
ABSTRACT

The East Range in northwestern Nevada is 
a large, east-tilted crustal block bounded by 
west-dipping normal faults. Detailed map-
ping of Tertiary stratigraphic units demon-
strates a two-phase history of faulting and 
extension. The oldest sedimentary and volca-
nic rocks in the area record cumulative tilt-
ing of ~30°–45°E, whereas younger olivine 
basalt fl ows indicate only a 15°–20°E tilt since 
ca. 17–13 Ma. Cumulative fault slip during 
these two episodes caused a minimum of 40% 
extensional strain across the East Range, and 
Quaternary fault scarps and seismic activity 
indicate that fault motion has continued to the 
present day. Apatite fi ssion track and (U-Th)/
He data presented here show that faulting 
began in the East Range ca. 17–15 Ma, coeval 
with middle Miocene extension that occurred 
across much of the Basin and Range. This 
phase of extension occurred contemporane-
ously with middle Miocene volcanism related 
to the nearby northern Nevada rifts, suggest-
ing a link between magmatism and exten-
sional stresses in the crust that facilitated 
normal faulting in the East Range.

Younger fault slip, although less well con-
strained, began after 10 Ma and is synchro-
nous with the onset of low-magnitude exten-
sion in many parts of northwestern Nevada 
and eastern California. These fi ndings imply 
that, rather than migrating west across a 
discrete boundary, late Miocene extension in 
western Nevada is a distinct, younger period 
of faulting that is superimposed on the older, 
middle Miocene distribution of extended 
and unextended domains. The partitioning 
of such middle Miocene deformation may 
refl ect the infl uence of localized heterogene-
ities in crustal structure, whereas the more 

broadly distributed late Miocene extension 
may refl ect a stronger infl uence from regional 
plate boundary processes that began in the 
late Miocene.

Keywords: Basin and Range, East Range, 
U-Th/He thermochronology, fi ssion track, mag-
matism, extension.

INTRODUCTION

Although early Tertiary extension took place 
along the eastern margin of the northern Basin 
and Range (McGrew et al., 2000; Rahl et al., 
2002; Wells et al., 2000; Egger et al., 2003) 
(Fig. 1), the main phase of extension across much 
of the province began in the middle Miocene. 
A broad region, encompassing much of central 
and southern Nevada and parts of southeast-
ern California, underwent extensional faulting 
beginning ca. 17–15 Ma (Proffett, 1977; Dilles 
and Gans, 1995; Faulds et al., 2005; Miller et 
al., 1999; Snow and Wernicke, 2000; Stockli et 
al., 2002; Stockli, 2005; Colgan et al., 2008). 
The spatial distribution of strain during this 
period was strongly heterogeneous, with highly 
extended domains (up to 100% strain or more) 
separated by relatively undeformed blocks of 
crust (e.g., Miller et al., 1999; Hudson et al., 
2000). In contrast, a large area of western and 
northwestern Nevada remained essentially unde-
formed until ca. 12–10 Ma (e.g., Colgan et al., 
2006a; Stockli et al., 2003; Henry and Perkins, 
2001). Subsequent faulting in this region took 
place on widely spaced high angle faults that 
accommodated much less strain (~15%–20%) 
(Colgan et al., 2006b; Lerch et al., 2006) than 
that documented in the highly extended mid-
dle Miocene domains in central and southern 
Nevada. The goal of this study is to investigate 
the location and nature of the boundary—if one 
exists—between low-magnitude, late Miocene 
extension in northwestern Nevada and the large 
region of Nevada affected by signifi cant middle 
Miocene extension.

The East Range and Sou Hills (Fig. 1) lie south 
and east of the area where extensional faulting is 
known to have begun in the late Miocene, and 
north and west of moderately to highly extended 
regions like the Stillwater Range (Hudson et al., 
2000) and the Shoshone and northern Toiyabe 
Ranges (Smith et al., 1991; Colgan et al., 2008) 
(Fig. 1). Together, the East Range and Sou Hills 
expose tilted Oligocene to Miocene sedimen-
tary and volcanic rocks that record the magni-
tude and overall timing of extensional faulting. 
Furthermore, the East Range exposes an ~8 km 
structural section across an Oligocene pluton 
exhumed in the footwall of a large normal fault 
(Fig. 2), making it an ideal location for direct 
dating of extension using low-temperature ther-
mochronology.

Apatite fi ssion track and (U-Th)/He data from 
the East Range, coupled with detailed mapping of 
the Tertiary stratigraphy in the nearby Sou Hills, 
reveal a two-phase history of faulting and crustal 
extension, with an initial event at 17–15 Ma, 
followed by a distinctly younger period of fault-
ing that is poorly constrained but younger than 
10 Ma. This result suggests that, rather than 
migrating west across a discrete boundary, late 
Miocene extension in western Nevada is a dis-
tinct, younger period of faulting that is superim-
posed on the older, middle Miocene pattern of 
extended and unextended domains.

REGIONAL SETTING

The East Range lies in the northern Basin and 
Range extensional province and was exhumed 
in the footwall of a west-dipping fault system 
that accommodated eastward tilting of  Cenozoic 
strata and unroofi ng of pre-Cenozoic  basement 
(Figs. 1 and 2). Quaternary fault scarps and geo-
thermal springs along the western fl ank of the 
East Range indicate recent faulting (Wallace, 
1984). The East Range is east of the Walker Lane 
(Stewart, 1980) (Fig. 1), a zone of dextral faults 
in the northwestern Great Basin that accom  -
modates nearly 15%–25% of the Pacifi c–North 
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Figure 1. Shaded relief map of the northwestern part of the northern Basin and Range Province, showing  geographic 
features discussed in text. Locations of the Walker Lane from Faulds et al. (2005) and references therein, the North-
ern Nevada Rift from aeromagnetic lineations (Zoback et al., 1994; Glen and Ponce, 2002), and the Central Nevada 
Seismic Belt from Wallace (1984). Base map modifi ed from NOAA 90 s digital elevation data. Refer to text for refer-
ences. Drill hole SA-1 location of Hastings (1979).
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American plate motion. At the latitude of the 
study area, initiation of strike-slip faulting 
within the Walker Lane began ca. 9 Ma and con-
tinued into the Holocene (e.g., Dilles and Gans, 
1995; Faulds et al., 2005). Additionally, the 
study area lies within the Central Nevada Seis-
mic Belt, a region of signifi cant seismic activity. 
The surface rupture of the 1915 Pleasant Valley 
earthquake (M 7.1) lies just to the north, and the 
1954 Dixie Valley surface ruptures (M 7.2 and 
6.8) are just to the south (e.g., Wallace, 1984; 
Caskey et al., 2000) (Fig. 2).

Global Positioning System (GPS) measure-
ments across the northern Basin and Range show 
a total of 2.8 ± 0.2 mm/yr of diffuse E-W exten-
sion occurring today across the entire Great Basin 
between the Sierra Nevada and Colorado Plateau 
(Fig. 1), but higher strain rates are observed within 
the Central Nevada Seismic Belt in comparison 
with central Nevada (Bennett et al., 2003).

