 29 Ma leucogranite in the Ruby 
Mountains to the south, and thus leucogranite with Oligocene ages are permissible. No Miocene leucogranites 
have been reported for the area, which leads us to interpret a probable Oligocene age for these dikes. Oligocene 
intrusions are not reported elsewhere in northern Nevada, outside of the Ruby Mountains-East Humboldt Range, 
and therefore we interpret that these localized intrusions are associated with the relatively local strong mylonitic 
shearing and pronounced exhumation of mid-crustal rocks observed in the East Humboldt Range. These lines of 
evidence suggest that the pervasive shear zone formed in the Oligocene, with late stages generating small volume 
leucogranite during decompression or dehydration melting. Future dating attempts on these crosscutting leuco-
granite dikes could provide better constraints.

The Ruby Mountain-East Humboldt Range detachment fault must have slipped after ca. 16.8 Ma, because the 
fault cuts basalt dikes of this age (Snoke, 1980; Zuza, Henry, et al., 2021). The simplest interpretation is that 
the main detachment initiated during the regional initiation of Basin and Range extension across Nevada at 
17–16 Ma (Colgan & Henry, 2009), which is consistent with low-temperature apatite fission track and (U-Th)/He 
thermochronology from the southern Ruby Mountains that shows ca. 17–15 Ma cooling (Colgan et al., 2010) 
and the initial deposition of the syn-extensional Humboldt Formation. Available constraints allow detachment 
slip to have possibly occurred during Oligocene mylonitic shearing, either kinematically coupled with the mylo-
nitic shear zone to generate brittle normal faults in the upper crust or as a structure to maintain strain compat-
ibility between the high-strain mylonites and lesser deformed upper plate (e.g., J. Lee et al., 2017; E. L. Miller 
et al., 1983). However, we interpret the lack of syn-kinematic Oligocene basin deposits (Figure 1c) as evidence 
against significant Oligocene normal faulting.
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5.4.  Original Geometry of the Mylonitic Shear Zone and Detachment

The Ruby Mountain-East Humboldt Range detachment fault is subparallel to the underlying mylonitic shear zone 
(Haines & van der Pluijm, 2010; Hurlow, 1987; Hurlow et al., 1991; Snoke et al., 1997). Our data suggests that 
the lower plate largely consists of a relatively intact, coherent stratigraphic sequence from Zmu up to Oe, with 
structurally higher, finely recrystallized Mississippian siliciclastic rocks observed south in Secret Valley (e.g., 
Snoke et al., 2021). This stratigraphic thickness would have originally been ∼3.5 km (i.e., based on regional 
stratigraphy in Coats, 1987; Colgan et al., 2010; Zuza, Henry, et al., 2021), which was attenuated to a present-day 
thickness of ∼700 m (Figure 7a). This represents 80% vertical attenuation.

Alternatively, our interpretation of thrust duplication of Ordovician rocks over Mississippian strata as observed 
in the field (Figure 2a) and discussed above may imply more complex unit attenuation (Figure 7). In this case, the 
bulk geometries imply ∼87% attenuation (i.e., 5.5 km structural thickness thinned to ∼700 m; Figure 7b). This 
scenario implies a potential for heterogenous unit omission, and although some of the bulk attenuations could 
have been accomplished via normal-fault excision, our observations support that it mostly resulted from bulk 
structural attenuation. Namely, (a) there are no observations of fault structures cutting down section as expected 
for discrete normal faults and (b) individual distinct units were attenuated a comparable amount, such as Oe that 
was observed with ≤5 m thickness (Figure 5b) compared to a normal thickness of 50–70 m in adjacent ranges 
(Zuza et al., 2021), which equals >90% attenuation of the quartzite unit. This attenuation may have occurred 
entirely in the Oligocene, or as discussed above, it may represent the integrated history of Mesozoic and Cenozoic 
attenuation. Deformation of Oligocene granites requires that some of this attenuation occurred during or after the 
Oligocene. As a comparison, the northern Snake Range metamorphic core complex (Figure 1a) involved similar 
attenuation of the same stratigraphy (E. L. Miller et  al., 1983) and available evidence suggests this occurred 
entirely in the Oligocene (J. Lee et al., 1987, 2017), which is consistent with our interpretation of predominately 
Oligocene attenuation in the East Humboldt Range.

