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Heterogenous late Miocene extension in the northern Walker Lane 
(California-Nevada, USA) demonstrates vertically decoupled 
crustal extension
Michael C. Say and Andrew V. Zuza
Nevada Bureau of Mines and Geology, University of Nevada, Reno, Nevada 89557, USA

ABSTRACT

The spatial distribution and kinematics of intra-
continental deformation provide insight into the 
dominant mode of continental tectonics: rigid-body 
motion versus continuum flow. The discrete San 
Andreas fault defines the western North America 
plate boundary, but transtensional deformation 
is distributed hundreds of kilometers eastward 
across the Walker Lane–Basin and Range provinces. 
In particular, distributed Basin and Range extension 
has been encroaching westward onto the relatively 
stable Sierra Nevada block since the Miocene, but 
the timing and style of distributed deformation 
overprinting the stable Sierra Nevada crust remains 
poorly resolved. Here we bracket the timing, mag-
nitude, and kinematics of overprinting Walker Lane 
and Basin and Range deformation in the Pine Nut 
Mountains, Nevada (USA), which are the western-
most structural and topographic expression of the 
Basin and Range, with new geologic mapping and 
40Ar/39Ar geochronology. Structural mapping sug-
gests that north-striking normal faults developed 
during the initiation of Basin and Range extension 
and were later reactivated as northeast-​striking 
oblique-slip faults following the onset of Walker 
Lane transtensional deformation. Conformable 
volcanic and sedimentary rocks, with new ages 
spanning ca. 14.2 Ma to 6.8 Ma, were tilted 30°–36° 
northwest by east-dipping normal faults. This rela-
tionship demonstrates that dip-slip deformation 
initiated after ca. 6.8 Ma. A retrodeformed cross 
section across the range suggests that the range 
experienced 14% extension. Subsequently, Walker 

Lane transtension initiated, and clockwise rotation 
of the Carson domain may have been accommo-
dated by northeast-striking left-slip faults. Our 
work better defines strain patterns at the western 
extent of the Basin and Range province across an 
approximately 150-km-long east-west transect that 
reveals domains of low strain (~15%) in the Carson 
Range–Pine Nut Mountains and Gillis Range sur-
rounding high-magnitude extension (~150%–180%) 
in the Singatse and Wassuk Ranges. There is no 
evidence for irregular crustal thickness variations 
across this same transect—either in the Mesozoic, 
prior to extension, or today—which suggests that 
strain must be accommodated differently at decou-
pled crustal levels to result in smooth, homogenous 
crustal thickness values despite the significantly 
heterogeneous extensional evolution. This exam-
ple across an ~150 km transect demonstrates that 
the use of upper-​crust extension estimates to con-
strain pre-​extension crustal thickness, assuming 
pure shear as commonly done for the Mesozoic 
Nevadaplano orogenic plateau, may not be reliable.

■■ INTRODUCTION

Continental plate boundaries can be distributed 
and diffuse, with relative plate motion accommo-
dated by wide zones (i.e., hundreds to thousands 
of kilometers) of deformation as observed in the 
San Andreas fault–Walker Lane–Basin and Range 
system of western North America or the Hima-
laya-Tibetan orogen (Atwater, 1970; Davis and 
Burchfiel, 1973; Molnar and Tapponnier, 1975; 
Thatcher, 1995; Flesch et al., 2000; Yin, 2010; Evans 
et al., 2016). Intraplate kinematics is described by 

either plate-like rigid-body motion separated by 
discrete faults (e.g., Luyendyk et al., 1980; Tappon-
nier et al., 1982; Weldon and Humphreys, 1986; 
Avouac and Tapponnier, 1993; Meade and Hager, 
2005; Meade, 2007) or viscous flow with local high-
strain zones within a deforming continuum (e.g., 
England and Houseman, 1986; Platt and Becker, 
2010, 2013; Yin and Taylor, 2011; Haproff et al., 
2018). An example of this problem is the spatial 
and temporal variation of Cenozoic extensional 
strain magnitudes and rates across the Basin and 
Range, western United States, in map view (e.g., 
Coney and Harms, 1984; McQuarrie and Wernicke, 
2005; Long, 2019) that conflict with apparently well-​
distributed finite strain across the Great Basin, as 
shown by its uniform crustal thickness (e.g., All-
mendinger et al., 1983; Gilbert, 2012). To explain 
this observation, it has been proposed that flow or 
influx of a low-viscosity lower crust smoothed out 
topography and Moho-depth variations (e.g., Gans, 
1987; Bird, 1991; Kruse et al., 1991; McKenzie et al., 
2000). This requires decoupling of the upper and 
lower crust, such that extensional strain recorded 
in the geologic record at Earth’s surface does 
not reflect processes in the lower crust. Despite 
this kinematic requirement, models of the pre-​
extensional thickness of the Great Basin commonly 
rely on using upper-crust extensional magnitudes 
(e.g., McQuarrie and Wernicke, 2005) to restore 
crustal thickness of the inferred Nevadaplano oro-
genic plateau (DeCelles, 2004), assuming vertically 
coherent pure-shear extension of a crustal column 
(e.g., Coney and Harms, 1984; Best et al., 2009; 
Long, 2019; Bahadori and Holt, 2019).

To address the above issues, we conducted a 
focused study of the western Basin and Range 
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extensional province at ~39°N latitude, where 
extension has encroached westward onto the rel-
atively stable rigid Sierra Nevada block since the 
middle Miocene (Dilles and Gans, 1995; Henry and 
Perkins, 2001; Surpless et al., 2002) (Fig. 1). Here, 
crustal extension estimates are extremely variable, 
with the Yerington district (i.e., Singatse Range) 
classically interpreted to reflect high-magnitude 
extension of >150% (e.g., Proffett, 1977), whereas 
the eastern Sierra Nevada–Carson Range is inter-
preted to have been extended <20% (e.g., Stockli, 
1999; Surpless et al., 2002; Long, 2019) (Fig. 1). 
Despite these drastically different extensional strain 
magnitudes, present-day crustal thickness is simi-
lar across these regions and the Moho is relatively 
flat (e.g., Allmendinger et al., 1983; Surpless et al., 
2002; Gilbert, 2012). There is also no evidence that 
Mesozoic crustal thickness values in this region 
were dissimilar—probably >60–70 km as part of 
the Sierra Nevada arc and immediate backarc (e.g., 
Profeta et al., 2015; Cao and Paterson, 2016)—and 
therefore efficient three-dimensional strain par-
titioning is required to distribute high and low 
magnitudes of extension. The spatial extent of this 
strain distribution is unclear, but the bulk exten-
sional process must have homogenously thinned 
the Mesozoic crust from ~60 km to ~35 km today.

Furthermore, the Sierra Nevada–Basin and 
Range transitional boundary is overprinted by, or 
kinematically linked with, strike-slip shear associ-
ated with the progressive development of the Walker 
Lane (Moore and Archbold, 1969; Trexler et al., 2000; 
Henry and Perkins, 2001; Faulds et al., 2005; Stur-
mer and Faulds, 2018) (Fig. 1). Presently, ~15%–25% 
of Pacific–North American relative plate motion is 
accommodated east of the rigid Sierra Nevada block 
in the Walker Lane and Eastern California shear zone 
(Thatcher et al., 1999; Dixon et al., 2000; Svarc et al., 
2002; Bennett et al., 2003; Hammond and Thatcher, 
2004; Hammond et al., 2009). Therefore, the inte-
grated relationship between the undeformed Sierra 
Nevada and deforming Walker Lane–Basin and 
Range provinces, both inboard of the San Andreas 
plate boundary, impacts our understanding of intra-
continental tectonics and strain partitioning.

We focused on an ~150-km-long transect 
across the Carson domain of the northern Walker 

Lane that included, from west to east, the Sierra 
Nevada–Carson Range, Pine Nut Mountains, Singa-
tse Range, Wassuk Range, and Gillis Range (Fig. 1). 
Our research goal was to provide a high-resolu-
tion kinematic evolution model of extension and 
transtension along this transect to investigate how 
strongly contrasting upper-crustal strain magni-
tudes can thin the crust homogenously. This study 
provides new constraints on the magnitude and 
timing of extension across the northern Pine Nut 
Mountains, building on mapping presented in Say 
and Zuza (2020). The study area involved faulted 
Miocene volcanic rocks that allowed us to simul-
taneously estimate the magnitude and timing of 
extension for comparison with other published 
data sets. We provide nine new 40Ar/39Ar ages from 
deformed volcanic stratigraphy, in addition to two 
previous ages from Say and Zuza (2020). Our work 
documents a Miocene extensional lull that reflects 
complex plate-boundary processes. Integration of 
our extensional strain estimates with regional data 
sets confirms heterogenous strain across this tra-
verse that we argue must be accommodated via 
vertically decoupled crustal extension.

■■ GEOLOGIC SETTING AND STRUCTURAL 
FRAMEWORK

Our new observations are from the northern 
Pine Nut Mountains, which we integrated with data 
from the surrounding ranges (Fig. 1B). Figure 2 
summarizes the geologic history of this region in 
block models. The bedrock geology is related to the 
Mesozoic subduction history of the eastern Pacific 
realm (Dickinson, 2004; DeCelles, 2004). East-dip-
ping subduction started in the Late Triassic–Early 
Jurassic along the western margin of the North 
America continent, which led to arc magmatism 
and volcanism (e.g., Schweickert, 1978; Saleeby 
et al., 2015; Levy et al., 2021). Locally, the Gard-
nerville Formation, composed of metasedimentary 
and metavolcanic rocks, was deposited during the 
earlier stages of subduction and magmatism, and 
these rocks have been biostratigraphically dated 
to late Norian (227–208 Ma) to late Toarcian (182–
174 Ma) (Noble, 1962; Stewart, 1997). Recent U-Pb 

zircon dating confirms this assignment (i.e., ca. 
177 Ma; Say and Zuza, 2020).

