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ABSTRACT

Thecurrent form ofthe PacifieNorth American plate boundarythe result of a complex
evolution from a subduction zone to a transform boundary. Changes in the kinematics and
dynamics of the plate boundary havegictable consequences for deformation within the central
Basin and Range (CBR). However, uncertainties in the timing, magnitude, and spatial
distribution of extension and later transtendmave madeeconstructions of Cenozoic intraplate
deformation dificult. This study investigates the Cenozoic history of the CBR through a
provincewide (U-Th)/He thermochronologic study of16 fault-bounded ranges
Thermochronologic datare integrated with published geologic and structural data in order to
determine a detailed history of extensional deformation in the region, and the timing and spatial
progression of the transition to transtensional deformatidmese datsare used to atfess two
mainquestions. (1) How closely in time do the structural style and fault kinematics of intraplate
deformation match changes in plate motion? (2) If the timing is very diffexgémér locally or
regionally, are there other dynamic processed tmust be considered during the Cenozoic
tectonic evolution of the western U.S.?

These questions are addressedhis dissertation byesults presented in 5 chapters.
Chapter 1 provides an introduction and the plate tectonic setting. Chapter 2 foouthes
timing of onset, magnitude of exhumation, and spatial distribution of strain associated with the
Castle Cliffs, Tule Springs, and Mormon Peak detachments, three significaahipe/ normal
faults in the eastern part of the CBR. Chapter 3 evautite middle Miocene to recent
exhumation history of the Slate Range, located in the southwestern part of the CBR. Chapter 4
uses low to moderatdemperature thermochronology data to evaluate spaee patterns of

Miocene to Pliocene strain within theeBth Valley area and the geodynamic drivers of that



deformation. Chapter 5 focuses on evidence and possible mechanisms for Late Cretaceous to
early Cenozoic cooling over a large portion of the western CBR.

Zircon and apatite ({Ih)/He cooling agesfrom this studysuggesthatBasin and Range
extension initiated at the eastern edge ofGB&R at ~18 Ma and migrated westward with time.
Extension in the western part of the CBR is overprinted by distinctly yousgjeodes of
cooling that signal the onsetf dranstension assocet with the development of thestern
California shear ane. For areas west of Death Valley, the initiation of dextral transtension
occurs simultaneously at8 Ma, matchinghe inferred timing ofithosphericdelamination in
the @ntral and southern Sierrag he results suggest that the Cenozoic pattern of strain reflects a
progression fronplate boundary kinematics to intraplate drivers like lithospheric delamination

This studyalsoshed light on the development of the Newadano, a broad plateau in the
hinterland of thd_ate Cretaceous to early Cenoz8ievier retroaréold-thrust belt. The new (U
Th)/He ages, combined with published thermochronology data, gteavwhere are twdistinct
periodsof preMiocene cooling thiaaffectthe western CBRand Mojave Desert The first is a
Late Cretaceous cooling event that may be related to widespread extension, crustal refrigeration,
and/or erosion associated with Laramide-$latb subduction. The second event corresponds to a
pulse of exhumation during the Eocettat may be related to rapid erosidollowing major
shifts in global climate. Collectively, the data suggest the rapid tectonic exhumation of the
Nevadapano occurred in the late§tretaceous, whereas erosional bienglnd stabilization of
the plateau was dominantly an early to middle Eocene phenomenon related to a changing

climate.
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CHAPTER 1
INTRODUCTION
Background contents of thedissertation

The PacifieNorth American plate boundary is best characterized as diffuse, with relative
plate motion accommodated acros$raad zone of variablestyle deformation(Figure 11;
Minster and Jordan, 1987; Dokka and Travis, 1990; Bennett et al., 2003). Although most of the
plate boundary strain is focused on the San Andreas transform~-&fof it is accommodated
by rightlateral strike and obliqueslip faults of the easter@alifornia shear zone (ECS&nd
Walker Laneeast of the SierrBlevada, which currently accouiar 9-12 mm/yrof relative plate
motion (Figure 11; Dokka and Travis, 199@ixon et al., 1995200Q Bennett et al., 2003;). An
additional 23 mm/yr is accoomodated by normal faults within the eastern part of the Basin and
Range (Figure .1; Dixon et al., 1995; Bennett et al., 2003).

The currenform of the PacifieNorth American plate boundarythe result of a complex
evolution that is well documented Ipjate circuit reconstructions of the Pacific plate relative to
North America (Figurd.2; Atwater, 1970; Atwater and Stock, 1998). Several important events
are suggested liye reconstructions for thaiddle tolate Cenozoic, including: (1) the change
from a convergent to transform margin when theiflaEarallon ridge reaches thdorth-
American plate at ~30 Ma; (2) a period of highly oblique motion between the Pacific and North
American plates from ~16 to 8 Ma; and (3) a change from oblique moticommantly coast
parallel motion at ~8 Ma (Figure 2; Atwater and Stock, 1998). Although our understanding of
the nature of théar-field kinematicsis robust,the complexintraplate deformatiomvithin North

America, such aslevelopment of the extensionBhsin and Rangerovinceand subsequent



dominantly transcurrent Eastern Califorrshear zone and Walker Lane béigs been more
difficult to reconcile with the fafield information

A key region for studying intraplate deformation associated withettodving Pacifie
North American plate boundary is the central Basin and Range progesi{Vernicke, 1992)
(Figuresl.1l). Therelatively simplePalezoic passive margin successiand theabundance of
Mesozoic structural markers make the central Basid Range an ideal area for deciphering
intraplate deformation (e.g., Wernicke et al., 1988; Wernicke and Snow, 1998; Snow and
Wernicke, 2000; McQuarrie and Wernicke, 2005). To date, research has focused primarily on
palinspastic reconstructions that hdxecome increasingly sophisticated; however, gaps in and
inconsistencies between models (e.gompare large differences betwedfcQuarrie and
Wernicke, 2005Serpa and Pavlis, 1996; Snow and Wernicke, 2000; Andrew and Walker, 2009)
showthatthere aremportant uncertainties in the timing, magnitudad spatial pattern of strain.

One of the principal challenges in reconstructing ranges is determining rodoust
appropriatédiming constraint®n the motion of bounding faultdMost of the reconstructi@rely
on restorations of features or structures that are significantly older than the extensional and
transtensional faults that overprint them (e.g., Stewart, 1983; Prave and Wright, 1986; Snow and
Wernicke, 1989; Snow and Wernicke, 2000). The restpamitions of many of these strain
markers are also debated (e.g., Stewart, 1983 vs. Prave and Wright, 1986; Stevens et al., 1992 vs.
Snow and Wernicke, 1989). Similarly, reconstructions using chronostratigraphic constraints
have also been hampered by bied or incomplete exposures of Miocene to Pliocene strata, a
|l ack of datable material, and RAopennesso for

and Lux, 1999; Niemi et al., 2001; Renik et al., 200B)ese issues ammpounded by thiact



that many of the faults in questiowere active during Basin and Range deformation and
subsequently either abandoned or transitioned into or reactivated during later transcurrent strain.

In contrast to the above approachiéss my opinion thathermochronologic methogs
although widely applied, are stilinderutilized in the central Basin and Rangad that more
densely spaced data collection can yield a critical and independent datas#tose described
above Thermochronology determinegges that care linked to specifidemperatureand thus
can be used to reconsttube timetemperaturenhistory of a mountain rangeWhen integrated
with structural and stratigraphic data, these methods can capture information abeersa
range of tectonic and geomorphiprocesses (e.g., timingnagnitude, andate of faulting;
geothermal gradients; degree of tilting or rotation of crustal bloekssion magnitudes and
rates;see summaries in Ehlers, 2005; Spotila, 2005; Stockli, 2006)he central Basin and
Rangethermochronologic methods halkeen applied tonostly the eastern region, tine Virgin
Mountains (Fitzgerald et al., 1991, 2009; Reiners et al., 2000; Reiners, 2005; Quigley et al.
2010), northern White Hills (Fitzgerald et &2003, 2009), Lost Basin Range (Fitzgerald et al.,
2009), southern McCullough Rang®lahan et al., 2009), the Funeral Mountains (Holm and
Dokka, 1991;Hoisch and Simpson, 1998geyene, 2011), and the Black Mountaifsg(re 3;
Holm and Wernicke, 1990; Holrat al., 1992; Holm and Dokka, 1993Where applied, this
methodhas provided critical constraints on fatrlated exhumation historiegvenfor fault
blocks with multiple exhumation histories

This dissertation presents the results of a comprehensiid)e thermochronologic
study of16 fault-bounded ranges between ther&id\Nevada and Colorado Plate@&ugure 1.3)
and adds greatly to our understanding of Cenozoic deformatiorhiwithe cental Basin and

Range. The new thermochronometric data are integrated with published structural and



stratigraphic data to determine a more detailed history of exteridnthe transition to
transtensional deformation.