Seemingly at odds with simple structural attenuation are the isoclinal folds nappes, such as the Winchell Lake 
fold nappe (Figure 2). In this study, new detrital zircon ages and carbon isotope confirmed age assignments from 
McGrew (2018), such that the southern nose of the nappe involves overturned isoclinal, recumbent folding of 
ꞒZpmi through Mc. Our mapping supports that this structure was faulted over the main ꞒZpmi-OꞒmi units 
of the Tent Mountain quadrangle (west-striking fault north of Ackler Creek in Figure 2). McGrew (2018) and 
McGrew et al. (2000) argued that this nappe formed in the Late Cretaceous based on ca. 83–85 Ma leucogranite 
that was folded within the nose of the nappe, although MacCready et al. (1997) argued that similar recumbent 
folds and nappes in the Ruby Mountains formed in the Cenozoic during regional extension and associated crustal 
flow. The northward opening, isoclinal recumbent Winchell Lake synclinal nappe is somewhat incompatible with 
generation during predominately Mesozoic southeast-directed shortening (e.g., Zuza, Henry, et al., 2021), and its 
opposite vergence of Ruby Mountain nappes (MacCready et al., 1997) may support generation during buoyant 
diapirism as envisioned by Howard (1980, p. 345).

We hypothesize three scenarios where the Winchell Lake isoclinal fold may at least partially result from Cenozoic 
deformation (Figure 8b). First, it may result from attenuation of a more open, originally Mesozoic fold (i.e., 80% 
attenuation greatly exaggerating a preexisting fold; Figure 8b). Second, diapiric rise of the mid-lower crust, such 
as in the numerical models of Rey et al. (2017), could lead to local tight folding and overturning (Figure 8b; e.g., 
Dirks et al., 1997). Lastly, the fold nappe may result from a range-scale a-type fold (Sander, 1930; Figure 8b), as 
discussed by Malavielle (1987) in the Albion-Raft River-Grouse Creek (ARG) MCC. The parallelism between 
the isoclinal fold hinge and regional lineations suggest an a-type fold mechanism (e.g., Malavieille, 1987). All 
three mechanisms may be overprinting, such that earlier fold geometries were modified by diapiric flow and 
shearing (e.g., Dirks et al., 1997; Teyssier & Whitney, 2002). With these interpretations, we argue that this fold-
ing was complexly related to shearing and unit attenuation, at least partly during the Oligocene.

We can refine the pre-late Cenozoic orientation of the main mylonitic shear. In the southern East Humboldt 
Range, the coherent but attenuated mylonitic section dips ∼10°–15° west with shallowest subhorizontal dips 
near the range crest (Figure 13a). Detachment faulting and high-angle normal faulting would have potentially 
tilted the range. The subparallel Oe through Zmu units suggest this entire sequence was tilted together. In the 
simplest scenario, west-directed detachment faulting (Dokka et al., 1986; Hurlow et al., 1991) would have tilted 
the range eastward (e.g., Wernicke & Axen, 1988). The Quaternary high-angle faulting history is also consist-
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ent with eastward tilt. The western range front is bound by two active fault systems with prominent scarps in 
surficial deposits consistent with on-going Quaternary activity and bedrock exhumation (Figure 2). Late Pleis-
tocene slip rates on the westernmost active fault with Holocene scarps are 0.1–0.2  mm yr −1 (Wesnousky & 
Willoughby, 2003; this study). Because the total exhumation rate is the sum of all active fault systems, the inte-
grated slip rate of both fault systems is equal to, or greater than, this rate. Conversely, the eastern range-front fault 
system is weakly expressed by discontinuous, small fault scarps that appear less recently active with a minimal 
contribution to Quaternary range exhumation (Figure 13a). The thick Eocene-Miocene sedimentary basin on the 
west side of the East Humboldt Range suggests that faults on the westside have been more significant in creating 
accommodation space for sedimentation and adjacent range uplift (e.g., Colgan et al., 2010; Satarugsa & John-
son, 2000). Inversion of gravity data shows basins on the west side of the East Humboldt Range-Ruby Mountains 