Subduction and arc magmatism persisted in 
the Middle Jurassic to Late Cretaceous (DeCelles, 
2004; Dickinson, 2004; DeCelles and Graham, 2015; 
Yonkee and Weil, 2015), generating Mesozoic plu-
tons (e.g., the Yerington batholith, Shamrock 
batholith, Sunrise Pass pluton; Dilles and Wright, 
1988; Stewart, 1999) (Fig. 2A). Coupled magma-
tism and intra-arc and retroarc shortening led to 
crustal thickening as part of an inferred high-ele-
vation orogenic plateau, termed the Nevadaplano, 
which was located within the hinterland of the 
Sevier foreland thrust belt observed in central 
Utah (DeCelles, 2004; Dickinson, 2006; Ernst, 2010; 
Henry et al., 2012). Growth of this plateau probably 
started in the Middle–Late Jurassic (Wyld, 2002; 
Miller and Hoisch, 1995; Zuza et al., 2020a, 2021), 
and crustal shortening, magmatism, and thickening 
peaked in the Late Cretaceous (Coney and Reyn-
olds, 1977; Dickinson and Snyder, 1978; Humphreys 
et al., 2003; DeCelles and Graham, 2015; Yonkee 
and Weil, 2015). Estimates for the thickness of this 
plateau are derived from structural restorations, 
geochemical proxies, and inferences from stable 
isotope paleoaltimetry, which all suggest that much 
of the Nevadaplano was ≥60 km thick (e.g., Coney 
and Harms, 1984; Chapman et al., 2015; Cassel et 
al., 2009, 2014). Mass-balance calculations from 
the Sierra Nevada magmatic arc also suggest 
that the crust was >60 km thick (Cao and Pater-
son, 2016). West-east spatial variations in crustal 
thickness, including inferences of thickened crustal 
welts near the present-day California-Nevada and 
Nevada-​Utah borders, are poorly resolved and are 
based primarily on structural restorations of local-
ized high-magnitude extension (Coney and Harms, 
1984; Long, 2019; Bahadori and Holt, 2019).

Observations of throughgoing paleovalleys, 
which would have incised across elevated topog-
raphy (DeCelles, 2004; Dickinson, 2006; Ernst, 2010; 
Henry et al., 2012) (Fig. 2A), provide evidence for 
Cretaceous to early-to-middle Cenozoic persistence 
of the inferred Nevadaplano. In particular, Eocene 
(ca. 50–46 Ma) to late Oligocene (ca. 23 Ma) paleo
valleys drained westward across the western 
Nevadaplano and Sierra Nevada, which resulted in 
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Figure 1. Regional topographic and fault maps across the northern Walker Lane of western Nevada, USA. (A) Map of major faults in the Walker Lane and Basin and Range 
deformational provinces (normal faults in black; strike-slip faults in red; rotation arrows show clockwise rotation of structural blocks in the Walker Lane). Shaded gray outline 
depicts the Walker Lane boundary defined by Wesnousky (2005a), and white dashed outline is the Walker Lane boundary defined by Faulds and Henry (2008). Basemap cre-
ated using GeoMapApp (Ryan et al., 2009). Inset map displays major fault systems in the western United States including the rigid Sierra Nevada block. Figure adapted from 
Cashman and Fontaine (2000), Li et al. (2017), Sturmer and Faulds (2018), and Zuza and Carlson (2018). Yellow box shows the location of B. (B) Overview map of major faults 
and ranges near along the Sierra Nevada–Walker Lane–Basin and Range transition zone and the Pine Nut Mountains cross sections in Figure 8 are shown as A-A′ (this study) 
and B-B′ (Long, 2019). Cross section C-C′ is shown in panel C of this figure. (C) Elevation profile of the ranges and basins to the east of the Sierra Nevada block.
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the deposition of well-characterized ash-flow tuffs 
that infilled these valleys (Henry, 2008; Henry and 
Faulds, 2010; Henry et al., 2012) (e.g., Fig. 2A). Oli-
gocene ash-flow tuffs and sedimentary rocks were 
deposited over Mesozoic plutons and metamorphic 
rocks in the southern Pine Nut Mountains (Noble, 
1962; Moore and Archbold, 1969) and surrounding 
ranges (Castor, 1972; Proffett and Dilles, 1984; Dilles 
and Gans, 1995; Surpless et al., 2002).

A widespread ignimbrite flareup (36–18 Ma), 
intermediate-composition volcanism of the Ances-
tral Cascade arc (22–5 Ma), and bimodal volcanism 
related to Basin and Range extension (13 Ma to 

present; Stewart, 1988; Best et al., 1989, 2013; Chris-
tiansen et al., 1992; Faulds et al., 2005; Cousens et 
al., 2008; du Bray and John, 2011) affected western 
Nevada (Fig. 2B). The study area consists of an 
intermediate to felsic suite of volcanic flows and 
shallow intrusions that are representative of Ances-
tral Cascade arc magmatism (e.g., Cousens et al., 
2008; Say and Zuza, 2020). Starting ca. 16–15 Ma, 
Miocene volcanic flows blanketed much of the 
area (Dilles and Gans, 1995; Stewart, 1999). Late 
Cenozoic arc volcanism in western Nevada slowed 
and arc cessation migrated northwestward follow-
ing the Miocene northwestward migration of the 

Mendocino triple junction, which is currently west 
of the study area (Atwater and Stock, 1998; Faulds 
et al., 2005).

The thickened Nevadaplano collapsed during 
Cenozoic extension (e.g., Coney and Harms, 1984; 
Colgan and Henry, 2009; Henry et al., 2011). The exact 
drivers of regional extension are highly debated, and 
end-member models can be grouped as (1) gravita-
tional collapse of the thickened Nevadaplano crust 
or (2) changes in plate-boundary stresses as rela-
tive plate motion reorganized, or a combination of 
these mechanisms (e.g., Sonder and Jones, 1999; 
Colgan and Henry, 2009). Regardless of extensional 
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mechanism, present-day crustal thickness across 
much of the Great Basin is ~35 km (Gilbert, 2012), 
and thus, crustal thickness was roughly cut in half 
from that of the Mesozoic orogenic plateau to today. 
Plate reconstructions demonstrate that the west-
ward propagation of Basin and Range extension 
and inception of the Walker Lane coincides with 
the transition of the Pacific–North American con-
vergent plate boundary to a right-lateral transform 
boundary, with increased relative plate motion 
and changing plate convergence directions from 
west-northwest to north-northwest at ca. 12 Ma 
(Atwater and Stock, 1998; Faulds and Henry, 2008; 
Cashman et al., 2009; Busby, 2013; DeMets and 
Merkouriev, 2016; Lee et al., 2020).

Extension in western Nevada at ~39°N lat-
itude varied temporally and spatially. Extension 
isolated ranges (Figs. 1, 2B, and 2C) of predomi-
nately Sierran granitic bedrock from the main belt 
of the northwest-trending Sierra Nevada (Surpless 
et al., 2002; Unruh et al., 2003).The main phase 
of high-magnitude extension initiated around Yer-
ington, Nevada, in the Wassuk and Singatse Ranges 
ca. 15–14 Ma (Dilles and Gans, 1995; Stockli et al., 
2002; Surpless et al., 2002). However, Dilles and 
Gans (1995) argued for an early phase of normal 
and strike-slip faulting in the Yerington area—i.e., 
Singatse and Wassuk Ranges (Fig. 1)—from ca. 
26 to 22 Ma. Normal faulting on closely spaced 
(1–2 km), east-dipping, north-striking high-angle 
faults that progressively rotated to shallower dips 
accommodated >150% extension over a relatively 
short time span from ca. 15 to 12.5 Ma (Proffett, 
1977; Dilles and Gans, 1995). To the west, the style 
and magnitude of deformation drastically change 
to low-magnitude extension accommodated via 
high-angle normal faulting and minor range tilting 
(Surpless et al., 2002; Cashman et al., 2009; Long, 
2019). Researchers have debated whether exten-
sion in the western Basin and Range resulted from 
westward-propagating Basin and Range extension 
(Surpless et al., 2002) or Walker Lane transtension 
(Cashman et al., 2009; Wesnousky, 2005b). The 
basis for these arguments deals with the timing of 
Walker Lane deformation and whether Basin and 
Range extension propagated west into the Sierra 
Nevada block.

In the late Miocene, Walker Lane right-lateral 
shear overprinted earlier extension (e.g., Faulds and 
Henry, 2008; Sturmer and Faulds, 2018). Walker Lane 
shear is variably expressed as northwest-​striking 
right-slip faults and northeast-striking left-slip 
faults (e.g., Faulds and Henry, 2008). In the north-
ern Walker Lane, there are three distinct domains: 
the Pyramid Lake domain in the north, central Car-
son domain, and the southern Walker Lake domain 
(Fig. 1; Wesnousky, 2005a; Faulds and Henry, 2008). 
The northern Walker Lane region accommodates 
~10 mm yr−1 of right-lateral shear today as con-
strained via geodesy (Kreemer et al., 2009; Bormann 
et al., 2016). The Carson domain consists of three 
parallel east-northeast–​striking left-slip faults or 
major lineaments (i.e., the Olinghouse fault, Car-
son lineament, and Wabuska lineament), whereas 
the Pyramid Lake and Walker Lake domains con-
sist of northwest-​striking right-slip faults (Fig. 1). 
The left-slip faults in the Carson domain, orthog-
onal to regional right-lateral shear, accommodate 
vertical-axis clockwise rotation of relatively rigid 
blocks (Fig. 3; Cashman and Fontaine, 2000; Li et al., 
2017; Sturmer and Faulds, 2018; Say and Zuza, 2020). 
These primary faults in the Carson domain have 
estimated slip rates of ~1 mm yr−1 or less (Li et al., 
2017). The initiation of Walker Lane deformation in 
the Carson domain is loosely constrained to 8–5 Ma 
(Faulds et al., 2005; Sturmer and Faulds, 2018).

Exhumation related to extension or transten-
sion propagated westward from the Singatse Range 
toward the Pine Nut Mountains and Carson Range 
by ca. 11–3 Ma (Figs. 2B and 2C; Dilles and Gans, 
1995; Henry and Perkins, 2001; Stockli et al., 2002; 
Surpless et al., 2002). Surpless et al. (2002) con-
ducted apatite fission-track (AFT) analyses across a 
Cretaceous granodiorite-​granite in the central Pine 
Nut Mountains that suggest exhumation-related 
cooling ca. 10–5 Ma. However, this age signal is 
not precise because it is constrained by AFT track-
length modeling. High-angle, east-dipping normal 
faulting reinitiated in the Wassuk and Singatse 
Ranges ca. 4 Ma (Fig. 2C; Stockli et al., 2002).

From 3 Ma to present, extensional and transten-
sional deformation in the Sierra Nevada–​Basin and 
Range–Walker Lane transition zone has migrated 
further west to form the Tahoe-Truckee depression, 
as well as the Verdi-Boca Basin to the north (Fig. 2D; 
Henry and Perkins, 2001; Cashman et al., 2009). 
During this time, extension has led to the uplift of 
the Carson Range and Sierra Nevada (Henry and 
Perkins, 2001; Surpless et al., 2002; Trexler et al., 
2012). Apatite helium dating (AHe) and the exhu-
mation of an AHe partial retention zone across the 
Carson Range suggests initiation of normal-​fault 
related exhumation at 4 ± 3 Ma (Stockli, 1999). 
Pliocene–​Quaternary basin fill has continued to 
develop in the range-bounded basins (Fig. 2D). 