The results are used to address twain questions. (1) How closely in time do the
structural style andlault kinematics of intraplateeformationmatch changes in plate motn
(2) If the timing is very differenteither locally or regionallyare there other dynamic processes
that must b considered during the Cenozoic tectonic evolution of the weS§terdillera?
These questions are addressed in the disserthyiaesults presented in 4 chapter3hese
chapters cover the scale of observed glem faultingin a single rangéo the deelopment of
different zones of the region, to regional patterns of cooling that have not been and may not be
able to be linked to individual structures but ratiodarger scale lithospheric development.

Chapter 2 focuses on the timing of onsetagnitude of exhumation and spatial
distribution of strain associated witthe Castle Cliffs, Tule Springs, and Mormon Peak
detachmentghreesignificantlow-angle normal faults in the eastern part of the central Basin and
Range (Figurel.3). Theprimary dip of thesefaults either low or high angle, is vigorously
debatedas arévoth the origin of the structures and the magnitude of extension across them (e.g.,
Walker et al., 2007; ChristiBlick et al., 2007 Axen et al., 1990 In this chapter, | psent new
(U-Th)/He thermochronologic data from the footwallsatif of thesedetachments. The data
suggest that extension initiated at 18 Ma, 2 m.y. earlier than previously estimated, and migrated
westward with time. In addition to betteracketingthe onset of extension and footwall cooling,
the thermochronology resultsan be used to infer thmagnitude of extension, providing an
independent test of publisheptologicalcrosssections(e.g., Axen et al., 1990) The results
indicate that previously detmined extension estimates for the detachmmiatg betoo high (40

km for this studyversus 54 knior previous one$ e.g.,Wernicke et al., 1985; Wernicke et al,,



1988; Axen et al., 1990; Axen, 1993That saidthe protracted cooling history, magnitude
exhumation, and pattern of cooling ages provide compelling evidence for-anlgies normal
fault origin for these structures.

Chapter 3is a manuscript, alreadpublished in the Geological Society of America
journal Geospherewhich evaluategshe middle Miocene to recent exhumation history of the
Slate RangéSR on Figurel.3). The Slate Range, located in swutiwestern part of the central
Basin and Range, lies in a region that has experienced both Miocene Basin and Range extension,
and Pliocenao recent transtension related to ECSZ. In plaiper structural interpretatiaare
tied to three thermochronology transects across the range. Paleodepth reconstructions of apatite
and zircon (UTh) ages demonstrate two discrete periods of coolingldlel Miocene cooling is
linked to the westlirected extension along the Slate Range detachment, while rapid cooling in
the Pliocene is best explained by exhumation along the-cutgsg Searles Valley fault system,
part of a younger transtension#ult system This work, whenplaced into the context of
regional fault timing datais a key datum for interpreting th#te iniiation of transtensional
deformation occurs as a westward migrating wave that is not easily related to changes in plate
boundary knematics. This is critical to answering the first of the questions posed above.

Chapter 4 uses lowo moderatdemperature thermochronology data to evaluate space
time patters of Miocene to Pliocene strain withthe Death Valleyarea(Figure 1.3). In this
chaptey new apatite and zircon {Oh)/He ages obined from the footwalls ofletachmentsn
the Black and Panamint mountas® integrated with published structural and stratigraphic data
to show that, much like the Slate Rar(@hapter 3) Miocene extension in the Death Valley area
is overprinted by distinctly younger episodes of transtenslashow that tanstensionnitiates

north and east dBlack Mountainsat ~11-8 Ma, coincident with the timing of majahangesn



plate boundaryelative motion, and thenmigrateswestwardinto Death Valley at ~6 Ma.In

contrast, dat&rom the Panamint &ge and several rangessv of Death Valleguggesthat the
initiation of dextral transtensiomccurs simultaneousiyver a large area at8Ma, matchingthe

inferred timing of lithosphericdelamination in thecentral and southern Sierra Neva@ag.,
Farmer et al., 2002 heresultssuggest that the Cenoz@attern of strain reflects@ogression
from plate boundary kinematids intraplate driers like lithospheric delaminatioihis chapter
thus answerquestion 1 and proposes a mechanism to question 2.

Chapter 5 focuses on evidenmed mechanismfor Late Cretaeous to early Cenozoic
cooling over a large portion of the study aredew cooling ages fronthe Lava Mountains,
Argus Range, Spring Mountains, Clavlountains, and Lucy Gray Range a@mbined with a
published(U-Th)/He, fissiontrack, “°Ar/*°Ar, and K/Ar agesrom the Sierra Nevada, western
Basin and Rangeand Mojave Desettb show that there are two distinct periods of cooling that
affect this geographically broad regioithe first is d_ate Cretaceous coolireyent thamay be
relatedto widespreadcrustal refrigeration (e.g., Dumitru, 199) low-angle normal faulting
(Wells et al., 2008 and references theream)d/or erosion associated witliramideflat-slab
subduction. The second event corresponds to a pulse of rapid cooling during the Eddese
Eocene cooling iproblematic because there are no known strastirthat age, sggestinghe
regionwas tectonically quiesceat that time Instead, i appears that this coolingay be related
to rapid erosionthat followsprominentclimatic anomalies To strengthen this hypothesis, I link
the thermal signature dhis denudation event tthe climate record and to the terrestrial and

marine sedimentary recard
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Figure captions

Figure 11. Shaded relief mapf California Nevada eastern Utatand western Arizonahowing
active faults (red)approximate fault slip rates, ahdtoric earthquakes (circlesyWhite
dashed lines show the subprovinces of the Basin and Range from Wernicke (1992).
Shaded area shows the bounds of the eastern California shear zone and Walker Lane belt.
Earthquake datare from the United States Geological Survey (2014), Earthquake
Archive (http://earthquake.usgs.gov/earthquakes/sgarEault slip rates from Dixon et
al., 1995;Bennettet al., 2003Wills et al., 2007. Figureadapted fronLiu et al. (2010).
CBR1 Central Basin and Range; ECBZastern California shear zqriéBR i Northern
Basin and Range; SBRSouthern Basin and Range.

Figure1.2. Schematic diagram showing the tectonic evolution of the Pa&difith American
plate boundary since3® Ma, modified fromDickinson (1981). See text for discussion.
Teeth on upperlate. Fult motion shown barrows. M 7 Mendocino triple junction; R
i Rivieratriple junction; SAF SanAndreas Fault.

Figure 1.3. Color dhaded relief mamf the central Basin and Ranghowing major faults,
including highangle normal faults (ball and stick), leangle normal faults (ticks), and
strike-slip faults (arrows with relative motion). Faults are modified from Snow and
Wernicke (2000). Warm colors correspatdthe rangesind cool colors to the basins.
(U-Th)/He transect locations are shown widldl circles Sampled ranges are numbered.
AR Argus Range; BD Beaver Dam Mountains; BM Black Mountains; CMi Clark
Mountaing CW i Cottonwood MountainsEM i Frenchman MountajnFN i Funeral
Mountains; GM1 Grapevine MountainsHM 1 Hunter Mountains; KR 1 Kingston

Range;LB 1 Lost Basin RangeMC i McCullough RangeMD i Muddy Mountains;
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MM i Mormon Mountains; NRi Nopah Range,NVM i North PM 1 Panamint
Mountains;PT 1 Pintwate Range;Panamint Valleyy Panamint Valley;RST Resting
Spring RangeSP 1 Spotted Range; SR Slate Range; ST Striped RangeSVM i1

Southern Virgin MountainstST1 Tule Springs HillsWH 7 White Hills.