Figure 13.  Sketch diagrams showing how the present-day geometry of the East Humboldt Range mylonitic shear zone relates to a plausible tectonic model for its 
Oligocene formation. (a) Digital elevation modelof the study area showing distribution of main Oe, OꞒm, and CZpmi-Zmu exposures (e.g., Figure, 2), topographic 
and section profile in (b), and range-bounding normal faults. The eastern fault is largely covered and less active, although the eastward range escarpment is steep. (b) 
Schematic cross-section along A-A’ in (a) showing broad structure and shallow west dip of the mylonitic shear zone as exposed today. (c) Thickness of Cenozoic 
basins bounding the East Humboldt Range, inverted from gravity data (Ponce et al., 2011). Outline of (a) shown. (d) Model for buoyant upwelling and generation 
of a general-shear mylonite zone at a relatively steep angle with extreme unit attenuation. Minor upper crust extension may have occurred, resulting in precursor 
detachment-fault geometries that were balanced by upwelling so that Oligocene basin development was negligible. Later Miocene extension probably linked to this 
established shear zone (blue dashed line). Isoclinal recumbent folds in the Ruby Mountains partially accommodate northward crustal flow under this doming system 
(MacCready et al., 1997) based on north-trending lineations below the main mylonite zone and NW-trending lineations within the mylonite (see stereonet plot). The 
Lamoille and Solider Creek fold nappes are labeled to schematically show how they accommodate northward flow. (d) Middle Miocene-present high-angle normal 
faulting rotating the range ∼40° east, predominately via slip on the western west-dipping range-bounding normal fault with lesser slip on the eastern range-bounding 
normal fault. This rotation results in a shear zone geometry that matches today, as compared with (b).
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are >2 km deep, whereas Clover Basin on the east side of the East Humboldt Range is more sporadic and <1 km 
thick (Ponce et al., 2011; Figure 13c).

As an analog comparison, the Pequop Mountains experienced 40° of eastward rotation accommodated by 
west-dipping range-bounding normal faults and an early phase of detachment faulting (Zuza, Henry, et al., 2021). 
Geometric arguments show that Miocene eastward range tilting exhumed the bedrock in the Pequop Mountains 
from ∼6 to 8 km depth, accompanied by syn-kinematic deposition of ∼2 km of Miocene sediments along the 
western flank of the range (Zuza, Henry, et al., 2021). Furthermore, displaced late Pleistocene fans along the 
western flank of the Pequop Mountains (Figure 1) suggest 0.16 mm yr −1 vertical fault separation rates (Zuza, 
Henry, et al., 2021), which are comparable to the East Humboldt Range fault rates. The Humboldt Formation west 
of the East Humboldt Range is up to 5 km thick (Ponce et al., 2011; Satarugsa & Johnson, 2000), thicker than 
the Humboldt Formation in the Pequop Mountains. Therefore, we interpret the East Humboldt Range was tilted 
at least as much as the Pequop Mountains, or at least ∼40° eastward since the Miocene. A low-temperature  ther-
mochronology traverse in the Ruby Mountains interpreted ∼40° eastward tilting over this time period (Colgan 
et al., 2010). Following this logic, the East Humboldt Range mylonitic shear zone can be restored back to a ∼55° 
west dip prior to range tilting (Figures 13b and 13e). We acknowledge the uncertainty in this estimate, which 
could have been shallower if the East Humboldt Range was tilted less due to competing fault activity on the 
eastern range-bounding fault, and therefore a range of 40°–55° original west dip is preferred. However, these 
geometries suggest that rocks exposed in the East Humboldt Range today were at depths of at least ∼6 km prior 
to range tilting.