GEOLOGY OF THE EAST RANGE AND 
SOU HILLS

Pre-Cenozoic basement rocks in the East 
Range (Fig. 2) consist of (1) upper Paleozoic 
basinal quartzite, chert, argillite, and sandstone 
of the Havallah sequence; (2) Permian–Triassic 
mafi c to felsic volcanic rocks and shallow intru-
sive rocks of the Koipato Group, and (3) Trias-
sic to Early Jurassic marine limestone and shale 
of the Star Peak and Auld Lang Syne Groups 
(e.g., Nichols and Silberling, 1977). Com-
pressional deformation during the Permian–
Triassic Sonoma orogeny resulted in complex 
folding and eastward thrusting of the Havallah 
sequence over contemporaneous shelf facies 
along the Golconda Thrust (Silberling, 1975; 
Burke, 1977). Folded Paleozoic and Mesozoic 
strata are now exposed in the northern Stillwa-
ter Range and underlie Tertiary strata across the 
fi eld area at McKinney Pass, the Sou Hills, and 
the southwestern Tobin Range (Fig. 2).

Cenozoic Units

Cenozoic rocks in the East Range and Sou 
Hills consist of Oligocene granitic and dioritic 
plutons, gabbroic dikes, Oligocene–Miocene 
rhyolite ash-fl ow tuff, tuffaceous sediments, 
basalt fl ows, and rhyolite lava fl ows and plugs 
(Fosdick, 2006) (Figs. 2 and 3). Geologic 
 mapping, compiled with previous mapping 
by Burke (1977), Stewart and Carlson (1978), 
and Nosker (1981), establish that Oligocene(?) 
to Pliocene sedimentary and volcanic strata 
unconformably overlie the pre-Cenozoic 
basement or are in normal fault contact with 
basement rocks (Fig. 3). Up to 1500 m of con-
tinuous sedimentary and volcanic section is 

uplifted and exposed in the central Sou Hills. 
This stratigraphic section has a maximum 
composite thickness of nearly 2900 m and is 
summarized with reported ages in Figure 3 
with detailed descriptions in Fosdick (2006).

Oligocene Plutonic Complex
At Granite Mountain in the southern East 

Range a Tertiary plutonic complex intrudes Paleo-
zoic and Triassic basement (Fig. 2). Mapping of 
the Tertiary pluton by Whitebread and Sorensen 
(1980) and Wallace (1977) revealed a compo-
sitionally variable intrusive suite that includes 
quartz monzonite and lesser amounts of diorite, 
gabbro, and aplitic and diabase dikes. The quartz 
monzonite yielded a 30.2 ± 2.5 Ma K/Ar biotite 
age (J. Obradovich, as cited in Whitebread and 
Sorensen, 1980). Zircon U-Pb dating by sensitive 
high-resolution ion microprobe (SHRIMP) of the 
diorite and quartz monzonite (this study) yielded 
33.0 ± 0.3 Ma and 31.4 ± 0.4 Ma crystallization 
ages for the diorite and quartz monzonite phases 
of the pluton.1 (see GSA Data Repository) Oli-
gocene plutons (ca. 28–24 Ma) and genetically 
related rhyolite ash fl ows are also present ~60 km 
southwest of Granite Mountain in the Stillwater 
Range and Clan Alpine Mountains (Riehle et al., 
1972; John, 1995) (Fig. 1).

Ash-Flow Tuff (Taf)
The oldest Tertiary stratifi ed rocks in the 

study area are rhyolitic ash-fl ow tuffs exposed 
in the southern Sou Hills (Figs. 2 and 3). Previ-
ously mapped and described by Nosker (1981), 
these tuffs unconformably overlie carbonate 
rocks of the Jurassic Winnemucca Formation 
(Fig. 3; Nosker, 1981). The ash-fl ow tuff in the 
Sou Hills is similar in composition to many 
tuffs erupted during the middle Tertiary “ignim-
brite fl are-up” ca. 35–20 Ma (e.g., Armstrong 
et al., 1969; Best et al., 1993). More locally, 
potentially correlative rhyolite ignimbrites in 
the Tobin Range (Fig. 1) span an age range of 
33–25 Ma (Gonsior, 2006).

Older Basalt Flows (Tbo)
Rhyolite ash-fl ow tuffs are overlain by dark 

gray, porphyritic, vesicular basalt fl ows that are 
locally brecciated and oxidized to a reddish color 
(Fig. 3A). Basalt fl ows were deposited on top 
of the ash-fl ow tuff (Taf) and are also interbed-
ded with the base of the overlying tuffaceous 
sedimentary unit (Tts) in the southwestern Sou 

Hills, suggesting that initial basin deposition 
was concomitant with basaltic magmatism. The 
source area and precise age of these basalts are 
not known. However, their stratigraphic position 
above the Oligocene ash-fl ow tuffs and overlying 
17–15 Ma basalt fl ows (Tba) provide general late 
Oligocene to middle Miocene age constraints.

Tuffaceous Sedimentary Rocks (Tts)
Tuffaceous sedimentary rocks (Oligocene–

Miocene[?]) overlie pre-Cenozoic basement 
in the East Range at McKinney Pass (Fig. 2), 
where they are poorly exposed and consist of 
white tuffaceous siltstone and sandstone with 
interbedded lenses of pebble conglomerate. As 
much as 700 m of tuffaceous siltstone overlies 
pre-Tertiary basement to the south along the 
eastern fl ank of the Stillwater Range. Variations 
in thickness and the map pattern of contacts sug-
gest some local relief at the time of deposition. 
The lithology of this unit is more variable in 
the Sou Hills, where it is subdivided into two 
members (Fig. 3A). The lower member (Tts

l
) 

consists of interbedded gray to beige volcani-
clastic sandstone, pebble conglomerate, and 
well-lithifi ed tuffaceous siltstone. The upper 
member (Tts

u
) is characterized by interbedded, 

poorly consolidated tuffaceous and calcareous 
siltstone, pebble conglomerate, volcanic ash, 
and lacustrine diatomite.

Bimodal Volcanism: Olivine Basalt (Tba) and 
Rhyolite (Tr)

Sedimentary strata, tuffs, and pre-Cenozoic 
basement are all unconformably overlain by 
dark gray, vesicular olivine basalt fl ows (Tba) 
that range from 3 to 6 m thick in the Sou Hills to 
~130 m thick in the East Range (Figs. 2 and 3). 
Small basaltic dikes and plugs are associated 
with these fl ows.