12



PACIFIC

PLATE

Magnitude

e © O O

5.0-54 55-59 6.0-64 6.5-69 7.0+

35°N |-

115°W

120°W

125°W

Figure 11

13



Present

JUAN
DE FUCA
PLATE

NORTH AMERICAN PLATE

R
RIVERA
PLATE

10-8 Ma

NORTH AMERICAN PLATE
R
PACIFIC PLATE COCOS
PLATE

NORTH AMERICAN PLATE

16-10 Ma JUAN
DE FUCA
PLATE PACIFIC PLATE
NORTH AMERICAN PLATE
30 Ma
FARALLON PLATE

PACIFIC PLATE
Figure 1.2

14



116° W

118° W

RN T

-y

37°N
36° N

15

Kilometers

125 25

114° W

116° W

118° W

Figure 1.3



CHAPTER 2
Low-temperature thermochronologic constraints on the kinematic histories of the Castle
Cliffs, Tule Springs, and Mormon Peak detachments, southeastern Nevada and
southwestern Utah
TandisS. Bidgoli*
Daniel F. Stockfi
J. Douglas Walkeér
'Department of Geology, University of Kansas, Lawrence, Kansas 66045, USA
“Now at Jackson School of Geosciences, University of Texas, Austin, Texas 78712, USA
Abstract
We use apatite and zircon {Th)/He thermochroometry to evaluate the timing,

magnitude, and spatial pattern of Miocene strain within the Beaver Dam Mountains, Tule
Springs Hills, and Mormon Mountains of southwestern Utah and southeastern Nevada. The
region is host to three major leangle structureghe Castle Cliffs, Tule Springs, and Mormon
Peak detachments, whose origin and role in regional extension are vigorously debated. We
analyzed 36 samples collected from Precambrian basement gneisses and Paleozoic to Jurassic
siltstones and sandstones es@a in the footwalls of these detachments. Zircon He ages from
the footwall of the Castle Cliffs detachment record rapid footwall exhumation at8-MWa. At
structurally higher positions, apparent ages become progressively older, defining a zircon He
patial retention zone. Paleodepth reconstructions of the data using publishegettomss
suggest 180+eC of cooling or 6.8 to 8.2 km of
of extension across this detachment. In contrast, zircon and auggdrom the footwall of the

Mormon Peak record rapid exhumation atl¥3Ma and anywhere from 5.8 to 7.1 km of vertical
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exhumation. Using a range of restored fault dips320 for the Mormon Peak detachment, the
thermochronology data record 10.9 to5LRm horizontal extension. Data from the Tule Springs
detachment also show a similar timing of exhumation and indicate there has been 5.0 to 6.8 km
of vertical exhumation and a minimum of ~5 km of extension. The results demonstrate that
extension initiagd in the east along the Castle Cliffs detachment and migrated westward with
time. Although our data indicate that existing extension estimates across this system of
detachment faults are too high (40 km versus 54 km), the pattern of cooling ages eauteprot
cooling history recorded in these ranges are inconsistent with rootless gravity slide
interpretations and lownagnitude extension models.
Introduction

The Basin and Range province is host to some of the best examplesarfdt@anormal
faults (LANFs) or detachment faults (e.g., Whipple detachment; Davis et al. 1980, Snake Range;
Bartley and Wernicke, 1984, Sevier Desert detachment; Allmendinger et al., 1983). Although
these structures are now widely recognized in continental and oceanic rifhsyttere is still
significant debate surrounding these faults. The controversy is in large part due to an apparent
conflict between weltdlocumented examples of LANFs that are interpreted to have originated
and slipped at low dips and current fault medtantheory. According to such theory, only
steep normal faults should form within the brittle part of the crust and faults that dip less than
30° should be frictionally locked (Anderson, 1942, 1951). Consequently, slip on LANFs can
only occur by invokig some special circumstance, such as reactivation of -@xstng
weakness, rotation of the stress field, and/ or high-fpoiek pressures. The lack ebnvincing

seismological evidence for large earthquakes on LANFs is also frequently used as anargum
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against their mechanical feasibility (Jackson, 1987; Jackson and White, 1989; Thatcher and Hill,
1991, Collettini and Sibson, 2001).

This controversy is well typified by the geology of the Beaver Dam Mouniaifes
Springs HillsMormon Mountains area of southeastern Nevada and southwestern Utah where
three of the best documented LANFs occur (Figutd. Detailed geologic mapping anctbss
section reconstructions of the Castle Cliffs, Tule Springs, and Mormon Peak detachments
somewhat convincingly show that they formed and slipped at low angles and accommodated
significant extension across this portion of the province (Wernicke, 1988iwKe et al., 1985;
Axen et al ., 1990; Axen, 1993) . Ot her worke
interpretation for these structures. Carpenter and Carpenter (1994a) provided some of the
earliest criticism, suggesting instead ttrelow-argle features in these rangesm the base$o
catastrophically emplacaiir o ot | e s s Oblocks A yravityslidesimtarpdetation has also
been suggested by Anders et al. (2006) based on similarities between breccias found along the
Mormon Peak dechment and deposits foundthe baseof known gravity slide blockge.qg.,
Hart Mountain; Beutner and Gerbi, 2005). Inconsistencies in the orientations of kinematic
indicators measured along the Mormon Peak detachment have also been cited as evidence of
mass wasting (Walker et al., 2007). These workers, alternatively, suggest that extension in these
ranges is much more modest and has been accomplished bgnigighrangdounding faults
that have been imaged in subsurface seismic reflection profiles Caigpenter and Carpenter,
1994a) and interpreted from geophysical anomaly maps (e.g., Blank and Kucks, 1989).

The debate over the origin of leangle features in these ranges, in part, stems from
uncertainties in the magnitude, timing, and spatial pattar strain. Crossectionbased

restorations by Wernicke et al. (1985) and Axen et al. (1990) suggest these structures have
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collectively accommodated more than 50 km of extension. Although extension estimates for the
Mormon Peak and Tule Springs deta@mts are fairly welconstrained, much of the Castle
Cliffs detachment is buried beneath the Virgin River Valley, representing a significant source of
uncertainty in the total extension across this system of faults. Also, the timing of fault motion
has oy been loosely bracketed by cremstting relationships between faults and the volcanic
units of the Kane Springs Wash caldera (ca.-13.8 Ma; Scott et al., 1995; Wernicke et al.,
1985; Axen et a).1990; Axen, 1993; Walker, 20p8Thermochronology da are also lacking in

the region. The exception is the Beaver Dam Mountains, where fission track studies have
provided some constraint on the exhumati on
Stockli, 1999). Thermochronology determines ages tban be linked to specific temperatures

and thus can be used to reconstruct the-tengperature history of mountain range When
integrated with structural and stratigraphic data, these mettardsapture information about a
diverse rangef tectonicand geomorphiprocesses (e.g., timingyagnitude, and rataf faulting;
geothermal gradients; degree of tilting or rotation of crustal bloglegnitude and rate of
erosion;see summaries in Ehlers, 2005; Spotila, 2005; Stockli, 2005).