Olinghouse fault

�������������

Carson lineament

Wabuska lineament

N

Figure 3. Schematic clockwise block rotation of the Carson domain, after the style of Oldow et al. 
(1994). Northwest-trending right-lateral shear of the Walker lane is accommodated in the Carson 
domain by clockwise rotation of structural blocks via orthogonal left-slip faults. Figure modified from 
Nagorsen-Rinke et al. (2013).
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Presently, normal and strike-slip oblique faulting 
continues in the eastern portion of the transition 
zone, but no strike-slip or oblique structures have 
currently been identified west of the northern Pine 
Nut Mountains in Carson Valley (Fig. 2D). Geod-
esy demonstrates that the Sierra Nevada block is 
moving to the northwest relative to the Basin and 
Range (Kreemer et al., 2009), which implies some 
lateral motion in this region that is poorly resolved 
by geologic investigations (e.g., Pierce et al., 2021).

■■ NEW OBSERVATIONS FROM THE 
PINE NUT MOUNTAINS

New observations are based on new 1:24,000-
scale geologic mapping in the Pine Nut Mountains 
(Fig. 4), new argon dating, and structural observa-
tions and are integrated with published observations 
and data sets from surrounding ranges. The map-
ping expanded on the published Carson City 30′ × 60′ 
quadrangle (1:100,000 scale; Stewart, 1999) and 
local geologic maps of the Como Mining District 
(Russell, 1981; Vikre and McKee, 1994). Mapping 
was completed using satellite imagery, black-and-
white aerial photography, topographic maps, and 
elevation data. Unit descriptions and stratigraphy 
were categorized based on prior characterization 
by Stewart (1999) (Fig. 5). Geochemical analyses 
of the volcanostratigraphy were presented in Say 
and Zuza (2020) and are in Figure S1 and Table S11.

Say and Zuza (2020) previously presented 
two 40Ar/39Ar hornblende ages from the Pine Nut 
Mountains, and here we provide new data for nine 
additional samples to provide a more comprehen-
sive picture of the volcanostratigraphy and bracket 
cross-cutting deformation. Vikre and McKee (1994) 
provided other K-Ar whole-rock ages on andesites 
within the Como Mining District, including 7–6 Ma 
for andesite flows and 4–3 Ma for the overlying dac-
itic volcanic rocks.

We collected representative samples from stratig-
raphy across the study area, choosing homogenous 
samples with little to no hydrothermal alteration 
to reduce contamination in argon measurements. 
Sampling focused on the conformable stratigraphic 
section in the main portion of the range. Typically, 

hornblende was preferred for 40Ar/39Ar analyses, but 
when hornblende was not present in the volcanic 
flows or was highly altered, biotite and/or ground-
mass was analyzed. Thin sections were observed to 
evaluate alteration. Argon analyses were conducted 
at the New Mexico Geochronology Research Lab-
oratory at the New Mexico Institute of Mining and 
Technology (Socorro, New Mexico) following proce-
dures of McIntosh et al. (2003) and Henry et al. (2017). 
Samples were irradiated at the U.S. Geological Sur-
vey TRIGA reactor in Denver, Colorado.

A summary of new age data with sample loca-
tions is in Table 1, age spectra are in Figure 6, and 
representative stratigraphy with ages from this study 
is in Figure 5. Complete age data are in Table S2 (foot-
note 1). All samples displayed relatively flat K/Ca 
ratios (Table S2), suggesting minimal complications 
from different phases degassing or inclusions.

Local Stratigraphy with Age Constraints

The oldest units in the northern Pine Nut 
Mountains are Jurassic metasedimentary and 
metavolcanic rocks of the Gardnerville Formation 
(unit J g; Noble, 1962; Stewart, 1997) (Fig. 5). The 
total thickness is not exposed in the study area, 
and it is possibly more than several kilometers 
thick (Noble, 1962). Unconformably overlying the 
Gardnerville Formation is an Oligocene ash-flow tuff 
(unit Tbt; 67.7% SiO2) (Fig. 5). Where observed in the 
northern Pine Nut Mountains, the tuff is 15 m thick 
and moderately welded with quartz, plagioclase, 
sanidine, and euhedral biotite phenocrysts. The tuff 
is tan to pink in color and exhibits lapilli pumice 
fragments as well as angular andesite clasts as large 
as 1 cm in diameter. Although we cannot definitively 
correlate the tuff with other Oligocene ash-flow tuffs 
exposed in the area, based on its location and phe-
nocryst assemblage, it is most similar to either of 
the ca. 27 Ma Lenihan Canyon or Mickey Pass Tuffs 
(e.g., Stewart, 1999; Henry and John, 2013). The rel-
ative abundance of biotite and the SiO2 content are 
more similar to those of the 26.94 Ma Lenihan Can-
yon Tuff (Henry and John, 2013).

The dominant lithology consists of Miocene vol-
canic rocks (Fig. 5). These are intermediate to felsic 

(~55%–65% SiO2), calc-alkaline, and predominately 
metaluminous (Fig. S1 [footnote 1]). All analyzed 
samples are consistent with a subduction zone set-
ting (e.g., Pearce, 2008; Pearce and Peate, 1995) 
based on their trace element data (i.e., Nb depletion 
and Sr, K, and Ba enrichment) and are broadly sim-
ilar to other studied volcanic rocks associated with 
the Ancestral Cascade arc around the greater Reno, 
Nevada, region (Cousens et al., 2008; du Bray and 
John, 2011; Timmermans et al., 2020). Therefore, 
we infer that volcanism in the Pine Nut Mountains 
was related to the Ancestral Cascade arc and pre-
ceded Basin and Range bimodal volcanism in the 
area (e.g., Say and Zuza, 2020). Below we provide 
a brief overview of the main map units, from oldest 
to youngest.

Dark gray to gray hornblende dacite 
(unit Thd; 64%–66% SiO2) overlies Oligocene tuff 
and Mesozoic basement rocks (Fig. 5). The dacite 
is ~250–300 m thick in areas but may be thicker 
given the concealed contact with adjacent units. 
Dacite flows contain hornblende, plagioclase, and 
sparse quartz. Massive, silt-supported black lahar 
and conglomerate deposits (unit Tcb), as much as 
10 m thick, are locally deposited over the dacite in 
discontinuous incised channels. Limited exposures 
of porphyritic biotite dacite flows (unit Tbd; 64% 
SiO2) occur near the lower portion of unit Thd in 
the central part of the map area. A similar package 
of units Thd-Tbd is observed in small exposures in 
the northwestern corner of the map, in fault contact 
with stratigraphically higher dacite and andesite 
flows. Our unit Tbd sample MS-240819-6b collected 
from this exposure (Fig. 5) yielded a biotite plateau 
age of 14.20 ± 0.012 Ma (Fig. 6), which is the oldest 
age obtained in this study, consistent with our inter-
pretation of its low stratigraphic position (Fig. 5).

A 20–30-m-thick gray shale (unit Tss) caps unit 
Thd (Fig. 7C). The Tss unit thickens to the north with 
more interbedded diatomaceous shale and sand-
stone. A volcaniclastic debris flow (unit Tvc1) was 
deposited over the shale, with subangular to sub-
rounded boulder to cobble sized andesite clasts in 
a sandy-​ash matrix. Above this, the Como andesite 
(unit Tac; 58%–64% SiO2) contains andesite flows, 
interbedded reworked tuff, and pyroclastic flow 
deposits (unit Tact) (Fig. 5). The Como andesite unit 

Supplemental Figures for M. Say and A. V. Zuza Geosphere submission 

This file contains supplemental geochemical plots (Figure S1) and photomicrographs of 
representative volcanic rocks (Figure S2) and field photographs of alteration in the study area 
(Figure S3). 

 

Supplemental Figure S1. Geochemistry from the northern Pine Nut Mountains from Say and 
Zuza (2020). (A) Total alkalis versus silica (TAS) diagram of Le Bas et al. (1986). (B) 
Geochemical discrimination diagram of Pearce (2008), plotted as black-outlined white circles 
with Ancestral Cascade arc data from Cousens et al. (2008) (green symbols) and Timmermans et 
al. (2020) (green field). Also plotted is Great Basin volcanic rocks (orange field) from 
Timmermans et al. (2020). MORB—mid-ocean ridge basalt; EMORB—enriched MORB; OIB–
ocean island basalt. (C) Primitive mantle normalized (Sun and McDonough, 1989) trace element 
spider diagram of the sampled northern Pine Nut Mountains magmatic suite. Ancestral Cascade 
arc data from volcanic rocks sampled from the Lake Tahoe-Reno, NV region plotted as green 
field from Cousens et al. (2008). (D) AFM (Na2O+K2O–FeO–MgO ternary) plot with tholeiite 
versus calc-alkaline divisions   .)1791( ragaraB dna enivrI fo

1 Supplemental Materials. Figures S1–S3: Geochemi-
cal plots, photomicrographs of representative volca-
nic rocks dated in this study, and field photographs of 
alteration in the study region. Table S1: Geochemical 
analyses. Table S2: Argon dating analyses. Please 
visit https://doi.org/10.1130/GEOS.S.14981157 to ac-
cess the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 4. Simplified geologic map of the Pine Nut Mountains, Nevada (adapted from Say and Zuza, 2020). Universal Transverse Mercator zone 11N projection and coordinates. Map 
location is shown in Figure 1A. Cross-section line A-A′ is for the cross section in Figure 8A. Geologic map units are described in Figure 5.
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is at least 1 km thick but may thin to the north and 
south. Its lower portions are dominated by andesite 
lavas, containing plagioclase, pyroxene, and horn-
blende (Figs. S2A and S2B [footnote 1]), whereas 
the upper parts are mostly porphyritic andesite to 
basaltic andesite with sporadic aphanitic flows. Say 
and Zuza (2020) reported a hornblende 40Ar/39Ar 
age of 7.30 ± 0.09 Ma (sample MS-270918-1; Fig. 6) 
from the lower Tac unit. In the upper Tac unit, the 
interbedded, reworked tuff is highly altered and 
mineralized displaying montmorillonite, quartz, 
chlorite, and pyrite throughout the unit (Vikre and 
McKee, 1994).