Published whole rock ages from these basalts 
in the East Range area show a range in ages from 
ca. 17–13 Ma (Nosker, 1981; Gonsior, 2006) 
(Fig. 3). The olivine basalts in the Sou Hills 
(Figs. 2 and 3) have K/Ar whole rock ages of 
17.5 ± 0.9 Ma and 15.0 ± 0.7 Ma (Nosker, 1981). 
Gonsior (2006) obtained a 40Ar/39Ar whole rock 
age of 14.10 ± 0.12 Ma from basalt fl ows on the 
east side of the Tobin Range (Fig. 1) that overlie 
variably tilted Tertiary andesite fl ows, ash-fl ow 
tuffs, and sedimentary rocks similar to those 
exposed in the Sou Hills. Petrographically simi-
lar and younger olivine basalt at Table Mountain 
in the northern Stillwater Range (Fig. 1) uncon-
formably overlies Tertiary sedimentary rocks 
and pre-Cenozoic basement (Speed, 1976). 
The youngest age from this unit, reported from 
the uppermost basalt fl ow that caps the north-
ern Stillwater Range (Fig. 1), is 13.5 ± 0.5 Ma 
(Nosker, 1981).

1GSA Data Repository Item 2008066, Part 
1—SHRIMP U-Pb Analytical Data (text, table and 
graphics), Part 2—Apatite fi ssion track analytical 
data (text and graphics), and Part 3—Apatite (U-Th)/
He analytical data (text, table), is available at www.
geosociety.org/pubs/ft2008.htm. Requests may also 
be sent to editing@geosociety.org. 
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Tertiary rhyolite fl ows and plugs (Tr) overlie 
and intrude, respectively, Oligocene–Miocene 
sedimentary rocks in the northern Sou Hills 
and the East Range at McKinney Pass (Figs. 2 
and 3). Nosker (1981) obtained a 14.4 ± 0.5 Ma 
K/Ar age from this rhyolite dome. Additional 
geochronology and geochemistry of the oliv-
ine basalts in the Sou Hills area would greatly 
improve the temporal resolution of bimodal 
volcanic activity, particularly in relation to the 
timing of normal faulting.

Correlation with Subsurface Stratigraphic Data
The Cenozoic stratigraphic sequence of the 

Sou Hills and East Range can be correlated with 

similar lithologic units that are now buried in 
nearby basins (Fig. 3). A borehole in northern 
Carson Sink (Hastings, 1979) (Fig. 1) records 
a continuous 3353-m-thick Tertiary section 
consisting of an older volcanic member of calc-
alkaline fl ows and sedimentary rocks (i.e., Taf), 
overlain by poorly consolidated tuffaceous sedi-
mentary rocks (i.e., Tts), and capped by olivine 
basalt and basaltic andesite fl ows (i.e., Tba) 
(Fig. 3B). On the basis of similar composition 
and thickness, we correlate this section with 
stratifi ed units exposed in the Sou Hills (Fig. 3) 
and infer that it has been displaced by range-
bounding faults in the Stillwater Range (Fig. 2). 
Given the 45 km distance between the drill hole 

and outcrop in the Stillwater Range and Sou 
Hills (Fig. 1), this correlation is made with cau-
tion, and we acknowledge the likely existence of 
paleotopography during deposition. The “cap-
ping basalt” (Tba) that crops out in the Stillwater 
East and Humboldt Ranges probably offers the 
most reliable correlation, and thus it is used in 
the deformational reconstructions given below.

Cenozoic Structure of the Sou Hills

Previous workers have suggested that 
Cenozoic rocks in the Sou Hills were uplifted 
and tilted in a zone of deformation between 
two overlapping, oppositely dipping  normal 
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Figure 3. (A) Schematic composite stratigraphic section of Tertiary units in the East Range and Sou Hills. Previously published K/Ar ages and 
zircon U-Pb ages are shown. Asterisk (*) denotes ages obtained by Nosker (1981), and double asterisk (**) indicates age referenced in White-
bread and Sorensen (1980). (B) Schematic drill core (Standard-Amoco S.P. Land Co. no. 1) from the northern Carson Sink (Fig. 1), showing 
lithology, unit descriptions, and correlation with outcrop exposures in the Sou Hills (this study). Drill core log and ages simplifi ed from Hast-
ings (1979). Cz—Cenozoic; wrb—whole rock basalt; Taf—ash-fl ow tuff. See Figure 2 for other abbreviations.
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fault systems: the west-dipping Tobin Range 
Fault and the east-dipping Dixie Valley Fault 
(Fig. 1) (Stewart 1980; Faulds and Varga, 
1998). In the southern Sou Hills, basalt fl ows 
(Tbo) and Oligocene(?) fl uvial-lacustrine 
sedimentary rocks overlie a 30–35 Ma(?) 
ash-fl ow tuff and dip ~30° SE (Fig. 2). In the 
central Sou Hills, dips in these units change 
to predominantly north (25°–35°), indicat-
ing broad rotation and folding of the section 
(Fosdick, 2006). This geometry is interpreted 
as extension-related folding in the zone of 
overlap between two oppositely dipping nor-
mal faults, similar to systems studied else-
where in the Basin and Range (e.g., Varga 
et al., 2004). On the eastern edge of the Sou 
Hills the southern extent of the west-dipping 
Tobin Range Fault cuts Tertiary sedimentary 
rocks that dip ~30°–45° SE (Fig. 2). Historic 
rupture of this segment of the fault indicates 
that the Sou Hills are still actively deforming 
(Wallace, 1984; Fonseca, 1988).

Younger (17–13 Ma) olivine basalt fl ows 
(Tba) unconformably overlie the Oligocene 
sedimentary rocks and ash-fl ow tuff and dip 

12°–16° E (Fig. 2). The angular unconformity 
beneath the olivine basalt and the underlying 
units indicates that some tilting, folding, and 
warping of the basinal deposits occurred after 
ca. 30 Ma(?) and before the eruption of the 
olivine basalt fl ows at 17–13 Ma (Fig. 4A). The 
olivine basalts were subsequently truncated 
and tilted during displacement along the Sou 
Hills Fault after ca. 13 Ma.

Cenozoic Structure of the Southern East 
Range

Structural relations inferred from geologic 
mapping of east-dipping Tertiary strata in the 
southern East Range indicate that tilting took 
place in two phases. The fi rst event is docu-
mented by Oligocene tuffaceous sedimentary 
rocks that dip 30°–45° E (Fig. 2). These units 
are unconformably overlain by 17–13 Ma 
olivine basalt fl ows that dip ~15°–20° E 
(Figs. 2 and 4A), suggesting that 10°–30° tilt-
ing occurred before the eruption of 17–13 Ma 
basalts. About 5 km north of Granite Moun-
tain, correlative olivine basalts dip uniformly 

~20° E and directly overlie pre-Cenozoic base-
ment (Figs. 2 and 4A). These relationships sug-
gest that there may be a total of at least 30° 
(and locally up to 45°) of eastward tilt of the 
East Range, about half of which occurred prior 
to the eruption of an olivine basalt sequence 
(>17–13 Ma).

Subsurface data from Buena Vista Val-
ley (Figs. 2 and 5) offer more insight into the 
geometry and structure of the poorly exposed 
fault system bounding the East Range to the 
west. Gravity data indicate ~2.5 km of basin 
fi ll in Buena Vista Valley; the basin deepens 
southward and contains ~4 km of fi ll in Car-
son Sink (Erwin, 1974; Hastings, 1979). This 
valley and Dixie Valley (Fig. 1) are two of the 
deepest basins in the northern Basin and Range 
(Catchings and Mooney, 1991) consistent with 
signifi cant amounts of slip on bounding faults.