In this paperwe presenhew zircon and apatite ({Th)/He thermochronologidata that
betterconstrain the deformational histories of the Castle Cliffs, Tule Springs, and Mormon Peak
detachments. Paleodepth reconstructions of thi€hllHe data, using published cresetions,
are evaluated to test competing models for the development of thesadtavstructures and
exhumation in the area. The results provide new constraints on the timing of fault initiation and
the magnitude of extension. Our results suggest trh¢eextension estimates may be too high;
however, a gravity slide origin for loangle structures in these ranges is inconsistent with the

pattern of cooling ages and the protracted cooling history evident in the data.
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Geologic background

The Beaver Dam Mountains, Tule Springs Hills, and Mormon Mountains are located
within the eastern part of the central Basin and Range prowseosu/\ernicke, 1992; Figures
21 and2.2). The region experienced both Mesozoic contraction and Cenozoic extension
(Tschanzand Pampeyan, 1970; Wernicke et al., 1985; Hintze, 1986; Axen et al., 1990; Axen,
1993). Mesozoic contractional structures are part of the dominantlydieasted Sevier
orogenic belt (Armstrong, 1968). The Sevier orogenic belt, at this latitudejagtetrending
décollementstyle thrust system, active between the -@idtaceous and early Tertiary
(Longwell, 1949; Fleck, 1970; Bohannon, 1983; Carpenter, 1989; Axen et al., 1990; Carpenter
and Carpenter, 1994b). The principal thrust belt structuteeisMormonTule Springs thrust,
which has a well characterized fi@mpflat geometry (Wernicke et al., 1985; Axen et al., 1990,
Axen, 1993) (Figure2.2). This fault and its associated folds place important constraints on
Miocene reconstructions (Werniglet al., 1985; Axen et al., 1990; Axen, 1993).

Mesozoic contractional structures in the region are overprinted byamgle and high
angle normal faults that formed during two major pulses of extension: one in the early to middle
Miocene and the othen ithe late Miocene (?) to Pliocene (?), although the bulk of the extension
in these ranges is interpreted to be middle Miocene infagarés 2.1 and 2;2Nernicke et al.,
1985; Axen et al., 1990; Axen, 1993). Miocene extensional structures withstutle area
include, from east to west, the Castle Cliffs, Tule Springs, and Mormon Peak detachment faults.
These LANFs are part of what has been coined the Las Vegas normal fault system, a west
southwesdirected system of faults interpreted to be resipmsfor ~4565 km extension
between the western edge of the Colorado Plateau and Spring Mountains west of Las Vegas

(Wernicke et al., 1988, Axen et al., 1990; Axen, 1993; 2004).
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Late Miocene (?) to Pliocene (?) normal and stslge faults are also prest within
these ranges. The most p-EastiviormennGourd Spunpstasd ar e
Tule Corral faults (Figure.2; Olmore, 1971; Axen et al., 1990; Axen, 1993; Anderson and
Barnhard, 1993a, 1993b). The kinematics and timing of thades fare not wetknown;
however, crossutting relationships with detachments faults and detachmeéated structures,
as well as with Pliocene (?) calcrete deposits suggest that they postdate middle to late Miocene
faults (Axen, 1993). Higlangle rangdounding faults have also been identified on the west side
of the Mormon Mountains and Beaver Dam Mountains in seismic reflection profiles (e.g.,
Carpenter and Carpenter, 1994a) and geophysical anomaly maps (e.g., Blank and Kucks, 1989)
(Figure 2.2). Thetiming of these structures is not known, but they also likely -gat#
detachment faulting.
Castle Cliffs cetachment

The Castle Cliffs detachment (CCD), exposed in the Beaver Dam Mountains, is the
easternmost detachment within the Las Vegas systgur@s2.1 and2.2). The fault forms the
eastern edge of Basin and Range province, separating a region of moderately to highly extended
crust on the west from the stable and relatively undeformed Colorado Plateau on the east (Figure
2.1). Where exposed, he det achmdret wkispsvatde but geomet
suggest that the fault had an initial dip of
Axen, 1993). The present low dip of the fault reflects a combination of detachefeet
tilting or unloading (Wernicke and Axen, 1988; Axen et al., 1990; Axen, 1993) and possible
tilting related to an inferred rangeont fault (Hintze, 1986; Blank and Kucks, 1989).

The footwall of the CCD cont a-scalsmobcline Be av e

that exposes Precambrian basement gneisses and Paleozoic through Mesozoic carbonate and
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clastic strata. The fold is interpreted by Wernicke and Axen (1988) to havedbynilexural

unloading of the footwall of the detachment during Miocene slifhe fold has also been
interpreted as a Laramigme, basememtvolved contractional structure (Hintze, 1986;
Carpenter and Carpenter, 1994a; ChriBliek et al., 2007); however, tilted miBlertiary strata

on the east flank of the monocline (Wernicked Axen, 1988; Axen and/ernicke, 1989; Axen,

2004 and published fissiech r ack ages (OO6Sullivan et al ., 19¢
of the detachment support fold formation during the Miocene.

The hanging wall of the CCD consists of Palaozmrbonates, principally Misssppian
Redwall and Pennsylvanian Callville limestone, preserved as klippen on Precambrian basement
rocks. Thee klippen were initially thought to be remnants of the hanging wall of the Castle
Cliffs #fthr usg,twhich {showbibtérpneted té Be3e®normal fault based on the
youngeroverolder relationship between geologic units (Wernicke and Axen, 1988; Axen,
2004). Theeklippen have also been interpreted by Cook (1960) and, more recently, by Christie
Blick and dhers (2007) as gravity slide blocks. Part of the difficulty with finding a satisfactory
interpretation for the klippe is that similar blocks of Paleozoic strata are found in contact with
Tertiary conglomerate at the Beaver Dam range front (Cook, 196@z€;i1986). However,
these known landslide deposits and underlying sediment are interpreted by Axen (2004) to have
formed above the CCD and thus, record Neogene motion on the detachment.

Tule Springsdetachment

The Tule Springs detachment (TSD), exposethe Tule Springs Hills, is the middle of

the three detachments within the study area (Fig@e The detachment is one of the earliest

documenteéxamples of a LANRhatoriginated and slipped at low dip#t is also theone of the
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bestexampls of a LANF with a rampflat geometry. The description below follows Axen
(1993).

Exposures of thdSD are presently subhorizontal, but geometric reconstructions show
that the detachment ramp began with a moderate west dip andhéhdetachment flat
readivated a portion of the former Tule Springs thrust. Structural arguments indicate that this
part of the fault initiatedwithaa35¢e¢ di p t o t he west.

The footwall of the TSD is folded intolargescale asymmetric syncline called the Abe
Steer Flatsyncline. At the surface, the east limb of the syncline is made up of subhorizontal
Jurassic Kayenta Formation, whereas the west limb comprisesltedsiriassic and younger
stratigraphic units Like the Beaver Dam anticline, the AB&er Flat synahe is also
interpreted to have fored by flexural unloading of the footwall of the detachment during
Miocene slip.

The hanging wall of the TSD is made up of Kklippen of Middle Cambrian to
Carboniferous carbonates and minor Tertiary strata. These klippetutaby closely spaced,
low- and highangle normal faults with as much as 3 km of stratigraphic throw. Most of these
faults are interpreted to be synkinematic upper plate faults of the TSD because they either
terminate at or merge with the detachme@tosscutting relationships between these faults and
poorly-dated Tertiary volcanic and sedimentary units suggest that the TSD was active from the
middle to late Miocene. Pliocene (?) calcretes deposited on the detachment indicate that activity
ceased byhat time. Klippen of the Mormon Peak detachment are also found in the hanging wall
of the TSD in the western Tule Springs Hills, demonstrating that the TSD is the younger of the

two (Wernicke et al., 1985; Axen, 1993).
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Mormon Peak @tachment

The MormonPeak detachment (MPD) is the westernmost detachment within the study
area (Figure2.2), and perhaps, the most controversial of structures in the region. Exposures of
the detachment presently dipl50 e t o t he west ; howeverhavet he de
initiated with adipof 22 8 e west ward (Wernicke et al ., 1985;
dip was determined by reconstructing the-affitangle between the fault and lower plate
stratigraphy (12 0e) and by al | owi n gtiltihgp(8-8 es)o mee meatels tt w
of the preextensional folethrust belt (Wernicke et al., 1985; Axen, 2004). The restored dip is
also supported by hanging wall reconstructions of thetfaoldst structure, between the Mormon
Mountains and the Meadow Vajl mountains to the west, relative to the detachrfattvall
(Wernicke et al., 1985; Axen et al., 1990; Axen, 2004).