In addition, this geometric restoration implies that the mylonite-parallel Miocene detachment fault system initi-
ated at similar moderate dips (40°–55°W), which simplifies issues of the mechanical feasibility of apparently 
low-angle normal faults (e.g., Axen, 2004; Collettini, 2011). That is, although the East Humboldt Range detach-
ment fault currently has a shallow (≤10°W) orientation (e.g., Haines & van der Pluijm, 2010; Snoke, 1980) that 
would be mechanically unfavorable to initiate, our geometric restoration suggests that this normal fault initiated 
at more moderate dips due to pre-detachment-slip structural complexities.

5.5.  General-Shear Stretching of the East Humboldt Range

No systematic variations in strain conditions (i.e., fabric strength or kinematics) were observed for different struc-
tural levels in the main mylonite. Deformation conditions are broadly compatible with structurally higher samples 
deforming at colder temperatures and higher stresses. We interpret this to suggest that from Oe down through 
ꞒZpm, the entire section deformed as a homogenous shear zone without significant, focused strain partitioning. 
Crystallographic vorticity axis plots validate plane strain (Supporting Information). Some shear-zone attenuation 
may have occurred prior to the Oligocene, but because penetrative fabrics are developed in Oligocene granites 
and the older host rock, it is clear that at least some (or all) of this attenuation occurred in the Oligocene. We 
interpret that the severe attenuation of the mylonitic shear zone that is strongly lineated and displays pervasive 
top-west shear kinematics implies simultaneous contributions of pure- and simple-shear as general shear (or 
sub-simple shear). Simpson and De Paor (1993) discussed cases of general shear, and highlighted that the bound-
ing wallrock of the general shear zone must be deformable or be separated from the shear zone by a fault struc-
ture. In this case, we argue that both situations are likely to occur in the East Humboldt Range, as the overlying 
upper Paleozoic rocks comprise a detachment fault system above the attenuated lower plate mylonitic shear zone. 
With a deformable wallrock, this shear zone system is defined as a stretching fault (Means, 1989).

Using bulk shear-zone attenuation observations to interpret the integrated strain history of this MCC inherently 
has some limitations, but we can place some preliminary bounds on shear-zone stretching. Assuming 2D condi-
tions with no volume change, ∼80% vertical shortening of the section (i.e., −0.8 εyy) equates to 400% horizontal 
strain (i.e., 4 εxx) or 5× stretch, Sx = εxx + 1. Therefore, the rocks between ꞒZpm and Oe may have been stretched 
∼5× their original length during vertical attenuation of ∼80%. With this example, ∼5 km of horizontal stratigra-
phy could be stretched to a length of ∼25 km. Out-of-plane stretching (i.e., north-south) is possible, although our 
crystallographic vorticity axis observations suggest predominately plane strain monoclinic flow.



Tectonics

ZUZA ET AL.

10.1029/2021TC007162

30 of 38

5.6.  Interpretation of Cenozoic Tectonic History for the East Humboldt Range

Most published models for the Cenozoic evolution of the East Humboldt Range suggest that regional extension 
drives upper-crust normal faulting that was kinematically linked downdip with a mylonitic shear zone, with 
footwall exhumation driven by isostatic rebound during progressive hanging wall removal (e.g., Haines & van 
der Pluijm, 2010; Hurlow et al., 1991; MacCready et al., 1997). These models often invoke regional extension 
and detachment faulting from the Eocene to the mid-late Miocene, which predicts (a) a relatively long phase 
of continuous (or pulsed) extension at relatively moderate strain rates (10 −14–10 −15 s −1; e.g., Haines & van der 
Pluijm, 2010), (b) kinematic coupling between the upper crust faults and mylonitic shearing, (c) simple-shear 
strain in the mylonites (e.g., Davis, 1983), and (d) syn-kinematic basin records that match this extensional history 
(e.g., Dorsey & Becker, 1995; Friedmann & Burbank, 1995; Henry et al., 2011).