Tertiary strata west of McKinney Pass 
(Fig. 2) dip ~20°–30° east, and we infer that 
the East Range footwall block in the vicinity 
of Kyle Hot Spring is tilted a similar amount 
(Fig. 2). If this is correct, the fault would 
now dip ~30°–40° (assuming an initial dip of 

B

A

Figure 4. Palinspastic restoration 
of the southern East Range, along 
cross section A–A′ (Fig. 2), restores 
the proposed geometry of the fault 
block, overlain by the capping 
13 Ma Tertiary basalt fl ows (Tba) 
prior to extension and 15° eastward 
crustal tilt. The youngest basalt 
fl ows are projected from the south 
onto the line of section. Buena Vista 
Valley subsurface geometry inter-
preted from gravity and drill core 
data (see text for more details). 
These data suggest ~40% crustal 
extension since the eruption of Tba. 
This restoration does not account 
for an additional ~15° of tilting 
prior to Tba, suggested by underly-
ing strata that dip 30°–40° east.
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60° W). A moderately dipping fault is consis-
tent with the rather low ~3–4 mgal/km gravity 
gradient across Buena Vista Valley and the East 
Range, indicated by the gravity profi le along 
section B–B′ in Figure 5. In contrast, much 
steeper gradients may result from high-angle 
normal faults, such as the ~9 mgal/km gradient 
across the fault bounding the Stillwater Range 
in Dixie Valley, which has been shown in seis-
mic data to dip ~50° (Okaya and Thompson, 
1985) and which may shallow at depth (Abbott 
et al., 2001). These gradients yield minimum 
estimates of dip; alternatively, large-scale land-
sliding and interbedded alluvial fans and playa 
sediments in this tectonically active setting 
could effectively lower the gravity gradient.

Hot springs and scarps in Quaternary alluvial 
fans along the western side of the East Range 
indicate high heat fl ow and recent fault activity. 
Detailed gravity surveys at Kyle Hot Spring 
(Fig. 2) indicate that a Quaternary high-angle 
fault system is responsible for localizing the 
spring (Goldstein and Paulsson, 1978). These 
faults are interpreted to accommodate the most 
recent extension by normal faulting, whereas 
large-magnitude extension that resulted in tilted 
Oligocene–Miocene units in the East Range is 
inferred to have taken place on an older, more 
shallowly dipping normal fault that has been 
rotated during uplift and block rotation (Fig. 2) 
(Fosdick, 2006).

Magnitude of Crustal Extension

Extensional strain in the East Range was 
partitioned into two major episodes of normal 
faulting. Oligocene–Miocene strata that predate 
the olivine basalt do not provide a continuous 
marker unit across the East Range; thus it is 
less clear how much extension occurred prior 
to 13–17 Ma. This older faulting was respon-
sible for ~15° eastward tilting of Oligocene–
Miocene sediments and underlying units in the 
Sou Hills and East Range (Fig. 4A). Based on 
~15° dip of these tilted Oligocene–Miocene 
strata and an assumed 60° initial fault dip, 
we estimate that ~22% extension across the 
East Range occurred prior to eruption of the 
17–13 Ma olivine basalts.

The second period of fault slip postdates the 
olivine basalt sequence (unit Tba, Fig. 2) and 
thus took place more recently than 17–13 Ma. To 
reconstruct this younger extension, east-dipping 
(15°) olivine basalts are extrapolated from the 
eastern fl ank of the Humboldt Range (Fig. 2) 
and beneath Buena Vista Valley to the East 
Range bounding fault (Fig. 4). The approximate 
subsurface geometry of this volcanic sequence 
is projected from the south (Fallon drill core) 
and is consistent with depth-to-basement grav-

ity estimates for Buena Vista Valley (Erwin, 
1974). Figure 4B illustrates the palinspastically 
restored geometry across the East Range (A–A′) 
at 17–13 Ma, equivalent to at least 40% extension 
(or ~11.5 km) since that time. This is a minimum 
strain estimate for the second faulting event, 
because the initial condition (Fig. 4A) includes 
the extensional strain from the fi rst period of 
fault slip and tilting. Our nominal estimate of 
total strain is ~60%, indicating greater amounts 
of extension than values determined for the adja-
cent Tobin Range, where 40%–45% extension 
occurred during multiple episodes of faulting 
since the Oligocene (Gonsior, 2006) (Fig. 1).

APATITE (U-Th/He) AND FISSION 
TRACK THERMOCHRONOLOGY

Methodology

Apatite fi ssion track and (U-Th)/He thermo-
chronology have been used to determine the 
timing and magnitude of extension by normal 
faulting in many parts of the Basin and Range. 
Together, these methods can constrain the ther-
mal history of a footwall block in detail, and, 
by proxy, the timing of fault slip, tilting, and 
exhumation (e.g., Foster et al., 1991; Fitzgerald 
et al., 1991; Foster and John, 1998; Surpless et 
al., 2002; Armstrong et al., 2003; Stockli, 2005; 
Carter et al., 2006; Colgan et al., 2006b; Met-
calf, 2006). To quantify the timing of faulting 
and extension in the southern East Range, we 
collected a detailed E-W transect of samples 
across Granite Mountain, perpendicular to the 
range-bounding fault (Fig. 6A). Multiple single-
grain (U-Th)/He analyses were obtained from 
18 samples, and fi ssion-track analyses from 10 
samples. Apatite fi ssion track and (U-Th)/He 

analytical data are shown in Table 1. Complete 
analytical data and procedures are reported in 
Table DR21 (see GSA Data Repository).

The fi ssion track method is based on the 
accumulation of linear damage trails in the 
crystal lattice formed by the spontaneous fi s-
sion decay of 238U. In apatite, these “tracks” 
form with initially uniform lengths (~16 μm) 
at a constant rate through geologic time. They 
are completely annealed, or erased, at tempera-
tures above ~120 °C, and retained below ~60 °C 
(e.g., Gleadow et al., 1986; Green et al., 1989), a 
temperature range termed the partial annealing 
zone (PAZ). Track density and measured track 
length thus vary systematically according to 
the thermal history (time-temperature path) of 
a given sample.