The footwall of the MPD contains autochthonous Precambrian basement rocks and
Paleozoic strata relative to the Mormon thrust (Wernickal.etl985; this reference applies to
most of the rest of the description). The western part of the exposed footwall contains a number
of high-angle (567 0 e ) f aul t s, -sanse slisplacementi less than &0H Im These
faults have contradictorgrosscutting relations with the detachment, suggesting that they
formed during slip on the detachment, perhaps during its late history-ardgié footwall faults
also occur in the easentral part of the range. These faults are mostly-dipping rormal
faults that crossut and posidate the detachment. They are interpreted as faults that are part of
the hanging wall of the Tule Springs detachment (Wernicke et al., 1985, Axen, 1993).

The hanging wall of the Mormon Peak detachments is maad egpsional remnants of
Paleozoic and Tertiary strata that adensivelyfaulted and brecciated. These remnants are

bounded at their base by the detachmé&mhematic indicators, including slickenlines and small
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scale groove and mullion structuress aommon along the detachment, although the movement
direction determined by them locally contrasith the WSW extension direction determined by
Wernicke et al., (1988; see Walker et al., 2007). Above the detachment is a thick carbonate
gouge and brecai Anders et al. (2006) documented a number of similarities between the
breccia and deposits found at the base of known gravity slide blocks, providing the strongest
evidence in support of a grawgjide interpretation for the MPD. However, the origilda
significance of these deposits needs additional investigation.
(U-Th)/H e thermochronometry

(U-Th)/He thermochronometry is a powerful dating technique thicreasingly being
applied to extensional settings. It is one of the few methods thaexqmassly date the
exhumation and cooling of a footwall of a major normal fault (e.g., Axen et al., 2000; Stockli et
al., 2000; Ehlers et al., 2003; Armstrong etZil04). These types of data can also be used to
estimate geothermal gradiemdthin the crus preceding andluring extension (e.g., Fitzgerald
and Gleadow, 1990; Howard and Foster, 1996; Miller et al., 1999; Stockli et al., ZDG2)1}
Th)/He method is based on the deddW, **U, ?**Th, and'*’Sm by alpha ‘He nucleus)
emission. However’He retention in minerals is temperature dependsmd controlled
principally by mineralogy; but grain size (e.g., Farley, 2000; Reiners and Farley, 2001), cooling
rate (e.g., Dodson, 1973), and damage to the crystal lattice (e.g., Shuster et al., B00l&y als
important roles.

Apatite is one of the most commonly used-Th)/He thermochronometers, in part,
because it records cootj at low tenperatures?He is completely lost by thermathctivated
volume diffusion above ~80eC aawdl most!|l gl ret ab

et al., 1999; Stockli et al., 2000). These temperatures define thermal sensitivity windows or
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Aparti al retention zoneso (PRZs; Wol f et al
time histories or appareng@paleodepth/ elevation trends (summary in Stockli, 2005).

Zircon is also widely used as a-{h)/He thermochronometer in extensional settings
(e.g., Reiners et al., 2000; 2002; Lee et al., 2009). Zircon retains heliumadvgher
temperature rangerdm ~130C to as high as ~20Q (Reiners et al., 2002004; Wolf and
Stockli, 2010), but theircon helium PRZ is not as well determined because diffusion kinetics in
zircon are complicated by a number of factors, the most significant being the impadiatibn
damage on He diffusion and {th)/He ages. Several studies have shown that zircerhjiHe
ages can be considerably affected by radiation damage to the crystal lattice (e.g., Hurley, 1952;
Reiners et al., 2002; 2004; Nasdala, 2004; Reich ,e2@0D.7). The damage is mainly produced
by recoil of heavy isotopes during alpha emission, but spontaneous fission events and ejected
“He nuclei also contribute some to the total lattice damage. Radiation damage to grains is
generally recognized by a stigp correlation (positive or negativ&suenthner et al., 2013
between (UTh)/He dates and both He concentration [He] and effective U concentration [U]e.
The [U]e is calculated as [U] + 0.235 [Th] + 0.005 [Sm], which is concentration of U, Th, and
Smwithhn t he grain weighted for each isotopes U
dates and [U]e typically develops at low levels of radiation damage, suggesting a decrease in He
diffusivity or traplike behavior, similar to radiation damaged apafBienthner et al., 2013;
Shuster et al., 2006; Flowers et al., 2009). Conversely, a negative correlation between dates and
[Ule typically develops at higher levels of radiation damage, as damage zones become
interconnected forming fast networks or pathgvéyr He diffusion within the grain (Nasdala et

al., 2004; Reiners, 2005; Guenthner et al., 2013).
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Sample ollection

We collected a total of 49 samples from the study area; however, only 36 samples (Figure
2.2) yielded usable apatite and zircoBampledrom the Beaver Dam Mountains and Mormon
Mountains were collected earlier by Stockli (1999); samples from the Tule Springs Hills were
collected during the course of this study. Where possible, we collected samples systematically,
in horizontal transectgparallel to the known extensional fault slip direction (WSW; Wernicke et
al., 1985; Axen et al., 1990). Although our sample transects are tightly spaced (~500 m) and
cover the exposed range of structural depths in the footwalls of the detachments,gegaple
occur where we cross Paleozoic carbonate rock. This was particularly problematic for the
Mormon Mountains, where much of the exposed rock is carbonate.
Analytical procedures

We used standard mineral separation techniques to isolate and conceuatiséeamd
zircon from our rock samples. From our separates, individual grains were inspected, measured,
and photographed using a 180X Nikon stereo microscope with crossed polarizers and mounted
digital camera. When possible, we selected near euhea@diakggreater than 70 pum in width
that appeared inclusieinee. These guidelines increase the accuracy and reproducibility of (U
Th)/He ages by minimizing the effects of: (1) U and-bdaring inclusions that may
i ncompl etely di ssodoeHe pamduaxn omga lipugleyntdleder
et al.,, 1999; Farley and Stockli, 2002) and (2) the afjbetion (Ft) correction, a standard
morphometric age correction that accounts for the loss of alpha particles near the edge of a grain
(Farley etal., 1996). Each singlgrain was then loaded into axim platinum packetnd heated
using a continuoumode laser Apatite grains were heatddr 5 minutes at 1070°Gwvhereas,

zircon grains were heated for 10 minutes at 1300°C. The extracted He gsikeaswith®He,
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purified using a gettering and cryogenic gas system, and measured on a Blazers Prisma QMS
200 quadrupole mass spectrometer. The degassed apatite graissiveeguentlglissolved in
a spiked £°Th, 2*U, *°%Sm) HNGQ solution and analy using a Thermo Scientific Elemeht
inductively coupled plasmenass spectrometer (IERRS). In contrast, degassedrcon grains
were removedfrom their platinumpackets and dissolved using standardPhJ highpressure
vessel digestion procedures (HRNOs; and HCI). Following dissolutiorgircon samples were
spiked ¢*°Th, #*U, *°Sm) and analyzed for U, Th, and Sm usimyCP-MS. Laboratory and
analytical work was performed at the Isotope Geochemistry Laboratories at the University of
Kansas and at th@J-Th)/He Geo and Thermochronometryab at the University of Texas at
Austin.
Error reporting

Propagated raalytical uncertainties fosinglegrain analysesare approximately -3%
(20). However, thse uncertaintiesgenerally underestimatesample reproducibilitypecause
errors related parent isotopelistributionswithin grainsand the Ft correction are difficult to
guantify. Therefore, we follona common(U-Th)/He datingpracticeand apply a percentage
error tosinglegrainanalysesestimaded from thereproducibility of laboratory standards: 6% for
apatite and 8% for zircon (Farley et al., 2001; Reiners et al., 2002; see supplementarydata
our mean ageghe error is reportedst he st andar d d esplicagesfor agiven( 1 G )
sample (Tabl.1). However, 4 samples (11TS09; 96BR0OAB, and-14) are single grain ages;
therefore, we show the error in the fAmeano ag
Paleodepth econstructions

In order to properly evaluate the thermal struetof the crust within the study area, it is

necessary to restore our thermochronology samples to thesxfmesional paleodepths. In this
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study, we restore samples using published cross sections of Axen e3%l). (Alternative
interpretations forte structures in the region have been suggested (e.g., Anderson and Barnhard,
1993; Carpenter and Carpenter, 1994a; Anders et al., 2006; Walker et al., 2007); however, Axen
et al. (1990) contains the only set of balanced cross sections across these rspe@s and is

the most widely accepted interpretation.