Overlying unit Tac is white to light brown 
massive conglomerate, with hornblende-bearing 
pyroclastic flows, and debris-flow deposits that vary 
in thickness along strike (unit Tvc2; Fig. 7B). Above 
this is a mixed unit consisting of dacite, minor inter-
bedded andesite, and debris-flow deposits (unit 
Tad) (Fig. 5), which is the most widespread unit in 
the northern Pine Nut Mountains by volume and 
surface area. In Tad, porphyritic dacite flows are 
composed of plagioclase, hornblende, biotite, and 
quartz. Rounded to subrounded xenoliths of dac-
ite to andesite, as large as 20 cm in diameter, are 
present in outcrops throughout the Tad unit. The 
upper contact is not exposed in the study area, but 
the thickness of unit Tad may be >1.5 km.

Four argon dates constrain the age of the Tad 
unit. Sample MS-070819-4 yielded a 40Ar/39Ar biotite 
age 6.83 ± 0.01 Ma (Fig. 6). Samples MS-230619-1 
and MS-030819-1B display highly disturbed spectra 
(Fig. 6) that may result from hydrothermal alteration 
of the hornblende phenocrysts. The integrated ages 
are ca. 10–11 Ma, and the flattest earlier release 
part of the spectra shows ages of ca. 7–8 Ma. The 
spectra are generally consistent with other results, 
but we do not further interpret the disturbed spec-
tra, which may have experienced 40Ar loss due to 
alteration (Harrison, 1982). Sample MS-261018-2, 
also from the lower Tad unit, was dated in Say and 
Zuza (2020) and yielded a hornblende age of 7.15 
± 0.10 Ma. Taken together, dating of the Tad unit 
suggests an age range of ca. 7.15–6.8 Ma (Fig. 6).

Shallow intrusive rocks (units Tdi and Tai; Fig. 5) 
and dikes intruded the volcaniclastic debris-flow 
deposits (unit Tvc2), dacite-andesite flows (unit 

Stratigraphic column of the northern Pine Nut Mountains
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Figure 5. Schematic stratigraphic columns of the northern Pine Nut Mountains showing relative stratigraphic 
and cross-cutting relationships based on our field observations and Say and Zuza (2020). Red stars indicate 
units that were analyzed for 40Ar/39Ar ages (nine argon ages from this study and two from Say and Zuza, 2020). 
Geologic unit explanation is for this figure and Figure 4.
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TABLE 1. 40Ar/39Ar AGES FOR SAMPLES FROM THE NORTHERN PINE NUT MOUNTAINS, NEVADA

Sample Map label† Latitude
(°N)

Longitude
(°W)

Rock unit Analyzed 
phase

Preferred age
(Ma)

Uncertainty
(Ma)

MS-261018-2* 1 39.16056059 119.5180217 Tad H 7.15 0.10
MS-270918-1* 2 39.18903550 119.4503249 Tac H 7.30 0.09
MS-220918-1 3 39.24242379 119.3930329 Tbay G 6.77 0.02
MS-070719-4 4 39.22923559 119.4322926 Tba G 6.99 0.10
MS-240819-4 5 39.23125276 119.4441570 Tdi H 6.89 0.05
MS-060419-4 6 39.19499120 119.4474652 Tdi H 6.59 0.06
MS-240819-3 7 39.23464482 119.4335846 Tba H 8.20 0.05
MS-230619-1 8 39.19783161 119.4893087 Tad H — —
MS-030819-1B 9 39.20418107 119.5137950 Tad H — —
MS-240819-6b 10 39.24570472 119.5024019 Tbd B 14.2 0.02
MS-070819-4 11 39.18691433 119.4293465 Tad B 6.83 0.01

Note: Rock units are described in Figure 5. Analyzed phases: H—hornblende; G—groundmass; B—biotite. Dash 
indicates sample displayed disturbed spectra and thus no single age is reported. See Figure 6 and Table S2 (text 
footnote 1) for details.

*Age originally reported in Say and Zuza (2020).
†Refers to sample labels in the Figure 4 geologic map.
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Tad), and andesite lavas and tuffs (unit Tac) in the 
eastern main range (Fig. 7D). A dacite dike (65% 
SiO2) intrudes the Como andesite (unit Tac) and 
reworked tuff unit (unit Tact) and is cut by the major 
east-bounding normal fault on the eastern flank 
of the range (Figs. 4 and 7D). New argon analy-
ses from unit Tdi yielded ages of 6.89 ± 0.05 Ma 
(sample MS-240819-4) and 6.59 ± 0.06 Ma (sample 
MS-060419-4) (Fig. 6). These ages overlap ages 
from the Tad unit, described above, and thus may 
reveal a connection between units Tdi and Tad. Unit 
Tdi intruded the stratigraphically lower portions of 
unit Tad, but based on age relationships and spatial 
position, we interpret that unit Tdi may have been 
genetically related to the erupted andesite and dac-
ite flows in the middle and upper Tad unit (Fig. 5).

In the northernmost Pine Nut Mountains, there 
are poorly exposed and silicified volcaniclastic 
debris flows, cobble conglomerates, tuff beds, and 
tuffaceous sedimentary rocks (unit Tvc3; Fig. 5) 
that overlie the Jurassic Gardnerville Formation 
(Fig. 4). Aphanitic basaltic andesite flows (unit Tba; 
56%–59% SiO2), composed of a glassy groundmass, 
plagioclase, and clinopyroxene, overlie Tvc3. Two 
40Ar/39Ar analyses from unit Tba display plateau 
ages of 6.99 ± 0.10 Ma (sample MS-070719-4) and 
8.20 ± 0.05 Ma (sample MS-240819-3) (Fig. 6). The 
two sample locations are separated by a poorly 

exposed interpreted fault, and therefore compari-
son of their ages is not straightforward (Fig. 4). The 
older age for sample MS-240819-3 (hornblende age: 
8.20 ± 0.05 Ma) is consistent with its position in the 
footwall of a normal fault, compared to the younger 
age for sample MS-070719-4 (groundmass age: 6.99 
± 0.10 Ma). We caution that discrepancies between 
the analyzed phases—hornblende for the older age 
versus variable-composition groundmass, mostly 
plagioclase, for the younger age—preclude using 
the age difference for a meaningful estimate of fault 
displacement. The closure temperature for Ar diffu-
sion in the finer-grained plagioclase groundmass 
(sample MS-070719-4) (i.e., 225–300 °C nominal 
closure temperature for plagioclase) (e.g., Harri-
son, 1982; McDougall and Harrison, 1999; Cassata et 
al., 2009) was probably lower than for hornblende, 
which made sample MS-070719-4 more susceptible 
to later heating.

The youngest aphanitic basaltic andesite (unit 
Tbay) was deposited with a slight angular uncon-
formity over the dacite-andesite flows and unit Tvc3 
(Fig. 4). The aphanitic basaltic andesite flows have 
plagioclase, clinopyroxene, orthopyroxene, and a 
glassy groundmass (Figs. S2E and S2F [footnote 
1]). An analysis on groundmass material (sample 
MS-220918-1) yielded an age of 6.77 ± 0.02 Ma 
(Fig. 6)—younger than the units that the Tbay unit 

was deposited on (units Tba and Tad in the north-
eastern portion of the map area; Fig. 4)—which 
supports the stratigraphic interpretation of unit 
Tbay being younger than the other flow units (Fig. 5).

Structural Observations in the Northern 
Pine Nut Mountains

Faults in the Pine Nut Mountains study area 
generally strike north and dip east (Fig. 4). The 
major north-striking fault on the eastern flank of 
the main range, here referred to as the Bull Canyon 
fault, dips east and has a fairly continuous, curvi-
linear fault trace (Fig. 4). This fault strikes north 
along its southern strand and gradually bends to a 
northeast strike along its northern strand. The Bull 
Canyon fault cuts the entire stratigraphic section 
exposed in the northern Pine Nut Mountains. A ca. 
6.6 Ma (sample MS-060419-4; this study) dacite dike 
(unit Tdi) (Fig. 7D) is truncated by the Bull Canyon 
fault on the eastern flank of the main range (Fig. 4). 
Fault striations observed along the southern strand 
(Fig. 7F) suggest mostly dip-slip kinematics (aver-
age striation trend/plunge: 070°/40°), whereas the 
northern strand has subhorizontal striations sug-
gesting some oblique lateral component of slip 
(average striation trend/plunge: 030°/10°) (Fig. 4).

The prominent range in the western part of 
the map area has tilted volcanic flows and inter-
bedded sedimentary rocks that dip an average of 
30° northwest (Fig. 4). The westward tilting of the 
stratigraphy is interpreted here to have resulted 
from vertical displacement along the range-bound-
ing, east-dipping Bull Canyon fault (Fig. 4). The 
youngest dated volcanic unit from the conform-
able volcanostratigraphy yielded a 40Ar/39Ar age of 
6.83 ± 0.01 Ma (sample MS-070819-4). We interpret 
that dip-slip normal faulting and extension initiated 
in the Pine Nut Mountains after ca. 6.8 Ma, after 
the eruption and deposition of the conformable 
dacite and andesite flows (unit Tad) (Fig. 6). This 
suggests that the 30°–36° of northwest tilting of 
the main range occurred at a bulk tilting rate of 
4.4°–5.3° m.y.−1.

North-striking curvilinear faults cut Quater-
nary fans on the western flank of the Pine Nut 
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Mountains (Say and Zuza, 2020). We previously 
interpreted that these uphill-facing (east-dipping) 
scarps (Fig. 4) may have a significant right-lateral 
slip component that cuts lacustrine-modified allu-
vial fans and shoreline deposits (unit Qlb) but is 
covered by units Qfy, Qfi, and Qfo. Based on surfi-
cial characteristics and shoreline elevations higher 
than, and thus older than, those of the ancestral 
Late Pleistocene Lake Lahontan (~1338 m; Adams 
and Wesnousky, 1998), we suggest that these faults 
are Middle to Late Pleistocene in age. These minor 
active faults may be part of the distributed right-slip 
fault network accommodating small fractions of 
the 10 mm yr−1 right-lateral shear that is observed 
geodetically (Kreemer et al., 2009; Bormann et al., 
2016), as envisioned by Pierce et al. (2021).

Hydrothermal Alteration

Hydrothermal alteration of various types and 
degrees is prevalent in the northern Pine Nut Moun-
tains. The historic Como Mining District is in the 
study area, centralized around the Como townsite. 
Recently, expanded explorations (new drilling as of 
2020) have been started around the Como townsite 
and to the north in the Hercules property. The Como 
andesite (unit Tac) is the host rock for the major-
ity of the observed alteration. Areas north of the 
Como Mining District also exhibit alteration in the 
overlying dacite unit (unit Tad) and volcaniclastic 
sediment deposits (unit Tvc3). Alteration mineral 
assemblages were not categorized in this study but 
have been described in previous work by Vikre and 
McKee (1994) and Russell (1981).