The (U-Th)/He method relies on the accu-
mulation of α particles produced during the 
decay of 238U, 235U, and 232Th nuclei. In an apa-
tite crystal, α particles (4He nuclei) escape the 
crystal lattice by thermally activated diffusion at 
temperatures above ~85 °C and are retained at 
temperatures below ~40 °C (Zeitler et al., 1987; 
Farley, 2000, 2002). At temperatures between 
40 and 85 °C, termed the partial retention zone 
(PRZ; Wolf et al., 1996), 4He gas is partially 
retained in the crystal lattice. 4He is essentially 
immobile at temperatures below ~40 °C (Far-
ley, 2000, 2002). For apatite crystals that cool 
relatively quickly (~10 °C/m.y.), the (U-Th)/He 
system is considered to have a nominal closure 
temperature (T

c
) of ~70 °C (Wolf et al., 1996; 

Farley, 2002). The time-temperature path of an 
individual sample can be further constrained 
using computer models that solve for thermal 
history that best fi ts a given set of fi ssion track 
grain ages, track lengths, and (U-Th)/He single 
grain ages (e.g., Ketcham 2005). Complete 
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Figure 5. Bouguer gravity along section B–B′ in mgal (Fig. 2) across the 
East Range and parts of the Humboldt and Tobin Ranges (note 50% hori-
zontal scale reduction from Fig. 2). These data along the western slope of 
the East Range indicate a nominal ~3.3 mgal/km gradient. This estimate is 
consistent with a moderately shallow fault contact between the basement 
and basin fi ll. Dashed contours indicate anomalies <–160 mgal.
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analytical data and procedures are reported in 
Table DR3 (see footnote 1).

Preextensional Depth of Thermochronology 
Samples

In studies that relate thermochronologic data 
to large-scale faulting, it is useful to defi ne a 
paleohorizontal reference datum in order to 
estimate the depth of samples in the crust prior 
to exhumation (e.g., Fitzgerald et al., 1991; 
Foster and John, 1998; Miller et al., 1999). In 
much of the Basin and Range, the profound 
angular unconformity at the base of the Tertiary 
(the “basal Tertiary unconformity”) is ideal 
for this purpose. However, at Granite Moun-
tain (Fig. 6) the basal Tertiary unconformity 
is concealed by Quaternary deposits. There-
fore, we estimate preextensional paleodepths 
across the East Range (Fig. 6B) by combin-
ing depth estimates from thermochronologic 
data with estimated tilt from structural rela-
tionships in nearby areas. The southern East 
Range has undergone an average 30° of total 
cumulative eastward footwall tilt, judging by 
preextensional Oligocene–Miocene volcanic 
and sedimentary rocks in nearby exposures 
(Fig. 2). We thus assume that all preexten-
sional horizontal features have been tilted 30° 
and calculate paleodepths below the inferred 
preextensional land surface by evaluating the 
thermal parameters necessary to satisfy the 
apatite fi ssion track (AFT) and apatite (U-Th)/
He (AHe) data. Recent modeling studies 
have shown the impact of upward advection 
of isotherms during rapid uplift and erosion 
(e.g., Bertotti and ter Voorde, 1994; Ehlers et 
al., 2003; Armstrong et al., 2003). These pro-
cesses, in addition to coeval magmatism dur-
ing exhumation, are understood to cause higher 

geothermal gradients and reduced estimates of 
structural depth. In this paper we do not pro-
vide a detailed thermal model to account for 
these processes; thus the thermochronologic 
constraints described here impart a fi rst-order 
approximation of the magnitude of structural 
depth and exhumation.

The structurally highest fi ssion-track age 
inferred to be fully reset prior to faulting (sam-
ple ER-20, Fig. 6B) is assumed to have resided 
at a preextensional paleodepth approximat-
ing the ~110 °C isotherm. All AFT samples 
below this depth have long track lengths and 
reset ages (Fig. 6B), consistent with tempera-
tures >110 °C (until cooling). In contrast, 
samples at crustal levels above sample ER-20 
are interpreted as partially reset, consistent 
with long residence time within the AFT PAZ 
(110–60 °C) (Fig. 6B).

The depth of the preextensional AHe PRZ is 
similarly inferred by AHe and AFT data super-
imposed on the tilted fault block (Fig. 6B). Sam-
ple ER-13 exhibits an AFT age of 33.0 ± 2.8 Ma 
and long track lengths but yielded a signifi -
cantly younger AHe age at ca. 15 Ma, consis-
tent with temperatures between ~80 and 60 °C 
prior to 15 Ma. Thus, we infer the 80° isotherm 
to be structurally near to sample ER-13 and 
likely above the underlying, reset AHe samples 
(Fig. 6B). Samples below this depth are inferred 
to have had zero AHe ages before the onset of 
rapid cooling at ca. 15 Ma.

The 110 and 80 °C isotherms, projected 
across the range with a ~30° east tilt, pro-
vide the basis for preextensional paleodepths 
through the East Range (Fig. 7) and are used in 
the following discussion of thermochronologic 
data. Paleodepth is measured beneath the pro-
jected 10 °C isotherm, restored to horizontal at 
ca. 20 Ma. Although the depth and shape (i.e., 

fl at versus curved) of the 10 °C isotherm—
and thus the “paleodepth” of samples relative 
to the Miocene land surface—are necessarily 
an approximation, and the structural positions 
of adjacent samples relative to each other are 
well constrained and depend only on the tilt of 
the footwall block. Assuming a 30° tilt of the 
East Range, the samples discussed below span 
~5.5 km of structural relief.

Apatite Fission Track Data and Results

Apatite fi ssion track (AFT) results (Table 1) 
show a systematic decrease in age with 
increasing paleodepth from east to west toward 
the range-bounding fault (Figs. 6 and 7). AFT 
ages decrease from 33 to 15 Ma and cluster at 
ca. 17 Ma at inferred paleodepths >~4.8 km 
(Fig. 7). The oldest, and shallowest (~3.2 km 
paleodepth), AFT age (ER-3; 33.0 ± 2.8 Ma) is 
within error of the 33.0 ± 0.3 Ma crystalliza-
tion age of the diorite pluton, suggesting rapid 
post-intrusion cooling of the pluton to tem-
peratures <60 °C at 33 Ma. From ~3.0–4.8 km 
paleodepth (Fig. 7), AFT ages become progres-
sively younger and exhibit shorter mean track 
lengths (Fig. 6). For example, sample ER-22 
has a 12.69 ± 0.27 μm mean track length and a 
28 Ma age that we interpret to indicate partial 
resetting within the PAZ prior to unroofi ng.

The 12 samples structurally below sample 
ER-22, between ~4.8–7.5 km paleodepth, have 
AFT ages that average ca. 17 Ma (Fig. 7) and 
exhibit relatively long track lengths (e.g., ER-15, 
Fig. 6B). The structurally deepest sample 
(ER-5; ~8.2 km paleodepth) exhibits a shorter 
mean track length (13.64 ± 0.3 μm) and a 14.5 
± 1.2 Ma AFT age (Figs. 6 and 7); this sample 
is notably younger than AFT ages reported from 
structurally higher samples.