These crossections and, consequently, our paleodepth reconstructions make several
assumptions about the peatensional thrust belt structure, most importantly that Paleozoic
through Mesozoic stta in the footwalls of the detachments were roughly horizontal prior to
extension. This assumption is supported by the fact that the strata are part of the thrust
autochthon, in the frontal portion of the Mesozoic Sevier thrust belt, and are, therafikedy u
to have been significantly deformed prior to extension; although some modest westward tilting is
expected (~38; see Wernicke et al. [1985] and Axen et al. [1990] for detailed discussions).
This interpretation is also supported by the fact thate is little angular discordance (%5
between Oligocen®#liocene strata and the fowll stratigraphy of the thrugWernicke et al.,

1985; Wernicke and Axen, 1989; Axen et al., 1990).

For the Beaver Dam Mountain transect, we use the Precambriannfameidy as our
paleohorizontal datum, although any of the Paleozoic unit boundaries could have been selected
since the stratigraphic thickness of these intervals does not change by any significant degree over
the study area. All other samples are refeednrelative to the subertiary unconformity, a
regional marker that is important for restoring cross sections and for determining
paleotopographic patterns in the area. TheTsrtiary unconformity was chosen because there

is a small degree of westwatdting (5) to the foldthrust structure and the Precambrian
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nonconformity across the Tule Springs Hills and Mormon Mountains (Wernicke et al., 1985;
Axen et al., 1990; Axen, 1993).

The above paleohorizontal references were selected because therelyafenited
exposures of Tertiary strata within the stud
estimates difficult. Since we rely on published cresstions to restore samples to their
preextensional configuration, it is difficult for us to gtibnour paleodepth uncertainties. A
steeper tilt to the foldhrust structure across the study area would certainly shift the positions of
our samples downward, particularly for areas west of the Beaver Dam Mountains (the Beaver
Dam Mountains are unlikelto be affected because they are located at the very frontal portion of
the thrust belt where tilt is expected to be low). For the Tule Springs Hills and East Mormon
Mountains a steeper tilt (to Bcould amount to a shift of ~1.5 km; for the western iion
Mountains, the steeper tilt could result in a shift of 2+ km. Although these shifts are large, the
relative positions of our samples and reconstructed isotherms are unlikely to be significantly
changed.

Thermochronology results

Table2.1 shows ourresulting@ h) / He mean ages ankbrmostsoci at
samplegN=37), three or more replicates were used to calculate the mean; however, 7 of the 44
reported ages were calculated udiegsthan three replicates. These samplagaioed outliers
that were excluded from our calculated mean agadliers were determined aktesthat were
greaterthan 2 standard deviations from the mean. Analyses with a large number of reextractions
during laser He degassing were also excluded from the determined means, as this usually points

to the presence of unseen mineral or fluid inclusions within the @raose et al., 1999) In
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total, 11 (~6%) bthe 190 singlegrain analyses completed were exclu¢eek data supplement,
TablesSD2.1andSD2.2.

Although most of our mean ages were calculated with an appropriate number of
replicates, many of the reportatndard deviations in Tablel are quite large (>20%) and
show that there is a widgpreadof dates captured by our mean-{H)/He ages, particularly for
zircon. Upon closer inspection, it appears that individual zircon dates for most of our samples
are negatively correlated with both [He] and [U]e, a strong indication that radiation damage
effects are likely at play (Figure.3; Reiners et al., 2002; 2004; Nasdala, 2004; Reich et al.,
2007; Guenthner et al., 2013). The data also reveal that themgide aange in [U]e for our
samples, from less 50 ppm to greater than 1600 ppm (Rable Radiation damage and its
effects our (UTh)/He dates and interpretations are discussed in more detail in later sections.
Beaver Dam Mountains

Crosssection BB dFigure2.4) is oriented WSW and shows the geometry of the Beaver
Dam monocline and the projected positions of our thermochronology samples. We analyzed 16
samples from the footwall of the Castle Cliff detachment. The samples were collected from a
large portion of the footwall section, including Precambrian gneiss and granite, Cambrian
sandstone (Tapeats Sandstone), and Permian through Jurassic sandstone and conglomerate
(Queantoweap Sandstone; and Chinle, Kayenta, and Navajo formations; Figuwed24). A
sample gap occurs where our transect crosses Cambrian through Mississippian miogeoclinal
carbonates (Figures2 and2.4). Reported ages range from as young 17.1 Ma to as old as 649.1
Ma, but no systematic relationship between cooling age andtigle is observed in the data
(Table2.1 and Figure.4). The youngest mean ages, with the exception of sample 95BR111, are

located in the very western part of the transect, collected just east of the detachment, clustering at
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around 18 Ma (Figure2.2 and 2.4). The samples increase in apparent age eakt@ad the
eastern half of theéransect contains the oldest apparent ages, ranging from ~265 to 650 Ma
(Table2.1 and Figure 4).

To evaluate the samples further, we restored samples to their preendépsleodepths
(Figure25). Depths in Figur@.5 are referenced to a datum at the basal nonconformity, not the
interpreted depth (see previous section). The paleodepth reconstruction reveals that, although the
samples were collected from within a fédwndred meters of elevation (103850 m), they
capture a wide section of Beaver Dam crust (~7 km). The structurally lowest and deepest
samples (95BR102;103, and-104) are invariant at around -1B Ma, recording rapid
exhumation at that time. Theseeagoverlap (within error) with apatite fission track ages of
Stockli (1999) analyzed from the same samples (Figie At structurally shallower depths,
the samples form a broad grouping, with mean ages ranging from ~18 Ma to 75 Ma 2Epure
Thesesamples appear to define a zircon He partial retention zone. Ages then dramatically
increase above the PRZ (above sample 95BR115); mean ages for these samples are, in most
cases, older than the depositional ages of the units, suggesting that they Hmeenrtbermally
reset (Tabl2.1 and Figure.5).

The thermochronology data can also be used to evaluate the Miocene preextensional
geothermal gradient. This is accomplished by using the relative positions of the topQ)~130
and base (~19C) of the zircon He PRZ in our paleodepth reconstruction (Figie The
position of 130C isotherm is constrained between 0.35 and 0.20 km by samples 95BR115
(shallowest Tertiary age) and 95BR116 (deepest Paleozoic age; BigureUsing a similar
approach, the position of the 19D isotherm is constrained betwee¢hl and-1.6 km (Figure

26). The vertical difference between these isotherms is 1.9 to 2.4 km, resulting in a
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preextensional geothermal gradient of 283+#Z/km. Alternatively, we can adculate the
geothermal gradient by using the difference between the base of apatite fission track partial
annealing zone (~11Q) from Stockli (1999) and the base of our zircon He PRZ (PO
(Figure2.6). Although the base of the zircon He PRZ is yawkll constrained, the base of the
apatite fission track partial annealing zone is uncertain where our traverse crosses middle
Cambrian to lower Permian carbonates (FigRi®). Factoring uncertainties, the difference
between these isotherms ranges fraslittle as 1.9 km to as high as 4.9 km, resulting in a
geothermal gradient of 2943 C/km (Figure2.6).
Mormon Mountains and Tule Springs Hills

We analyzed 7 samples from the footwall of the Mormon Peak detachment, collected
from exposures of Precanion gneiss and Cambrian Tapeats Sandstone in the western and
central Mormon Mountains (Figui@2). Zircon (UTh)/He ages are shown in cressction G
Co6 ( Ri7)grangimg from 13.4 Ma to 84.2 Ma. In the western part of the range, samples ages
systenatically increase to the east, from 14.3 Ma to 24.7 Ma. A similar pattern is present in the
central Mormon Mountains where two samples cluster at4l®81la. The next sample to east,
however, increases in apparent age to 84.2 Ma. The-seotien also stws that a similar
eastward increase in apparent ages occurs in the footwall of the Tule Springs detachment.
Apatite (UTh)/He ages from the MPD footwall range from 10.2 Ma to 13.7 Ma. However, the
two westernmost samples (96BR013 and 96BR014) are singjle ages and are, therefore, not
considered reliable.