Propylitic alteration in the Como area is the 
most pervasive alteration type in the study area. 
Propylitic alteration is the most noticeable due to 
the dull green, blue, and purple colors displayed 
throughout the Como andesite (unit Tac; Figs. S3A 
and S3B [footnote 1]) and is confined to the more 
permeable interbedded volcaniclastic, volcanic 
breccia, and lahar-type deposits within the andes-
ite unit (unit Tact). Propylitic alteration destroyed 
much of the original texture and bedding in these 
units, which resulted in irregular platy fracturing 
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Figure 6. 40Ar/39Ar step plots displaying plateau (plateau marked with arrows) and integrated ages of eleven 
samples. See Table 1 for age summary and Supplemental Table S2 (text footnote 1) for complete data. Data 
plotted at 2σ and results at 1σ.
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that makes it difficult to distinguish between relict 
bedding and alteration-created fracturing (Fig. 7A).

Argillic and acid-sulfate alteration is pervasive 
in the southeastern portion of the Como Min-
ing District and adjacent to silicified fault zones. 
Argillic and acid-sulfate alteration are confined to 

the Como andesite. Argillic alteration is not well 
exposed due to the erodible nature of the altered 
outcrops (Fig. S3C [footnote 1]). In locations where 
they are exposed, highly bleached andesite and 
interbedded volcaniclastic deposits display voids of 
leached plagioclase. Kaolinite is present along with 

other unidentified clays in areas of argillic alteration 
(Vikre and McKee, 1994). Acid-sulfate alteration is 
present in andesite flows and the interbedded vol-
caniclastic deposits, similar to the argillic alteration. 
Exposures of the acid-sulfate alteration occur as 
highly bleached and erosion-resistant knobs of 
andesite (Fig. S3D).

The ore-bearing alteration assemblage and his-
toric production in the Como Mining District are 
located in silicified faults and veins (Russell, 1981). 
Silicified fault and veins vary in orientation but 
mostly strike north-northeast. The silicified faults 
are well exposed in the district and occur as resis-
tant ribs of relatively high relief and are as much as 
10 m wide (Figs. S3E and S3F [footnote 1]). Quartz 
is the dominant gangue mineral with sparse calcite, 
and some fault zones large cavities of prismatic 
quartz crystals as large as 1 cm. Float of prismatic, 
botryoidal, colloform, and acicular quartz is found 
around the Como andesite unit and is possibly from 
concealed veins. Almost all of the mineralized fault 
zones display striations indicating some post-min-
eralization faulting.

Veins in the Como Mining District are more dis-
crete than the silicified faults. Outcrops of veins 
are exposed, primarily from past prospecting, as 
rubbly float of quartz and calcite. K-Ar dating on 
K-feldspar and alunite yielded a mineralization 
age of 6–7 Ma (Vikre and McKee, 1994). This age 
agrees with the age of the Como andesite of 7.3 Ma 
(sample MS-270918-1; Say and Zuza, 2020), which 
indicates that alteration quickly followed deposi-
tion of the volcanic flows and may be associated 
with heat supplied from volcanic vents in the area. 
The mineral assemblage of the veins and silicifi-
cation in the Como Mining District would suggest 
a high-sulfidation-type epithermal deposit (Ridley, 
2013). However, numerous silicified faults and veins 
and large amounts of silicified quartz breccia in the 
northeastern portion of the study area may repre-
sent a more low-sulfidation-type epithermal deposit 
influenced by meteoric water. On a larger scale, 
mineralization and alteration are confined to the 
footwall of the Bull Canyon fault within the Pine Nut 
Mountains on the eastern flank of the range and 
stratigraphically below younger dacite and andes-
ite flows (unit Tad; Fig. 4). Therefore, mineralization 

20 m

1 m
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Tact

Tact
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C D

E F

Figure 7. Field photographs showing important relationships and observations. (A) Subangular to subrounded andesite 
cobbles in matrix of foliated reworked tuff unit Tact (40 cm rock hammer for scale). (B) Cross bedding in conglomerate, 
pyroclastic, and debris-flow unit Tvc2 (40 cm rock hammer for scale). (C) Typical exposure of thinly bedded shale unit (Tss) 
(white card is 10 cm long). (D) Hornblende dacite dike (unit Tdi) that is truncated on the eastern side by the Bull Canyon 
fault and intrudes the Como andesite (unit Tac) and reworked tuff (unit Tact) units (view looking west). 40Ar/39Ar age on 
the dacitic dike yielded 6.59 ± 0.06 Ma. (E) Brecciated, erosion-resistant northeast-striking fault plane in the northern 
range (view looking southwest). (F) Dip-slip striations along the north-striking section of the Bull Canyon fault (40 cm 
rock hammer for scale; view looking northwest). Please add the following to convey the location information: Photo-
graph locations: (A) 39°11′30.79″N/119°27′6.11″W; (B) 39°12′57.05″N/119°26′14.65″W; (C) 39°13′1.59″N/119°25′49.82″W; 
(D) 39°11′47.04″N/119°26′52.22″W; (E) 39°14′28.23″N/119°24′48.12″W; (F) 39°11′7.80″N/119°27′0.83″W.
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may have occurred prior to the eruption and 
deposition of unit Tad, or it was simply confined 
to stratigraphically deeper layers. It appears that 
mineralization occurred prior to the displacement 
along the main eastern range-front fault (Fig. 4).

■■ TIMING, MAGNITUDE, AND RATE 
OF EXTENSION IN THE PINE NUT 
MOUNTAINS

Magnitudes of extension were estimated from 
our construction of a new cross section across 
the northern Pine Nut Mountains (Fig. 8A), which 
we compare with a cross section constructed by 
Long (2019) across the central Pine Nut Mountains 
(Fig. 8B). Our cross section was constructed along 
a northwest-trending profile through the study area 
using surficial structural data and stratigraphic rela-
tionships recorded from geologic mapping (Fig. 4). 
The cross section adheres to map relationships and 
stratigraphic observations, and was restored to a 
pre-deformed state to allow quantification of the 
minimum magnitude of late Cenozoic extension 
that affected the range (Fig. 8). The line-balancing 
method was used to restore the deformation in the 
restored section. It was assumed that stratigraphic 
thickness in the subsurface is constant, which may 
not always be true due to variations in thickness 
along strike for certain lithologies in the map area 
(Fig. 4). We adhered to field and map relationships 
as best as possible when projecting contacts to 
depth. Based on stratigraphic observations, some 
units in the cross section are discontinuous or are 
intertongued with other units (e.g., units Tact, Tss, 
Tbd, and Tbt). Nonetheless, the units that con-
tain these discontinuous or intertongued units 
(e.g., units Tac, Tvc1, and Thd) appear to remain 
a constant integrated unit thickness at the scale 
of our cross-section models. Another uncertainty 
is the geometry of the stratigraphy in the subsur-
face along the easternmost portion of the section 
line (Fig. 8A). Only limited structural data from 
this region of the map area provide the amount 
of tilt of the stratigraphy (Fig. 4). Based on sparse 
structural measurements and satellite imagery, we 
assumed a 15°W dip for the Tad unit and underlying 

stratigraphy to achieve the constant exposure of 
the Tad unit at the surface (Fig. 4) in the eastern 
portion of the section line (Fig. 8A). Large offsets 
along east-dipping faults and negligible offsets on 
west-dipping faults in the eastern portion of the 
section were also assumed to match mapped bed-
rock exposure at the surface, such as for unit Tad 
(Fig. 8A). Poor exposures of units Tbd and Thd in 
the foothills west of the range suggest another rel-
atively large-displacement normal fault, but these 
field relationships are unclear due to poor exposure 
and overlying basin sediments (Fig. 4). The possi-
bility of oblique slip on this fault makes fault-slip 
reconstructions here ambiguous.

Our preferred line-length restoration was based 
on the cross section drafted to the western limit of 
the main range, which yielded a minimum mag-
nitude of late Cenozoic extension of 2.5 km (14% 
minimum extensional strain; Fig. 8A). Using the 
poorly exposed Tbd and Thd units west of the range 
permits a longer cross section that would yield a 
line-length extension magnitude of ~3.7 km (20%). 
We prefer the 2.5 km extension estimate to keep 
our constraints at minimum extension magnitudes. 
The largest sources of uncertainty in this estimate 
are original fault dips, which are constrained based 
on cutoff relationships and our inferences on the 
subsurface geology, which are in turn best con-
strained by lateral map relationships. To test these 
extension estimates and evaluate potential uncer-
tainties based on the choice of original fault dips, 
we calculated the expected extension magnitude 
for rigid-block rotation of the main range using 
a derivation from McKenzie and Jackson (1983). 
Assuming 30° westward tilting of the main range, 
a block width of ~6 km, and initial fault dips ranging 
from 65° to 75°, we calculate extension magnitudes 
of 2–2.5 km. This value is similar to our line-​length-​
restoration extensional strain estimate.

Figure 8B shows the cross section from Long 
(2019) across the central Pine Nut Mountains, 
south of our mapped area (Fig. 1B). This section 
was constructed based on geologic constraints 
from Stewart (1999) and Cashman et al. (2009). 
We minimally modified this section to the scale 
of our section in Figure 8A, and our line-length 
extension estimates of the Cenozoic unconformity 

surface suggest 2.8 km extension (13% minimum 
extensional strain; Fig. 8B). Long (2019) previ-
ously reported 4.1 km of extension (20%) from this 
section based on slightly different picks for the 
pre-deformed length of the section. The two cross 
sections discussed above show remarkably similar 
extension magnitudes, which adds confidence to 
the strain estimates.

Using our interpretation that extension initiated 
after ca. 6.8 Ma, our extension estimate equates 
to an extensional rate of ~0.4 mm yr−1. This rate 
is a minimum extension rate because our exten-
sion estimates are minimum values, deformation 
may have initiated more recently than ca. 6.8 Ma, 
and extension may have ceased before the pres-
ent. The corresponding extensional strain rate is 
6.5 × 10−16 s−1 across the 17.5 km restored section 
(Fig. 8A). Using an alternative, greater extension 
estimate of 3.7 km (20% strain) (Fig. 8A) yielded 
extension and extensional strain rates of 0.5 mm 
yr−1 and 9 × 10−16 s−1, respectively. These strain rates 
are comparable to published geodetic strain rates 
of 9 × 10−16 s−1 to 3 × 10−15 s−1 in the Walker Lane 
(Kreemer et al., 2009, 2012). Dilles and Gans (1995) 
derived faster extensional strain rates of ~10−14 s−1 
for the earlier rapid phase of extension around 
Yerington.