Observations from this study are not consistent with this aforementioned model because (a) microstructural data 
suggests faster strain rates of >10 −13 s −1 (Hacker et al., 1990; this study), (b) field and microstructure data favor 
strong vertical attenuation of the mylonitic shear zone, suggesting a strong component of pure shear, (c) there 
appears to be temporal decoupling between Oligocene mylonitic shearing and mid-Miocene detachment fault-
ing, and (d) syn-kinematic basins only include a thin Eocene basin and more widespread and thicker Miocene 
basins. As mentioned above, current observations are ambiguous as to whether the East Humboldt Range records 
Eocene-Oligocene extension, but regional records suggest that pervasive regional extension in northeast Nevada 
did not commence until the middle Miocene (e.g., Colgan & Henry, 2009; Henry et al., 2011). The high horizon-
tal stretch values (∼5×) implied by Oligocene attenuation of the mylonitic shear zone suggests that if this shear 
zone represented the down-dip continuation of an Oligocene brittle detachment fault, there should be substantial 
fault slip and thus an appreciable record of syn-kinematic basin sedimentation.

In light of observations from this study, integrated with interpretations from adjacent MCCs, we propose 
the following model for the Cenozoic evolution of the East Humboldt Range. Our tectonic model starts with 
the McCoy Creek Group rocks situated at ∼12–14  km depth based on P-T estimates of mylonitization (i.e., 
3.1–3.7 kbar; Hurlow et al., 1991; Figure 13d). This implies that the rocks were near, or slightly deeper than, their 
original stratigraphic depths (∼10–15 km; Coats, 1987; Zuza, Henry, et al., 2021; Zuza et al., 2020, 2022). Our 
model is based on the following main observations and interpretations: (a) rapid shearing just after Oligocene 
magmatism as constrained by strain rates, previously published thermochronology (Dokka et al., 1986; McGrew & 
Snee, 1994; Wright & Snoke, 1993), and cross-cutting ca. 17 Ma basalt dikes; (b) an initially moderate-steepness 
geometry (∼40°–55° west) for the mylonite zone as inferred by late Cenozoic, post-mylonitization eastward rota-
tion of the range (Figure 13), (c) a significant component of pure-shear stretching of the mylonitic shear zone (i.e., 
general shear); (d) the lack of Oligocene basin deposits (Lund Snee et al., 2016; Zuza, Henry, et al., 2021), which 
would be expected from regional Oligocene extension at this time (e.g., Dorsey & Becker, 1995; Friedmann & 
Burbank, 1995), (e) parallelism between Oligocene mylonitic shearing and Miocene detachment faulting (e.g., 
Dokka et al., 1986), and (f) a lack of substantial section omission across the detachment faults and mylonitic shear 
zone (Hurlow, 1987; Zuza, Dee, et al., 2021). Therefore, we find that (a) Oligocene mylonitic shearing coherently 
attenuated the existing stratigraphy, (b) Oligocene deformation was temporally decoupled from Miocene-present 
extension, and (c) the mylonitic shear zone was later tilted east to its present-day configuration. Our interpreta-
tions of pervasive general-shear stretching are most consistent with intrusion-related upward flow of the middle 
and lower crust, as envisioned by Konstantinou et al. (2012, 2013) for the ARG MCC (Figure 1a).