Paleodepth reconstruction of the footwall of the MPD reveals that the preextensional
depths of our samples fall within a narrow range, spanning less than 2 km (EiQuré-igure

2.7 shows that wst of our apatite ages and the structurally deepest zircon sample have similar
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cooling ages, around 1B4 Ma. This implies that these samples cooled through both the zircon
He PRZ and apatite He PRZ, indicative of rapid exhumation at that time. Zmwoting-ages
then systematically increase at shallower depths, a pattern consistent with residence in a partial
retention zone prior to the midiocene. The base of the zircon He PRZ (I90is well
constrained between our shallowest partially reset saf@p®R014) and our deepest-13 Ma
sample (96BR016); however the top of the PRZ is uncertain in this reconstruction gfgure

Cross section ID 6 ( F2.8pis a deformed state cressction across the Mormon
Mountains and Tule Springs Hills, showitige projected positions of 13 samples collected from
the footwall of the Tule Springs detachment. Samples from the East Mormon Mountains were
collected from Precambrian gneiss and Cambrian Tapeats Sandstone ZEigu&amples from
the Tule Springs His were collected from sandstones and siltstones of the Jurassic Kayenta
Formation (Figur.2). Zircon (UTh)/He mean ages range from 21.6 Ma to 347.6 Ma (Figure
2.8). Again, no systematic relationship between apparent age and elevation is evitlerdata
(samples are collected from within 150 m in elevation) (T2dleand Figure2.8). Instead, the
youngest cooling ages occur in the western part of the transect, within the East Mormon
Mountains, and the oldest cooling ages occur to the easssatm® Tule Springs Hills (Figure
2.8). Apatite (UTh)/He ages from the same transect range from 13.4 Ma to 27.6 Ma (Figure
2.8). The youngest apatite cooling ageswr in the western part of theansect, clustering at
around 1314Ma. Ages then get pgressively older to the east (Figa.8).

It should be pointed out that three of the Tule Springs Hills zircon ages (11-0804nd
-09) shown in Table2.1 have been excluded from the crgsstion and our paleodepth
reconstruction. These samples haeey young dates (younger than our apatite He dates) and

the very high [U]Je when compared with other samples from the transect and study area (Table
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2.1). We believe that these grains may have leakedhtHeelatively low temperatureand
thereforedo notreflect on the cooling history of the Tule Springs detachment. Alternatively, the
samples may have experienced localized hydrothermal resetting, but given the relationship
between dates and [U]e, we think that scenario is unlikely.

The restored posities of the samples in cresectionBD6 ar e s ho2a8nThen Fi g
paleodepth reconstruction reveals that samples from the TSD footwall span ~5 km of
preextensional crust. Zircon {th)/He ages form two groups: a broad cluster of Tertiary ages
between5.5 and 6.2 km, and a broad cluster of Jurassic and older ages between 2.0 and 2.4 km
(Figures 2.8 and2.9; depths in this case are relative to the basal Tertiary unconformity). The
deeper cluster shows a fairly systematic increase in apparent age pitth cleracteristic of a
partial retention zone. However, the positions of the top and bas$e a@irton He PRZ are
uncertain. The shallower cluster has zircon ages that are either close to or older than the
depositional age of the sampled unit. Theseples probably resided above the zircon HE PR
and are not thermally resefpatite (U-Th)/He ages also form two groups (Fig@8 and2.9).

The first includes a group of invariant samples atl43Ma. The second group shows a
somewhat orderly increa in apparent age with shallowing depth, suggestive of an apatite He
partial retention zone; although its geometry is uncertain. Our best estimate is that the base of
this zone resides between samples 11TS09, our shallowest partially reset sampl&Sid 11
whose age overlapsith 13-14 Ma samples that record the timing of exhumation.

Paleodepth reconstructions of our data from Mormon Mountains, East Mormon
Mountains, and Tule Springs Hills indicate that the footwalls of the MPD and TSD experienced
rapid cooling at the same time (ca.-18 Ma). The close proximity of these faults and the

similarity in their cooling histories indicates that the preextensional thermal structure across the
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region was relatively smooth. FiguB9a shows the combined daset and the approximate
position of the zircon He PRZ. Figu2b shove the same data rescaled to show the interpreted
shape and position of the apatite He PRZ. The combined paleodepth reconstruction can be used
to evaluate the Miocene preextensiogabthermal gradient. To do this, we use the relative
positions of the base of the apatite He PRZ (€3@&nd the base of the zircon He PRZ (~190
(Figure2.9b). The vertical difference between these isotherms is 3.6 to 4.8 km, whick gield
preextensinal geothermal gradient of 27-4/C/km (Figure2.9b).
Discussion
Radiation damage féects

The strong correlation between our-{l)/He dates and the [U]e suggests that radiation
damage effects may be modifying the diffusive behavior of He within ounggemd closure
temperatures, raising a question about the reliability of our zircon data and paleodepth
interpretations. However, several factors make us believe that that the data are still reliable
despite obvious radiation damage effects. In the Be®an Mountains, the timing of
exhumation from our (rh)/He ages is within error of apatite fissiback data from Stockli
(1999) on these same samples, and compatible with the timing of exhumation regionally (e.g.,
Fitzgerald et al., 1991, 2003, 200%iRers et al., 2000; Bernet, 2002; Reiners, 2005; Quigley et
al.,, 2010). The youngest ages are also consistently betwe&8 Ma. If grains were
sufficiently leaky at ambient temperatures, we might expect an age reversal, withn)/H&
ages being yourgg than the published fissidgrack ages. Similar observations can be made in
the Mormon Mountains and Tule Springs Hills, where most of our zircerh({He ages are the

same (within errorps theapatite (UTh)/He ages. The exceptions are 11TS04, and-09
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(Table2.1), which were excluded from our paleodepth reconstructions because they had younger
cooling dates than apatite grains analyzed from the same samples and have very high [U]e.

The geothermal gradients calculated from our thermochronology @ao seem to
suggest that radiation damage effects are at a minimum. The geothermal gradients determined
from our data are reasonable {2BC), invariable across the study area, and similar to the
average continental geothermal gradient (€)5and pblished geothermal gradients from the
region (e.g., Reiners et al., 2002; Fitzgerald et al., 190@9; Karlstrom et al., 2010)This
implies that the temperatures at the top and base of zircon He partial retentionazahese to
their expected values.

Figure2.10 illustrates the overall shape of the zircon He partial retention zone using our
data from the Beaver Dam Mountains. The size of each Hesgatieolis scaled to the [U]e,
and the approximate shape of the paregention zone is shown at high (>600 ppm) and low
(<200 ppm) [Ule. hesigmoidal shapes of tifeRZs are similar to what would be expected for a
typical zircon without significant radiation damage (e.g., Fish Canyon Tuff); however at high
[Ule the PRZ ¢ steep and abruptly flattens towards the ~130sotherm. The shape of this
PRZdemonstrates that ages are youngémaer temperatures, consistent wéheduction irHe
retentivity in radiatioddamaged zircon. In contrast, the shape of the low RR& appears
relatively flat at higher temperatures. In this caagesareolderat higher temperaturdsecause
undamaged zircons or those with lower levels of radiation damage have reigimtionof He.