TABLE 1. APATITE (U-Th)/He AND FISSION TRACK DATA FROM GRANITE MOUNTAIN, EAST RANGE, NEVADA  
Sample 
number 

Latitude 
(°N) 

Longitude 
(°W) 

Elevation 
(m) 

Paleodepth 
(km)† 

FT age 
(Ma ± 1σ)‡ 

Mean track length 
(mm ± 1σ) 

Weighted He age 
(Ma ± 1σ) 

East Range (A′–A′′)      
ER-5 40.2949 –117.8612 1549 8.24 14.5 ± 1.2 13.64 ± 0.13 10.1 ± 0.4 
ER-4 40.2934 –117.8571 1592 8.03   10.9 ± 0.4 
ER-3 40.2917 –117.8537 1640 7.85   11.9 ± 0.3 
ER-28 40.2965 –117.8469 1725 7.49 16.8 ± 1.0 14.06 ± 0.15 11.8 ± 0.5 
ER-27 40.2956 –117.8380 1777 7.10 16.9 ± 1.1 14.23 ± 0.33 13.1 ± 0.4 
ER-26 40.2970 –117.8325 1868 6.75 17.7 ± 1.8 13.5 ± 0.55 12.4 ± 0.5 
ER-18 40.2958 –117.8230 1871 6.35   14.6 ± 0.7 
ER-17 40.2954 –117.8174 1877 6.11 17.2 ± 1.2 13.66 ± 0.22 15.6 ± 0.5 
ER-16 40.2939 –117.8118 1923 5.83 15.6 ± 1.1 13.96 ± 0.18 14.6 ± 0.4 
ER-15 40.2914 –117.8082 2168 5.45 18.5 ± 1.8 14.42 ± 0.16 15.9 ± 1.1 
ER-20 40.2912 –117.7878 2005 4.75 17.6 ± 1.2 13.94 ± 0.19 14.7 ± 0.7 
ER-21 40.2958 –117.7780 2027 4.31   14.5 ± 0.5 
ER-22 40.2935 –117.7687 2089 3.85 28.5 ± 1.7 12.69 ± 0.27 15.3 ± 0.5 
ER-23 40.2913 –117.7656 2023 3.77   14.9 ± 0.6 
ER-24 40.2775 –117.7606 1816 3.72   15.3 ± 0.5 
ER-25 40.2746 –117.7469 1648 3.25   16.5 ± 0.5 
ER-13 40.2842 –117.7420 1737 3.18 33.0 ± 2.8 14.55 ± 0.11 15.7 ± 0.8 
   †Preextensional paleodepth is measured as distance beneath the basal Tertiary tuffaceous sedimentary rocks in the East Range that dip 
30° east and rest unconformably on Paleozoic and Mesozoic footwall rocks. 
   ‡FT age is the fission track central age of Galbraith and Laslett (1993). 
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Apatite (U-Th)/He Data and Results

Apatite (U-Th)/He (AHe) results from Gran-
ite Mountain show a systematic E-W decrease in 
age from ca. 16–10 Ma toward the range-bound-
ing fault (Fig. 6). We interpret all AHe ages to 
have been partially or completely reset prior to 
exhumation (i.e., all sample sites resided within 
or below the AHe PRZ at 16 Ma). Shallower than 
~3 km paleodepth, samples display slightly older 
AHe ages with signifi cant replicate variability 
(Table 1); these data may represent only partial 
resetting and helium loss during residence at the 
basal part of the AHe PRZ prior to the onset of 
cooling. From ~3.6–6.4 km paleodepth, AHe 
ages cluster at ca. 15 Ma (Fig. 7). These samples 
overlap with the depth range in which reset AFT 
cooling ages cluster at ca. 17 Ma. From 6.1 to 
8.2 km paleodepth, AHe ages show a systematic 
decrease in age from ca. 15–10 Ma (Figs. 6 and 
7). Sample ER-5 yields the youngest AHe age 
(10.21 ± 0.4 Ma) and also the youngest AFT age 
(14.5 ± 1.2 Ma) (Fig. 8).

Thermochronologic Data Modeling

Inverse modeling of AHe and AFT data from 
the East Range transect places additional con-
straints on the time-temperature history of the 
footwall block. AFT and AHe data were mod-
eled using the HeFTy® program of Ketcham 

(2005). Together, these systems are sensitive to 
the thermal history of a sample between ~120 
and 40 °C. Modeled time-temperature paths 
from four representative samples are shown in 
Figure 8.

Cooling of the structurally shallowest samples 
through most of the AFT PAZ in the East Range 
appears to signifi cantly predate faulting. Model-
ing of sample ER-22 (Fig. 8A) suggests that the 
top (upper 4 km?) of the 31 Ma pluton under-
went rapid post-intrusion cooling, followed by 
prolonged residence within the upper part of 
the PAZ until roughly 15 Ma. This is consistent 
with the slightly shortened mean track length of 
12.67 ± 0.27 μm in this sample (Fig. 6). Samples 
beneath the AFT PAZ and HePRZ (3.5–6.4 km 
paleodepth, Fig. 7) constrain the timing of rapid 
cooling. Modeling of sample ER15 (Fig. 8B) 
indicates rapid exhumation through both the 
apatite PAZ and HePRZ at 17–16 Ma, presum-
ably followed by slower cooling from ~40 °C to 
present-day surface temperature, although the 
data are not sensitive to temperatures this low 
(Fig. 8B). We interpret these data, and similar 
cooling histories from nearby samples, to repre-
sent rapid cooling during exhumation and fault 
slip at ca. 17–15 Ma.

Model results from sample ER-26 (~8 km 
paleodepth) are inferred to refl ect crust 
exhumed by faulting that is more recent than 
ca. 10 Ma (Fig. 7). Sample ER-26 cooled to 

80–60 °C from 17 to 15 Ma but remained above 
~40 °C during this time interval (Fig. 8C). The 
modeled thermal history is consistent with 
this sample having resided in the AHe PRZ 
until renewed cooling began after ca. 10 Ma 
(Fig. 8C). Similarly, results from sample ER-5, 
the deepest sample (8.2 km), suggest signifi -
cant cooling after ca. 10 Ma (Fig. 8D), with a 
poorly constrained early history that likely cor-
responds to the 17–16 Ma event documented 
in shallower samples. Conspicuous short 
track lengths in sample ER-5 are interpreted 
to be the result of partial annealing during the 
17–15 Ma interval, prior to renewed faulting 
more recently than 10 Ma.

Thermochronologic Data Interpretations

Apatite (U-Th)/He and fi ssion track data 
presented here document rapid middle to late 
Miocene exhumation and cooling of the East 
Range footwall block. Results from AFT and 
AHe dating and inverse modeling of these 
data are interpreted to record rapid slip along 
normal faults at 17–15 Ma (Fig. 6), leading to 
exhumation of nearly 3.5 km of upper crust to 
within 2 km of the Earth’s surface (Fig. 7). AHe 
cooling ages provide an additional timing con-
straint and show that the upper ~2.8 km of this 
crustal section was exhumed to temperatures 
below 40 °C over approximately the same time 

Figure 7. Apatite fi ssion track 
(AFT) and (U-Th)/He ages (±1σ) 
plotted against reconstructed 
paleodepth based on Tertiary 
sedimentary and volcanic rocks 
that dip 30° E and were depos-
ited unconformably on nearby 
pre-Cenozoic basement. Thick 
gray lines are preextensional 
isotherms based on infl ection 
points in the thermochronology. 
The AFT partial annealing zone 
(PAZ, gray rectangle) and the 
helium partial retention zone 
(HePRZ, hachured rectangle) 
are based on these isotherms 
and a nominal ~23 °C/km Mio-
cene geothermal gradient. Refer 
to Figure 6 for track lengths and 
sample locations.
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 interval, ca. 15.2 ± 0.2 (1σ) (weighted mean of 
12 invariant AHe ages) (Fig. 7).