For comparison and validation, we note that the 
AFT analyses of Surpless et al. (2002) from south 
of our study area reveal that their four samples 
were in the AFT partial annealing zone (60–100 °C; 
Gleadow et al., 2002; Ketcham et al., 2007) at ca. 
41–53 Ma, which equates to depths of 2–4 km 
assuming thermal gradients of 25–30 °C km−1. 
Assuming minimum exhumation started ca. 6.8 Ma 
(i.e., samples started at the cooler end of the partial 
annealing zone) along an ~60°-dipping normal fault, 
this equates to an extension rate of 0.5–0.6 mm yr−1. 
Together, our new observations and published data 
favor extension rate estimates of 0.4–0.6 mm yr−1 
across the Pine Nut Mountains since ca. 6.8 Ma. 
Deformation could have initiated more recently 
than deposition of the youngest conformable ca. 
6.8 Ma volcanic rock, which would increase these 
rates. For example, if Stockli (1999)’s estimate of ca. 
4 Ma exhumation of the Carson Range to the west 
of the Pine Nut Mountains bears on deformation 
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Figure 8. Deformed-state (final length, Lf) and restored cross sections (initial length, Li) across the northern (A) and central (B) Pine Nut Mountains. 
Cross section in A is from this study (section line in Figs. 1 and 4), and cross section in B is modified slightly from Long (2019) (section line in Fig. 1). 
Geologic units shown in A are described in Fig. 5 and see Long (2019) for geologic units in B.
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in the Pine Nut Mountains, a faster extension rate 
of ~0.6 mm yr−1 is estimated.

■■ DISCUSSION

Miocene Westward Migration of Basin and 
Range Extension

Extension in the Pine Nut Mountains is accom-
modated via high-angle normal faulting, spaced 
fairly regularly at ~1 km, and block rotation as 
observed in the cross sections from this study 
and Long (2019) (Fig. 8). Normal faults initiated 
at dip angles of 60°–70°, and the most significant 
faults dip east. Most dip-slip displacement is ≤1 km, 
with rare faults having displacement of as much 
as ~2 km. This style of extension is similar to the 
classic normal-fault system in the Singatse and 
Wassuk Ranges to the east, which also consists of 
regularly spaced (1–2 km), high-angle normal faults 
that initiated at 60°–70° dips (e.g., Proffett, 1977). 
However, in the Singatse and Wassuk Ranges, the 
normal faults involved as much as 4 km offset and 
were rotated to shallow dips, thus accommodating 
much higher extension magnitudes, >150% (Fig. 9).

Based on our new age constraints, we inter-
pret a broad pattern of westward encroachment 
of Basin and Range extension against the Sierra 
Nevada since ca. 14 Ma; deformation first con-
centrated in the Singatse and Wassuk Ranges and 
migrated westward to the Pine Nut Mountains after 
ca. 6.8 Ma, based on our observed conformable 
package of pre–6.8 Ma volcanic rocks (Dilles and 
Gans, 1995; Henry and Perkins, 2001; Surpless et 
al., 2002) (Fig. 9). The Singatse and Wassuk Ranges 
experienced rapid extension (~10−14 s−1) from ca. 14 
to 12.5 Ma (Dilles and Gans, 1995; Surpless et al., 
2002). Normal faulting in the Pine Nut Mountains 
after ca. 6.8 Ma is consistent with AFT data from 
Surpless et al. (2002) (Fig. 9B). Just west of the 
Pine Nut Mountains, sediments in the Neogene 
Gardnerville Basin were deposited from ca. 7 to 
2 Ma (Muntean, 2001; Cashman et al., 2009). In the 
Gardnerville Basin, deposits dip west and paleoflow 
measurements show mostly west-directed deposi-
tion, thus indicating that they were derived from 

the uplift of the Pine Nut Mountains (Cashman et 
al., 2009). To the west in the Carson Range, exten-
sion initiated sometime after ca. 10 Ma (Henry and 
Perkins, 2001; Surpless et al., 2002; Cashman et 
al., 2009) (Fig. 9). The best local constraint is from 
Stockli (1999)’s AHe traverse, which suggests ca. 
4 Ma exhumation of the Carson Range.

There are some complications to the kinematic 
model presented in this study. Dilles and Gans 
(1995) discussed a phase of ca. 23 Ma ancestral 
Walker Lane transtensional deformation around 
Yerington. All strata and deformation recorded in 
our study area are younger than this late Oligo-
cene phase of deformation; thus, there is no record 
of late Oligocene deformation. Accordingly, we 
refrain from making interpretations about an ear-
lier phase of deformation. In addition, Henry and 
Perkins (2001) documented earlier sedimentation 
in the Verdi-Boca Basin ca. 12 Ma that may reflect 
dip-slip normal faulting initiation and basin genera-
tion. The Verdi-Boca Basin was later deformed with 
renewed ca. 3 Ma extension. We found no evidence 
of 12 Ma basin sedimentation or constraints for 
coeval deformation. Our oldest Cenozoic map unit 
yielded an age of 14.2 Ma, and therefore there may 
be ca. 12 Ma volcanic strata that were not dated 
(Fig. 6).

Transtension Initiation

Walker Lane right-lateral transtensional 
deformation followed Basin and Range dip-slip 
extension in the Pine Nut Mountains sometime 
after ca. 6.8 Ma. Prior studies suggested that Walker 
Lane transtension in the Carson domain initiated 
between 9 and 5 Ma (Cashman and Fontaine, 2000; 
Faulds et al., 2005; Faulds and Henry, 2008; Stur-
mer and Faulds, 2018), which is compatible with 
our interpretation of extension initiation after ca. 
6.8 Ma and Walker Lane transtension starting some-
time afterward. Integrating our observations with 
those of previous studies suggests a constraint on 
the initiation of Walker Lane deformation between 
5 and 6.8 Ma.

Previously unknown Walker Lane structures 
are preserved in the northern Pine Nut Mountains. 

We interpret that the northeast-striking strand of 
the Bull Canyon fault may have accommodated 
Walker Lane transtension and/or rotational defor-
mation. We posit that left-slip motion may have 
been kinematically linked with east-dipping dip-
slip normal fault motion along the north-striking 
strand of the fault (Say and Zuza, 2020). This Bull 
Canyon fault system may have initiated as a dip-
slip normal fault during earlier Basin and Range 
extension that was later reactivated as an oblique-
left-slip fault during Walker Lane transtension. In 
this scenario, the north-striking curvilinear normal 
fault was produced during Basin and Range exten-
sion after ca. 6.8 Ma. Following the onset of Walker 
Lane northwest-trending right-lateral shear after 
ca. 6.8 Ma, clockwise vertical-axis rotation of the 
Carson domain rotated the northern portions of 
the fault into a northeast orientation more kine-
matically favorable for left-slip displacement during 
clockwise block rotation. Alternatively, the pres-
ent-day fault orientation originated during the 
initiation of extension and has since been slightly 
modified by Walker Lane deformation. Sturmer and 
Faulds (2018) interpreted a similar kinematic history 
for the Olinghouse fault to the north (Fig. 1). The 
inferred left-slip Bull Canyon fault is parallel to the 
three northeast-striking left-slip faults in the Car-
son domain (Figs. 1 and 3) (i.e., Olinghouse fault 
and Carson and Wabuska lineaments; Li et al., 
2017; Sturmer and Faulds, 2018; Zuza and Carlson, 
2018) and thus may have been part of this parallel 
strike-slip fault system (Zuza et al., 2017; Yang et 
al., 2020). However, the main range-bounding and 
northeast-striking strands of the Bull Canyon fault 
do not displace unit Qao and younger deposits and 
are therefore not active faults (Fig. 4).

Extension Kinematics and Relationship to 
North American Plate Boundary

When integrated with data from other published 
studies, our data reveal two phases of late Cenozoic 
extension in the study region, just east of the Sierra 
Nevada: a phase of large-magnitude, fast extension 
ca. 15–13 Ma (Dilles and Gans, 1995; Surpless et 
al., 2002), followed by relative tectonic quiescence 
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Figure 9. Timing constraints for deformation in the Sierra 
Nevada–​Walker Lane–Basin and Range transition zone. 
(A) Isochron map of deformational events from this study 
and the published literature. Red polygon is the distribu-
tion of syntectonic 7–2 Ma Gardnerville Basin deposits 
(Cashman et al., 2009). Yellow text is horizontal extensional 
strain (ε) estimated in this study, Proffett (1977), and Long 
(2019). (B) Studies indicating initiation age of extensional 
events of the Sierra Nevada–Walker Lane–Basin and Range 
transition zone. Inset shows modeled thermal history from 
apatite fission track (AFT) sample 95PN-1 (location shown 
by green diamond in A) from the northern Pine Nut Moun-
tains from Surpless et al. (2002), with orange line showing 
deformation constraint from this study (T—temperature). 
Note the extensional lull ca. 12–7 Ma.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/6/1762/5476793/1762.pdf
by University of Nevada Reno user
on 15 December 2021

http://geosphere.gsapubs.org


1777Say and Zuza  |  Vertically decoupled late Miocene extension in the northern Walker LaneGEOSPHERE  |  Volume 17  |  Number 6

Research Paper

during the deposition of conformable, subhorizontal, 
and parallel middle Miocene volcanic rocks, then 
renewed extension after 6.8 Ma (Fig. 9). The implied 
punctuated extensional history can help resolve 
the dominant driver of regional extension. For 
example, extensional collapse related to elevated 
gravitational potential energy (GPE) associated with 
thickened crust (e.g., Sonder and Jones, 1999) or 
thermal weakening (Surpless et al., 2002) would 
predict more progressive and continuous extension 
at the scale of the orogen. Admittedly, this collapse 
could be variably partitioned across the orogen such 
that the entire orogen did not extend at once, but 
observations of lateral motion in the Tibetan Plateau 
today suggest that such strain should be relatively 
homogenous (e.g., England and Molnar, 1997; Zuza 
et al., 2020b). Instead, we suggest that the apparent 
two-phase kinematic history is best interpreted as a 
result of changing plate-boundary conditions. When 
the first-observed phase of rapid extension (~10−14 
s−1) initiated ca. 15 Ma, the Mendocino triple junc-
tion was still significantly south of the study area 
(DeMets and Merkouriev, 2016), and thus deforma-
tion would have been controlled by plate-boundary 
stresses across the Juan de Fuca–North American 
plate boundary (e.g., Atwater, 1970; Faulds and 
Henry, 2008; Lee et al., 2020). Lee et al. (2020) inter-
preted westward trench retreat at this time, which, 
when coupled with elevated GPE of the thickened 
crust, would have allowed for an early phase of 
fast extension. This initial burst of high-strain-rate 
extension of thickened crust would have occurred 
as plate boundary stresses relaxed due to subduc-
tion rollback (e.g., Colgan and Henry, 2009; Lee et 
al., 2020). Alternatively, Nicholson et al. (1994) spec-
ulated that consumption and capture of oceanic 
microplates could lead to discrete jumps of trans-
form-margin elongation, and it is possible that such 
events could have led to punctuated continental 
extension (e.g., Stock and Lee, 1994). However, the 
most time-correlative microplate-capture event was 
of the Arguello microplate ca. 17.5 Ma (Nicholson 
et al., 1994), which is earlier than the deformation 
observed in this study (Fig. 9). Future improvements 
or refinements to the temporal resolution of these 
microplate subduction events may reveal a link to 
pulsed deformation in the western Basin and Range.