Mesozoic shortening may have resulted in some folding and unit duplication, including precursor folding and 
nappe development (e.g., McGrew et al., 2000) or the thrust emplacement of Ordovician rocks over Mississip-
pian strata (Figure 7). Eocene magmatism generated extensive mantle-derived Tqd intrusions across the East 
Humboldt Range and Ruby Mountains, which was also expressed as coeval and genetically related volcanism 
(e.g., Henry et al., 2011; Howard, 2003; Lund Snee et al., 2016). Eocene volcanic rocks infilled paleovalleys 
but surface-breaking normal faulting and extension was minor (e.g., Cassel et  al.,  2018; Henry, 2018; M. E. 
Smith et  al.,  2017). The Eocene Cordilleran hinterland may have been extremely hot, potentially supporting 
higher surface elevations (Lund Snee et al., 2022). Konstantinou et al. (2013) argued that in the ARG, Eocene 
mantle-derived intrusions in the lower crust led to protracted heating, thermal incubation, and melt hybridi-
zation that generated Oligocene plutons with no record of coeval volcanism. We posit that the magmatic and 
thermal history in the East Humboldt Range may have been similar to the ARG, where Eocene quartz diorite 
intrusions drove remelting of the lower crust to generate voluminous, often leucocratic, Oligocene plutons in the 
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East Humboldt Range and Ruby Mountains (e.g., Howard et al., 2011; this study) with no volcanic equivalent. 
Geochronologic and petrologic investigations of magmatism at structurally deeper levels in the Ruby Moun-
tains reveal a complex history of partial remelting and remobilization of Cretaceous and early Cenozoic granites 
(Howard et al., 2011) and continued investigations will lead to more insights to test our working hypothesis.

Regardless of origin, there is a striking spatial relationship in the region between significant Oligocene magma-
tism and mylonitic shearing, as Oligocene intrusions are not observed outside of the East Humboldt Range-Ruby 
Mountains except to the north in the ARG. The lack of Oligocene plutons elsewhere could be a unique expo-
sure bias, but other ranges in the eastern Great Basin that expose stratigraphically deep Neoproterozoic through 
middle Paleozoic strata have no reported Oligocene plutons (e.g., the Pilot Range in northwest Utah; D. M. 
Miller, 1984). We, therefore, interpret this relationship to imply that the mylonitic shearing in the East Humboldt 
Range was be primarily driven by Oligocene magmatism. We argue that the hot and voluminously intruded 
middle crust rose buoyantly (e.g., Howard, 1980), which resulted in extreme attenuation of the upper crust and 
the Neoproterozoic-Paleozoic stratigraphy (e.g., Figure 13d). This thinning is analogous to how Cambrian strata 
were pure-shear attenuated around the Papoose Flat pluton in the White Mountain, eastern California, which 
coherently thinned the local section from ∼1.2 km to ∼100 m (e.g., Sylvester et al., 1978). Additionally, system-
atic study of pluton emplacement of the Fangshan pluton, China, shows pure-shear attenuation of the wallrock 
during the intrusion process (He et al., 2009; Zhao & Cong, 2014). Similarly, the East Humboldt Range may 
represent a magmatic gneiss dome. Density inversions as Rayleigh-Taylor instabilities can allow for diapiric rise 
of hotter and less dense middle-lower crust (e.g., Fletcher, 1972; Gilbert & Merle, 1987; Ramberg, 1981; Rey 
et al., 2009). It is possible that the rising gneiss dome could have generated, or substantially modified, the recum-
bent fold structures (e.g., Howard, 1980; Rey et al., 2017) in the region (Figure 8b).

During upwelling, a mobile lower crust may have flowed into the MCC (e.g., Gans, 1987; McKenzie et al., 2000), 
thus generating the Lamoille Canyon and Soldier Creek fold nappes and north-trending lineations observed in 
the central Ruby Mountains (MacCready et al., 1997; Figure 13d). Specifically, MacCready et al. (1997) inter-
preted that these northward flow structures were generated in the Oligocene based on strong north-trending line-
ations developed in ca. 29 Ma monzogranite, but McGrew et al. (2000) interpreted the fold nappes to have been 
generated during the Late Cretaceous. As discussed above, it is likely that earlier structures were overprinted by 
Oligocene deformation.