Distinctly younger AHe cooling ages from 
samples adjacent to the range-bounding fault 
(within 3 km) (Fig. 6) are interpreted to record 
renewed exhumation by fault slip more recently 
than 10 Ma (Fig. 6). We interpret this progres-
sive westward age reduction seen in the foot-
wall block to refl ect partial resetting of the 
structurally deepest samples following rapid 
17–15 Ma cooling. For example, the thermal 
history of sample ER-5 is consistent with par-
tial resetting in a younger PRZ established as 
the fi rst faulting event waned, analogous to 
the situation documented in the Wassuk Range 
and White Mountains by Stockli et al. (2002, 
2003), where Miocene faulting was followed by 
renewed Pliocene activity. The youngest sample 
constrains the maximum timing for the onset of 
reactivated faulting (10.21 ± 0.4 Ma). In addi-
tion, the youngest AFT age (14.5 ± 0.4 Ma) 
within this depth range is signifi cantly younger 
than AFT ages from shallower paleodepths and 

has signifi cantly shorter tracks (Fig. 6B), con-
sistent with partial resetting. We infer that this 
second episode of faulting exhumed an addi-
tional ~1 km of crust through the AHe PRZ 
(>1.5 km depth), resulting in nearly 5 km of 
tilted upper crust now exposed across Granite 
Mountain (Fig. 7). An alternative interpretation 
is that these younger ages record a single, more 
protracted cooling (and thus faulting) event with 
a somewhat lesser total magnitude of vertical 
exhumation (<0.5 km).

Reconstructed temperature-depth estimates 
imply a nominal preextensional geothermal gra-
dient of ~23 °C/km for the upper crust prior to 
faulting, generally consistent with other values 
of Miocene geothermal gradients in the cen-
tral Basin and Range (e.g., Stockli et al., 2002; 
Ehlers and Farley, 2003). However, the uncer-
tainty of this value is substantial owing to the 
approximations of both paleoisotherms and 
crustal tilt. Moreover, advection of shallow iso-
therms during rapid uplift and erosion and con-
current magmatism probably elevated the geo-

thermal gradient (e.g., Ehlers and Farley, 2003; 
Ehlers, 2005), and thermal modeling of these 
processes is necessary to provide a better pic-
ture of the thermal evolution of the East Range 
footwall block (e.g., Ehlers et al., 2003).

DISCUSSION AND CONCLUSIONS

Two-Stage Faulting History

Thermochronologic data and structural rela-
tionships within Tertiary strata are consistent 
with a two-phase history of Miocene extension 
in the East Range and Sou Hills (Fig. 7). The 
oldest sedimentary and volcanic rocks in the 
area record cumulative tilting of ~30°–45°E 
(Figs. 4 and 9), whereas younger basalt fl ows 
indicate only a 15°–20°E tilt since 17–13 Ma 
(Figs. 4 and 6). Cumulative fault slip during 
these two episodes resulted in ~60% extensional 
strain across the East Range.

Thermochronologic data indicate rapid exhu-
mation of ~6.4 km of crustal section (~4.8 km 

0

A B

C D

Figure 8. Model results for selected samples using HeFTy (Ketcham, 2005) for both 
(U-Th)/He and fi ssion track ages. Samples are displayed in descending structural order, 
from (A) ER-22 (highest), (B) ER-15, (C) ER-26, and (D) ER-5 (lowest). Fission track 
length distributions and ages are displayed next to each model (see Fig. 7 for complete 
track length data). Dark gray paths indicate “good” fi ts, and light gray paths indicate 
“acceptable” fi ts. For each inversion, random paths were generated until 100 “good” 
fi ts were found. Black boxes indicate time-temperature target windows for each sample 
based on information from adjacent samples. See text for discussion of model results.
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documented by these data and an additional 
~1.6 km of inferred structural overburden) at 
17–15 Ma (Figs. 6 and 7). Younger AHe and 
AFT ages near the range-front fault are inter-
preted to record renewed faulting after 10 Ma 
that exhumed an additional >1 km of crust to 
within ~1.5 km of the surface (Fig. 7). Eruption 
of the middle Miocene basalt fl ows (Fig. 2) over-
laps in time with the 17–15 Ma phase of normal 
faulting, with the most signifi cant and wide-
spread activity centered ca. 14–13 Ma. There-
fore we infer that volcanism began shortly after 
some exhumation and tilting had already taken 
place (accounting for the angular unconformity 
at the base of the basalt fl ows) and that some 
faulting and tilting occurred after volcanism had 
ceased (resulting in the present 15°–20° tilt of 
the basalt fl ows). It is unclear, however, if tilting 
of the basalt fl ows took place during the wan-
ing stages of the middle Miocene faulting docu-
mented by the thermochronologic data or if all 
or part of the observed 15°–20° of tilting took 
place during younger, post–10 Ma faulting.

A two-part extensional history of the 
East Range is outlined in Figure 9. Miocene 
(17–13 Ma) olivine basalt fl ows are extrapolated 
from outcrops east of McKinney Pass to cross 
section A–A′, resulting in the unconformity 
beneath these fl ows having cut down through 
isotherms constructed from AHe and AFT data 
(Fig. 6). We use this cross-cutting relationship 
to infer the approximate volume of rock eroded 
after 17–15 Ma fault slip, prior to the eruption of 
the youngest olivine basalt onto the eroded land-
scape (Fig. 9). The data do not resolve whether 
the two episodes of slip occurred along the same 
original fault, which rotated to progressively 
lower angles, or if the second phase of exten-
sion took place on a new, higher-angle fault. The 
simplest case is illustrated in Figure 9, where slip 
occurred on the same fault and accommodated 
up to a 30° tilt of Tertiary strata with a concomi-
tant 30° rotation of the fault. In this interpreta-
tion, Quaternary fault scarps merge into this 30° 
fault (Figs. 4 and 9); alternatively, they may cut it 
at depth. A two-part exhumation and faulting his-
tory in the East Range is consistent with geologic 
relationships in the nearby Tobin Range to the 
east (Fig. 1), where extension began ca. 33 Ma 
and led to 5°–20° of structural tilt in at least two 
distinct phases. There, each phase of extension 
is inferred to have taken place along high-angle 
faults that cut and offset older faults, although the 
structures themselves are not well constrained 
(Gonsior, 2006; Gonsior and Dilles, 2008).