After fast extension, an extensional lull occurred 
due to plate-boundary conditions inhibiting further 
extension and lower GPE gradients, with renewed 
slower extension after ca. 6.8 Ma as the Mendocino 
triple junction migrated northward (DeMets and 
Merkouriev, 2016). At this time, the plate bound-
ary west of the study region became a transform 
margin accommodating northwest stretching of 
Great Basin crust.

Our hypothesis that the ca. 12–7 Ma extensional 
lull reflects regional plate-boundary events predicts 
that this tectonic quiescence should have occurred 
at a regional scale. Slightly longer extensional lulls 
(ca. 12–4 Ma) are observed in the Wassuk Range 
(Stockli et al., 2002) and northern Carson Range 
(Henry and Perkins, 2001) (Fig. 9). There are numer-
ous locations where extension has been inferred 
to have started ca. 15 Ma (e.g., Henry and Perkins, 
2001; Stockli et al., 2002; Colgan et al., 2008, 2020), 
but we are not aware of definitive constraints on 
post–7 Ma accelerated or renewed extension that 
support the existence of our proposed extensional 
lull on a regional scale. Constraining a younger 
phase of deformation may be more challenging 
due to the lack of latest Miocene–early Pliocene 
(e.g., 7–5 Ma) volcanic rocks across large portions 
of the western Basin and Range (e.g., Cousens et 
al., 2008; du Bray and John, 2011). Future focused 
structural investigations in locations that do con-
tain younger phases of Ancestral Cascades volcanic 
rocks may better resolve this topic.

Decoupled Upper and Lower Crust and 
Extensional Strain Transfer

Our refined kinematic history for the Sierra 
Nevada–Basin and Range transition at the latitude 
of ~39°N (Fig. 9) permits a high-resolution per-
spective on upper-crustal extension in the western 
Great Basin. In particular, magnitudes of Cenozoic 
extension are highly variable across our studied 
traverse, from the Carson Range in the west to the 
Gillis Range in the east, varying significantly from 
>150% to <15% (e.g., Surpless et al., 2002; Cashman 
et al., 2009; Long, 2019; this study) (Fig. 9A). This 
strain heterogeneity is analogous to more regional 

strain variations across the Great Basin, where 
deformation is partitioned horizontally and later-
ally (i.e., in map view) within zones of higher and 
lower extensional strain (e.g., Coney and Harms, 
1984; Long, 2019). This intraplate deformation ulti-
mately accommodates relative plate motion, either 
via strain discretization on faults that separate rig-
id-block motion or as local strain concentrations in 
a deforming continuum (e.g., Molnar and Tappon-
nier, 1975; England and Houseman, 1986; Avouac 
and Tapponnier, 1993; Flesch et al., 2000). If upper-
crustal strain estimates reflect vertically coherent 
pure-shear extension, they imply crustal thinning 
on heterogenous wavelengths that are not compati-
ble with our knowledge of crustal thickness through 
time. This requires efficient strain partitioning 
across the vertical crustal column, smoothing strain 
heterogeneities to match the assumed vertically 
coherent and uniform horizontal velocity bound-
ary conditions prescribed by relative plate motion.

The initial crustal thickness in the Mesozoic at 
our study transect was ~60–70 km as constrained 
by analogy with other arc-plateau systems (Beck 
et al., 1996; Ryan et al., 2016) and arc mass-bal-
ance considerations (e.g., Cao and Paterson, 2016). 
Geochemical proxies also show that that the Sierra 
Nevada arc system was 60–70 km thick in the 
Late Cretaceous (Profeta et al., 2015). Following 
late Cenozoic extension, the present-day crustal 
thickness is also well constrained to 30–40 km via 
seismic reflection profiling (e.g., Allmendinger et al., 
1982; Surpless et al., 2002) and modern geophysical 
surveying (e.g., Gilbert, 2012). Both Mesozoic and 
present-day crustal thickness estimates suggest 
relatively smooth Moho horizons, such that there 
are not significant jumps in crustal thickness values 
from west to east. Following similar logic to Gans 
(1987), we can use estimates of Cenozoic extension 
to evaluate the evolution from Mesozoic to pres-
ent-day crustal thickness.

For this exercise, we use the framework setup 
of Long (2019), including their synthesis of exten-
sion magnitudes, integrating our observations from 
the Pine Nut Mountains (Fig. 10). We consider the 
region from the Carson Range in the west to the 
Gillis Range in the east (Figs. 1 and 10), which has 
present-day crustal thickness estimates of 30–40 km 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/6/1762/5476793/1762.pdf
by University of Nevada Reno user
on 15 December 2021

http://geosphere.gsapubs.org


1778Say and Zuza  |  Vertically decoupled late Miocene extension in the northern Walker LaneGEOSPHERE  |  Volume 17  |  Number 6

Research Paper

(e.g., Gilbert, 2012). Across this area, there are three 
domains of alternating low- (10%–15%; domains 
a and c in Fig. 10) and high-magnitude (>180%; 
domain b in Fig. 10) extension. Domain a includes 
the Carson Range and Pine Nut Mountains. Exten-
sion magnitudes in the Carson Range are enigmatic 
due to sparse tilt markers within the uplifted Sierra 
Nevada granite, but Miocene-to-present fault 

geometries and basins prohibit extremely high 
magnitudes of extension. Long (2019) estimated 
11% extension across the Carson Range. In the Pine 
Nut Mountains, ~14% extension has been docu-
mented (Long, 2019; this study; Fig. 8). Domain b 
includes the Singatse and Wassuk Ranges, which 
have extended >150% (Dilles and Gans, 1995; Sur-
pless et al., 2002; Long, 2019). Finally, domain c 

includes the Gillis Range, which accommodates 
significant right-lateral shear in the Walker Lane 
(e.g., Faulds and Henry, 2008; Lee et al., 2020) on 
approximately four northwest-striking right-slip 
faults. Long (2019) constructed a cross section 
across this region based on mapping by Hardyman 
(1980) and estimated ~4.9 km of extension (13% 
extensional strain) (Figs. 1 and 10). Lee et al. (2020) 
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documented ~32 km of right-lateral offset across 
the Gillis Range and adjacent Gabbs Valley, which 
we do not consider in this calculation.

With the knowledge of one-dimensional hor-
izontal strain, εh (positive values are extensional 
strain), we can take the present-day crustal thick-
ness, assume vertically coherent pure-shear 
deformation, and estimate the pre-extensional 
crustal thickness using the following relationship:

	 T T s i f h= ,	 (1)

where Ti is the initial, pre-extension thickness, Tf is 
the final thickness, and sh is the horizontal stretch, 
εh + 1. Restoration to the pre-extension crustal 
thickness leads to highly variable crustal thick-
ness estimates that are significantly too thick or 
thin compared to our expectations of ~60-km-thick 
crust in the Mesozoic (Fig. 10A). The step-function 
geometry is also unreasonable given modern 
observations of thickened crust (e.g., Ryan et al., 
2016). However, bulk pure-shear restoration of 
~58% leads to reasonable pre-extension thickness 
values (Fig. 10A).

This simple exercise demonstrates that high 
and low strain in the upper crust must be accom-
modated via strain compensation at depth, so 
that the entire crustal section extends nearly 
uniformly to match vertically uniform horizontal 
velocity boundary conditions. This proposal is sim-
ilar to the “two-layer stretching” model of Gans 
(1987) but does not suggest 6–7 km mafic under-
plating to balance domains of greater extension 
and thinning nor entirely uniform stretching of 
the middle to lower crust. Instead, we argue that 
middle to lower crust stretching varies to accom-
modate variable upper-crustal strain, which may 
be thought of as crustal-scale necking (e.g., Smith, 
1978; Smith and Bruhn, 1984; Hauge et al., 1987). 
A consequence of this is that the upper and lower 
crust must be decoupled, and extensional strain 
must be transferred between these layers via duc-
tile shear zone(s) (e.g., Wang et al., 2011). These 
inferred strain-transfer ductile shear zones may 
be exhumed as metamorphic core complexes, as 
observed in the eastern Great Basin (e.g., Miller et 
al., 1983). For strain compatibility and mass balance, 

the kinematics of these shear zones depends on rel-
ative strain magnitudes of the decoupled upper and 
lower crust. Here, we assume the Sierra Nevada 
block translates westward, stretching the Great 
Basin from a fixed stable North America (Fig. 10B). 
In domain a, lower strain in the upper crust and 
greater stretching in the lower crust leads to a top-
to-the-east shear zone between the two crustal 
levels (Fig. 10B), whereas in domain b, the oppo-
site is envisioned, leading to a top-to-the-west shear 
zone. Domain c is comparable to domain a with 
top-to-the-east shear (Fig. 10B). This requires either 
shear-zone separation at the kinematic switches 
(numbered circles along the mid-crust shear zone 
in Fig. 10B), small inactive domains, or complex 
fault stretching (e.g., Means, 1989).

An alternative but related model would suggest 
the middle- to lower-crustal flow may compensate 
upper-crustal strain heterogeneities (Block and Roy-
den, 1990; Bird, 1991; Kruse et al., 1991; McKenzie 
et al., 2000; Schutt et al., 2018). Crustal-flow models 
are most commonly envisioned to be driven by lat-
eral pressure gradients, and thus for this specific 
study, crustal material would flow from beneath the 
low-strain domains (i.e., thicker crust and higher 
topography) to the higher-strain domains (i.e., thin-
ner crust and lower topography), such as flow from 
beneath a and c to b in Figure 10B. Flow on the 
length scales of this study would require viscosities 
of ~1020 Pa∙s using established scaling relationships 
(e.g., Kruse et al., 1991; McQuarrie and Chase, 2000; 
McKenzie et al., 2000). Schutt et al. (2018) recently 
estimated lower-crust temperatures in the Great 
Basin from velocity models of P waves refracted 
from the crust-mantle boundary (Pn), and inver-
sion assuming power-law lower-crustal rheology 
yielded viscosities of ≤1020 Pa s for wet plagioclase 
compositions across this studied region. Therefore, 
crustal flow may be a reasonable mechanism for 
smoothing topography and Moho geometries. 
However, we prefer the strain-accommodation 
model presented in Figure 10B to crustal-flow mod-
els for several reasons discussed below.