Minor decompression melting may explain the late-stage leucogranites observed cross-cutting mylonitic fabrics 
(e.g., Figures 5c and 5d). Thermal upwelling of the middle-lower crust would have compensated crustal subsid-
ence implied by extreme attenuation, such that little space was generated for basin sedimentation. The Clover 
Creek stratigraphy (McGrew & Snoke, 2015; Zuza, Henry, et al., 2021) suggests that some thin Oligocene depos-
its (Figure  1c) could have been deposited at this time, or just after, but there were no significant Oligocene 
extensional basins (cf. Friedmann & Burbank, 1995). Miocene-present extension generated thick and widespread 
basins (e.g., Camilleri et al., 2017; Colgan & Henry, 2009; Henry et al., 2011; Satarugsa & Johnson, 2000; Zuza, 
Henry, et al., 2021). Mylonitic attenuation was decoupled from brittle upper crustal deformation, although some 
precursor low-angle detachment faulting may have occurred due to maintain upper vs. lower-plate strain compat-
ibility (Figure 13d). The lack of significant stratigraphic omission across the detachment faults and mylonitic 
shear zone further support significant pure-shear stretching in this domal upwelling model (e.g., E. L. Miller 
et al., 1983).

Crustal attenuation at rapid strain rates >10 −13 s −1 could result in 400% horizontal stretching in ∼1.3 Myr. 
Therefore, upwelling and attenuation may have been complete about a million years after ca. 29 Ma Tmg intru-
sions, which is consistent with fission track,  40Ar/ 39Ar biotite ages that suggest the rocks were cooled through 
∼300°C–200°C by ca. 23 Ma (Dokka et al., 1986; McGrew & Snee, 1994; Wright & Snoke, 1993). Regional 
Miocene detachment faulting starting at ca. 17 Ma (e.g., Colgan & Henry, 2009; Zuza et al., 2021) may have 
exploited the structural framework established by thermal upwelling, which was followed by high-angle normal 
faulting, Miocene basin deposition, and range tilting that impacted northeastern Nevada (e.g., Colgan & 
Henry, 2009; Zuza, Henry, et al., 2021; Figure 13d). This rotated the East Humboldt Range mylonitic shear zone 
to shallowly west dipping (Figure 13e).
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6.  Conclusions
In this study, we integrated new geologic mapping, geochronology, carbon isotope analyses, and microstruc-
tural observations across the East Humboldt Range metamorphic core complex, northeast Nevada, to constrain 
the style, timing, and magnitude of mylonitic shearing and crustal attenuation. We developed the following 
conclusions:

1.	 �The top-west East Humboldt Range mylonitic shear zone deformed at strain rates >10 −13 s −1 at temperatures 
high enough for plastic quartz and feldspar dynamic recrystallization, probably 500°C–600°C, as evidenced 
by microstructural observations, quartz piezometry, and EBSD data.

2.	 �Within the main mapped shear zone, there was no observed variation of strain with vertical structural posi-
tion, other than expected higher stress conditions at structurally higher and colder levels. Field observations 
demonstrate a largely coherent original stratigraphy that was vertically attenuated at least 80%. Therefore, we 
interpret the East Humboldt Range mylonites as having formed as a general-shear zone.

3.	 �Direct cross-cutting relationships require mylonitic shearing between ca. 29  and 16.8 Ma, but we further inter-
pret that this deformation occurred contemporaneously, or shortly after, Oligocene magmatism. The mylonite 
is cross-cut by leucogranite dikes of unknown age (probably Oligocene) and middle Miocene basalt dikes.

4.	 �The East Humboldt Range mylonite zone probably rotated eastward due to Miocene normal faulting, as 
observed for most other ranges in the area. This geometric consideration implies that the shear zone formed at 
a steeper dip than today (∼40°–55° west).

5.	 �Taken together, the timing and nature of this general shear zone is consistent with its formation during Oligo-
cene thermal upwelling and doming, as envisioned for the Albion-Raft River-Grouse Creek MCC in Utah 
to the northeast. Therefore, we argue that this mylonitic shear zone did not accommodate regional exten-
sion, which is consistent with the lack of syn-extensional Oligocene basin deposits and prevalence of clear 
Miocene extensional basins that mark the onset of regionally significant Basin and Range extension in north-
east Nevada.
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