Tertiary Extension and Volcanism

Oligocene–early Miocene volcanism in 
the East Range Hills is part of the “ignimbrite 

fl areup” that swept southward across central 
Nevada in the middle Tertiary (e.g., Armstrong 
and Ward, 1991) and is generally attributed to 
upwelling asthenosphere, possibly in the wake 
of a delaminating Farallon slab (e.g., Hum-
phreys, 1995). The lack of an angular uncon-
formity within the 33–20 Ma(?) volcanic and 
sedimentary rocks indicates that little, if any, 
deformation accompanied volcanism. This is 
consistent with several recent studies that docu-
ment a relatively low-relief, tectonically quies-
cent Eocene to Oligocene landscape in western 
Nevada characterized by external westward 
drainage through east-trending paleovalleys 
(Gonsoir, 2006; John et al., 2008; Henry, 2008; 
Gonsior and Dilles, 2008). It is starkly at odds, 
however, with the rapid (strain rate >1013), large 
magnitude (>100%) extension inferred to have 
taken place at 24.3 Ma in the southern Stillwa-
ter Range (Fig. 1) (Hudson et al., 2000). If sig-
nifi cant Oligocene extension did take place in 
the southern Stillwater Range, then a profound 
structural transition zone must exist between 
there and the East Range.

Middle Miocene (17–13 Ma) basalts in the 
East Range and Sou Hills have not been pre-
cisely dated, but they broadly overlap, chemi-
cally and temporally, with 16.5–15.0 Ma basalts 
in the northern Nevada rift to the east (Zoback et 
al., 1994; John et. al., 2000). The angular uncon-
formity between Miocene basalts and older vol-
canic rocks in the East Range and Sou Hills indi-
cates that extension began prior to volcanism, 
and the 17–15 Ma exhumation documented by 
thermochronologic data means that volcanism 
took place during or immediately after faulting. 
More detailed mapping and precise dating of 
individual fl ows are necessary to work out the 
relative timing of extension (tilting) and basaltic 
volcanism, but it is clear that these processes are 
closely associated in space and time in the East 
Range. Middle Miocene basalts in the northern 
Nevada rift and northwestern Nevada are in turn 
part of the much larger Steens–Columbia River 
fl ood basalt province that extends into Oregon 
and Washington and represents the initial erup-
tions of the Yellowstone hotspot (e.g., Pierce 
and Morgan, 1992).

The Yellowstone hotspot has been inferred 
to have some causal link to Basin and Range 
extension (Anders et al., 1989; Parsons et al., 
1994; Mueller et al., 1999), but the area of most 
voluminous fl ood basalt eruptions (Washington 
and Oregon) remains largely unextended, and 
the 16.5 Ma plume impingement point near the 
McDermitt Caldera in northwestern Nevada 
did not begin extending until ca. 12 Ma (Col-
gan et al., 2004, 2006a) (Fig. 1). Nevertheless, 
a large body of data now documents signifi cant 
middle Miocene extension across the northern 

and central Basin and Range (e.g., McQuarrie 
and Wernicke, 2005, and references therein). 
Thus, although there appears to be a large-
scale temporal association between hotspot 
magmatism and extension, the distribution of 
extensional faulting suggests the infl uence of 
more local variations in crustal structure or 
boundary conditions.

Timing of Regional Extension in the 
Northwestern Basin and Range

Middle Miocene (ca. 17–15 Ma) extension 
in the East Range–Sou Hills area was broadly 
coeval with well-documented extension across 
much of the Basin and Range Province (e.g., 
Dickinson, 2002; McQuarrie and Wernicke, 
2005). During this period, deformation was 
generally focused into discrete zones of high 
strain separated by unextended crustal blocks. 
Extended domains were characterized by high 
strain rates; closely spaced, highly tilted fault 
blocks; and, locally, the development of meta-
morphic core complexes (e.g., Proffett, 1977; 
Fitzgerald et al., 1991; Faulds et al., 1995; 
Miller et al., 1999; Snow and Wernicke, 2000; 
Stockli, 2005; Carter et al., 2006). In west-
central Nevada the East Range (this study) 
and the adjacent Tobin Range (Gonsior, 2006) 
constituted a middle Miocene extensional 
domain that was separated from the extended 
Shoshone–Toiyabe Range domain to the east 
(Colgan et al., 2008) by the intact Fish Creek 
Mountains block (Fig. 1). Areas to the west and 
southwest of the East Range also underwent 
signifi cant extension at this time (Proffett, 
1977; Surpless et al., 2002), but northwestern 
Nevada remained essentially undeformed until 
the late Miocene (Colgan et al., 2006a). The 
East Range was thus close to the northwest-
ern margin of the middle Miocene Basin and 
Range, although the exact location and struc-
tural nature of this boundary is now obscured 
by younger faulting.

A second, distinctly younger period of fault-
ing began in the East Range at or more recently 
than ca. 10 Ma, roughly coincident with the 
onset of faulting at 12 Ma in northwestern 
Nevada (Whitehill et al., 2004; Colgan et al., 
2006a), along the western margin of the Basin 
and Range near Reno (Trexler et al., 2000; 
Henry and Perkins, 2001), and in the White 
Mountains (Stockli et al., 2003). Late Miocene 
(post-10–12 Ma) faulting has also been docu-
mented in the Toiyabe and Shoshone Ranges 
to the east (where it overprints strong middle 
Miocene extension), and the Cortez Range 
(where it does not) (Colgan et al., 2008). In 
contrast to earlier, middle Miocene extension, 
late Miocene and younger faulting took place 
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Figure 9. Two-stage structural and thermal reconstruction of extension of the southern East Range. Combined thermo-
chronology and structural interpretation suggests a two-part history, in which rapid extension at 17–15 Ma exhumed part 
of the footwall, followed by subsequent normal faulting <10 Ma. AFT—apatite fi ssion track; PAZ—partial annealing zone; 
PRZ—partial retention zone.
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on widely spaced (20–30 km), high-angle faults 
that accommodated relatively small amounts of 
strain (<20%) but that affected a large area, over-
printing older extensional domains (of both high 
and low strain) and creating the modern ranges 
in northern and western Nevada. It is unclear 
at present, however, if there was a signifi cant 
time gap in western and central Nevada between 
rapid middle Miocene extension and the onset 
of late Miocene high-angle faulting.

Although younger (post-10–12 Ma) faulting 
affected previously unextended crust in west-
ern Nevada and thus can be said to represent 
westward “encroachment” of the Basin and 
Range (e.g., Surpless et al., 2002), it also clearly 
affected much of the previously extended 
Basin and Range to the east. Late Miocene and 
younger faulting thus appears to be a distinct, 
younger phase of extension characterized by a 
very different structural style rather than a sim-
ple westward migration of extension over time. 
Further complicating the late Miocene kine-
matic and temporal distribution of strain along 
the western Basin and Range is the northward 
propagation of the Walker Lane (Fig. 1). Dextral 
faulting in the Reno area, beginning ca. 9 Ma, 
may have diffused eastward and initiated and/
or reactivated extension across a broader part 
of the northern Basin and Range (e.g., Faulds 
et al., 2005). Overall, the strong partitioning 
of middle Miocene deformation into extended 
and unextended domains may refl ect a more 
profound infl uence of local heterogeneities in 
crustal structure or strength, whereas the more 
broadly distributed late Miocene extension may 
refl ect the dominance of regional plate bound-
ary processes that began in the late Miocene 
(e.g., McQuarrie and Wernicke, 2005).
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