Crustal flow for smoothing out topography 
and/or Moho depth involves crustal inflation of 
the thinner crustal columns, which would predict 
some vertical motion in the middle to lower crust 

(e.g., Block and Royden, 1990; McCarthy et al., 
1991). Consortium for Continental Reflection Pro-
filing (COCORP) seismic reflection surveys across 
this study area show only subhorizontal reflectors 
(e.g., Allmendinger et al., 1987; Surpless et al., 
2002). However, if flow-related inflation involves 
accretion of flowing material into a crustal column, 
subhorizontal layering could be expected. Similarly, 
flow would originate from thicker crustal columns 
and flow toward thinner ones, and in the example 
presented here, that would be bidirectional flow 
from domains A and C toward central domain B 
(Fig. 10B), which complicates the flow geometry, 
derivations of flow kinematics, and mass balance 
in each crustal column.

Poiseuille flow requires sustained lateral pres-
sure gradients (e.g., Klemperer, 2006), and thus 
this process would cease once these gradients are 
removed, making it hard to envision how this pro-
cess can remain active during the entire extensional 
process. Alternatively, basal shear from the lower 
crust or mantle lithosphere could drive Couette flow, 
although this process is not commonly invoked in 
the Great Basin. We acknowledge that crustal-flow 
mechanisms remain potentially viable to explain 
the observations in this study but argue that a 
model of variable middle to lower crust stretch-
ing may accommodate differential upper-crustal 
strain. Channel flow implies that strain accommo-
dation is driven by vertical forces due to lateral 
pressure gradients, whereas vertically decoupled 
pure-shear stretching accommodation, as preferred 
in this study, is controlled by subhorizontal forces 
related to plate-boundary conditions, which is con-
sistent with our interpretations of plate-boundary 
stresses modulating the observed two phases of 
extension. Either case requires substantial decou-
pling of upper and middle to lower crust kinematics.

It is unclear why certain domains accommodate 
higher magnitudes of upper-crustal extension that 
is apparently smoothed out at depth. This may be 
due to rheologic conditioning and strengthening, 
such as Mesozoic granitic bodies or Cenozoic mid-
dle to lower crust mafic intrusions or underplating, 
which could selectively strengthen certain crustal 
domains (e.g., Gans, 1987; Liu and Furlong, 1994). 
P- to S-wave velocity ratios (Vp/Vs) vary across the 
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study region, suggesting variable quartz contents 
(Lowry and Pérez-Gussinyé, 2011), which could 
lead to heterogeneous rock strength. Alternatively, 
based on our current understanding, the Singa-
tse and Wassuk Ranges started deforming slightly 
earlier than the Pine Nut Mountains and Carson 
Range (e.g., Dilles and Gans, 1995; Surpless et al., 
2002; this study), and strain-weakening processes 
(e.g., Chester et al., 1993) could have worked as 
a positive feedback to continually focus strain in 
these older established fault zones. Finally, these 
differences in upper-crustal extension may reflect 
necking instabilities during lithospheric extension, 
which could yield regions of enhanced thinning at 
characteristic spacings (Fletcher and Hallet, 1983). 
This model is favored in regions of hot crust with 
high thermal gradients, which thus may be applica-
ble to the Great Basin (e.g., Miller and Gans, 1989; 
Surpless et al., 2002; Hyndman, 2019; Zuza et al., 
2020a, 2021).

Reconstructions of Pre-Cenozoic Crustal 
Thickness

We have synthesized extension along an 
~150-km-long transect and suggest that crustal 

thickening or thinning calculations based on doc-
umented upper-crustal strain assuming vertically 
coherent pure-shear deformation may not be 
valid. That is, high strain observed in the upper 
crust may not reflect high strain of the entire 
crustal column. Therefore, using local upper-crust 
extension estimates to reconstruct paleo–crustal 
thickness, as commonly done for the Mesozoic 
Nevadaplano orogenic plateau (e.g., Coney and 
Harms, 1984; Best et al., 2009; Long, 2019), can lead 
to overinterpreted, somewhat unjustified thickness 
estimates and distributions. The classic Coney and 
Harms (1984) reconstruction assumed vertically 
coherent pure-shear extension (e.g., England, 1982) 
and, predictably, inferred thicker crust in western 
and eastern Nevada where high-strain extensional 
systems are documented (e.g., around Yerington, 
the northern Snake Range metamorphic core com-
plex, and the Colorado River extensional corridor). 
However, here we have argued that continen-
tal deformation must have been more variably 
accommodated and vertically and laterally parti-
tioned. Therefore, we urge caution in using these 
local range-scale extension estimates, such as 
from map-view patterns across the Nevadaplano, 
to elucidate finer-scale variations in paleo–crustal 
thickness (Fig. 11).

Field-based range-scale extension estimates 
get incorporated into regional kinematic models 
(e.g., McQuarrie and Wernicke, 2005), which may 
be perpetuated in dynamic simulations (Bahadori 
and Holt, 2019). These inferred orogenic plateau 
geometries are inconsistent with observations of 
the analogous present-day Puna-Altiplano (central 
Andes) (Fig. 11) or Tibetan Plateaus. Specifically, 
they suggest that the Nevadaplano plateau margins 
were thicker relative to the plateau center (Fig. 11B). 
This geometry is at odds with our knowledge of 
how thickened plateaus and their elevated GPE 
are supported by stresses across plateau margins 
(e.g., England and Houseman, 1989; Molnar et al., 
1993; Ghosh et al., 2006; England and Molnar, 1997; 
Rey et al., 2001). A thickening retroarc thrust sys-
tem would preferentially focus strain in low-GPE 
regions, if they existed (e.g., Fig. 11B), and therefore 
this geometry appears improbable. An alternative 
explanation for this geometry would be lithospheric 
viscosity variations due to mantle and/or crustal 
strengthening (e.g., Liu and Furlong, 1994; Xu et al., 
2021), but evidence for these variations on spatial 
scales correlative to those of paleo–​crustal thick-
ness maps has not been presented. Furthermore, 
thinner crust in the middle of the plateau would 
imply lower topography, which should develop as a 
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Figure 11. Comparison of crustal thick-
ness between the central Andes and 
Nevadaplano orogenic plateaus. (A, B) 
Receiver function–based crustal thick-
ness of (A) the central Andes (modified 
from Ryan et al., 2016) compared at the 
same scale with (B) the Nevadaplano re-
construction of Coney and Harms (1984). 
(C) Schematic Nevadaplano crustal 
thickness map emphasizing a simpler 
geometry with a uniform crustal thick-
ness across the central plateau, which is 
more similar to the analogous Andean 
plateau in A. Contours in all panels are 
crustal thickness values in kilometers. 
Purple dashed polygon shows the an-
cient and modern arc system. State 
abbreviations for spatial reference: ID—
Idaho; NV—Nevada; UT—Utah.
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thick sedimentary basin, such as the ~8–12-km-thick 
Cenozoic Qaidam Basin in Tibet (e.g., Wang et al., 
2021). This is not observed in the Nevadaplano.

Instead, orogen-scale calculations of crustal 
stretching may provide better first-order estimates 
of paleo–crustal thickness. For example, Coney and 
Harms (1984) noted 40% bulk extension across the 
Basin and Range before their consideration of local 
extension anomalies. Similarly, the broad data 
set of Long (2019) implies bulk extension across 
Nevada of 46%, which would yield a pre-extension 
crustal thickness of ~54 km. We argue that value, 
which is comparable that of to other orogenic 
plateaus and is supported by geochemical prox-
ies (e.g., Chapman et al., 2015) and stable isotope 
work on paleo-elevation (e.g., Cassel et al., 2014), is 
probably a reliable estimate within the resolution of 
field-geology data sets (Fig. 11C). The pre-Miocene 
topography of this broad plateau has implications 
for reconstructions of paleoclimate and the impact 
of topography on atmospheric circulation (e.g., 
Poage and Chamberlain, 2002; Mulch and Cham-
berlain, 2018).

■■ CONCLUSIONS

Basin and Range extension has encroached 
westward against the relatively stable Sierra 
Nevada block since the Miocene. We investigated 
this transition zone, which is further overprinted 
by Walker Lane transtension as part of the Carson 
domain, via systematic field study of the northern 
Pine Nut Mountains. We document a conformable 
section of tilted volcanic strata that span ca. 14.2–
6.8 Ma and were erupted as part of the Ancestral 
Cascade arc. We interpret that Basin and Range 
extension initiated in this region after the youngest 
conformable unit, post–6.8 Ma, which is consistent 
with other studies. Restoration of a balanced cross 
section suggests 14% extension across the Pine 
Nut Mountains at an extensional rate of ~0.4 mm 
yr−1. Our results confirm two phases of extension in 
the transition zone ca. 15–14 Ma and post–6.8 Ma, 
with relative tectonic quiescence between these 
intervals. We interpret this pulsed deformation to 
reflect dynamic plate-boundary conditions driving 

extension, which does not support models that rely 
on built-up GPE to drive plateau collapse.

Walker Lane transtension initiated after ca. 
6.8 Ma. Related structures include a possible 
left-slip segment of the Bull Canyon fault, which 
parallels other northeast-striking faults in the Car-
son domain of the Walker Lane, and recently active 
(Middle to Late Pleistocene) north-striking faults 
with dip-slip to oblique right-slip normal kinemat-
ics that probably accommodate active shear in the 
Walker Lane.

Integrating this study with nearby constraints 
for extension reveals heterogeneous extensional 
strain (i.e., <15% to >150%) in the western Basin 
and Range, from the Carson Range in the west to 
the Gillis Range in the east. We argue that these 
extreme extension variations could not have been 
uniformly affecting the vertical crustal column 
via pure-shear deformation because the implied 
pre-extensional thickness geometries or the pres-
ent-day Moho depths would also vary significantly. 
All evidence suggests relatively smooth Moho hori-
zons across this transect. We posit that strain is 
accommodated differently at decoupled crustal 
levels to result in smooth homogenous crustal 
thickness values despite the significantly hetero-
geneous extensional evolution. Strain is efficiently 
partitioned vertically, driven by vertically uniform 
plate-boundary conditions. This case study across 
an ~150-km-long transect demonstrates that the 
use of upper-crust extension estimates assuming 
pure shear, as commonly done for the Mesozoic 
Nevadaplano orogenic plateau, may not reliably 
constrain pre-extension crustal thickness.
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