Our results seem to suggest that, although thexelear radiation damage effects on our
zircon cooling ages, the data can still be interpreted in a robust way. This may be explained by
the fact that our data capture a wide range of [U]e, minimizing uncertainties in the positions of

paleoisotherms dhe top and base of the PRZ. However, a more quantitative study of radiation
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damage and its impact on He diffusivity in our samples is required to properly evaluate this
claim (e.g., Nasdala et al., 2004; Shuster et al., 2006; Nasdala et al., 2011;n&uental,

2013.

Temporal and spatial atterns

The new thermochronology data allow us to place constraints on the timing and spatial
pattern of strain across the study area. The structurally lowest (deepest) zHTh)iHE ages
from the footwall ofthe Castle Cliffs detachment are invariant att8/Ma and overlap (within
error) with apatite fission track ages of Stockli (1999). This implies that samples rapidly cooled
from below the zircon He PRZ and to above the apatite fission track PAZ atrteatThus, we
interpret the onset of rapid cooling and exhumation at ~17 Ma as marking the timing of initiation
of the Castle Cliffs detachment.

The timing of initiation for the Castle Cliffs detachment is similar to that of other
structures that lie ahg the western margin of the Colorado Plateau. Thermochronology studies
of the Virgin Mountain anticline (Quigley et al. 2010), and of the South \‘/Wgimte Hills
detachment in the Gold Butte block (Fitzgerald et al., 1991, 2009; Reiners et al., 200€t, B
2002; Reiners, 2005), Lost Basin Range (Fitzgerald et al., 2009), and northern White Hills
(Fitzgerald et al., 2003, 2009) also show rapid cooling al9d™a. Sedimentological
constraints from the region show a similar, but slightly younger agel@5 Ma) for fault
initiation and basin development based on the conglomerates within the lower Horse Springs
Formation (Beard, 1996; Blythe et al., 2010; Lamb et al., 2010). This may imply that there is a
lag between fault activity and the first appeece of sediment in catchments. It is also possible
that the earliest synkinematic strata are just poorly dated, not well preserved, or not sampled

because they are buried by younger strata.
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Zircon and apatite ({Ih)/He ages from the footwalls of thdormon Peak and Tule
Springs detachments are invariant at1#3Ma, indicating that samples cooled by as much as
~150C at that time. We interpret this rapid cooling as marking the onset of slip along these
detachments. This interpretation is supportgdchosscutting relationships with regionally
distributed astilow tuffs, which indicate that detachment faulting pdates the 18£0.2 Ma
Hiko tuff (Rowley et al., 1995) and at least some of the tuffs of the Kane Springs Wash caldera
(ca. 13.517.4 Ma; Scott et al., 1995), although definitive correlations between volcanic units in
these ranges and source calderas have not been maddcké&/erh al, 1985; Axen, 1993;
Walker, 2008.

Our thermochronologicallpased interpretations for the timing of fault initiation indicate
that the Mormon Peak and Tule Springs detachments are younger than the Castle Cliffs
detachment by as much as 5 Mahis implies that extension and exhumation began at the
eastern margin of the central Basin and Range and migrated westward with time. This is a
somewhat surprising result since field relations between the detachments suggest that these
structures youngn an eastward direction; faults in the hanging wall of the TSD cut the MPD,
and faults in the hanging wall of the CCD cut the TSD. The apparent paradox may be resolved,
however, if activity along these structures ceased from west to east. If corsegigéists that
the Castle Cliffs detachment is a relatively ldivgd structure, with its activity spanning more
than 10 Ma. Such a lengthy tectonic history may imply that this structure serves as a
fundamental boundary at the edge of this diffusely raheifog province.

Vertical echumation andmagnitude of &tension
In addition to providing critical timing constraints, the thermochronology data may be

used to estimate vertical exhutioa and preextensional overberd and can provide an
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independent testf crosssectionbased extension estimates. It is important to note that the cross
sections and consequently our paleodepth interpretations come from detailed geologic map data,
whereas the partial retention zones and temperature estimates come eotielyef (UTh)/He

age data.

Our paleodepth reconstruction (Figu2é) indicates that the Beaver Dam Mountains
have experienced a minimum of 180of cooling since ~17 Ma. This value is determined by
assuming a mean surface temperature o€ 1@lthougha slightly warmer or cooler temperature
(+/-5 C) may be used. Using our best estimate of the geothermal gradient32&krh), this
translates to 5.8 to 7.2 km of vertical exhumation. However, our structurally deepest sample
resides almost 1 km belothe approximate position of the 1@isotherm in our reconstruction.
Therefore, the total vertical exhumation is anywhere from 6.8 to 8.2 km. The estimated vertical
exhumation indicates that the total overburden across the Beaver Dam Mountains never
exceeded ~1.5 km.

The thermochronology data from the Beaver Dam Mountains can also be used to evaluate
extension across the Castle Cliffs detachment. To do this, we trigonometrically convert the
vertical exhumation (throw) to horizontal extension (heaveyragsy a planar fault geometry.
Using the restored fault dip of 3Zrom Axen et al. (1990), the estimated vertical exhumation
results in a net extension or heave of 10.9 to 13.1 km. It is important to note that our estimate
assumes that all of the exhation is related to slip on the Castle Cliffs detachment, which is an
unlikely scenario. A small component of the exhumation may be attributed to erosion and to
buried faults at the Beaver Dam range front. Therefore, these estimates for exhnumagdn relat

to detachment faulting should be considered maximums.
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Using a similar set of assumptions, we can determine the vertical exhumation and
horizontal extension along the Mormon Peak detachment. Figure 9 shows that the Mormon
Mountains have experienced aaximum of 180C of cooling since ~14 Ma. Using our
calculated geothermal gradient (27-4+C/km), this translates to 5.8 to 7.1 km of vertical
exhumation, which suggests that the total overburden there never exceeded ~1 km. Using the
range of restored fdt dips (2028) from Wernicke et al. (1985), we estimate anywhere from
10.9 to 19.5 km of extension along the Mormon Peak detachment. Again, this calculation
assumes all of the exhumation is related to slip on the MPD. Any exhumation associated with
buried faults on the west side of the Mormon Mountains or related to erosion would certainly
reduce this estimate.

A similar set of calculations can be made for the Tule Springs detachment. Because the
deepest sample from the TSD footwall is 0.3 to 0.8 kallewer than the 19C isotherm, we
estimate that the total vertical exhumation is 5.0 to 6.8 km (F@@je Using the restored fault
dip for the ramping portion of the fault in the cregstion DD 6 |, eDestimate a minimum
of 4.2 to 5.7 km of hizontal extension. Calculations for the TSD, however, are complicated
because it lies in the footwall of the MPD, which makes teasing out its thermal history difficult.

It is also difficult to accurately estimate the heave on the fault because mucé fafutt is
subhorizontal where it follows a footwall flat of the former Tule Springs thrust.

Crosssection based reconstructions suggest that there has been ~54 km of extension
between the Beaver Dam and Meadow Valley mountains (Wernicke et al., 198bchk& et al,,

1988; Axen et al., 1990; Axen, 1993). These reconstructions assign 24 km of extension to the
Castle Cliffs detachment, 7 km to the Tule Springs detachment, and 23 km to the Mormon Peak

detachment (Wernicke et al., 1985; Axen et al., 19966mM\x993). These values have been
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challenged by a number of studies (e.g., Anderson and Barnhard, 1993; Carpenter and Carpenter,
1994a; Anders et al., 2006; Anderson et al., 2010), with those authors preferring more modest
extension across these rang&ur data suggest that extension estimates for at least two of the
detachment maletoo high. At a minimum, ~3 km may be eliminated from the Mormon Peak
detachment, and ~11 km from the Castle Cliffs, making the net extension across this system of
faultscloser to 40 km, ~25% lower than earlier estimate

A lower value for extension across the Castle Cliffs detachment is not entirely surprising
as crosssection reconstructions across the Virgin River Valley are largely unconstrained, with
earlier workergiting extension errors of 40 km for that fault (Axen et al., 1990; Axen, 1993).
However, the lower range of extension estimates for the Mormon Peak detachment, determined
by our data above, seem unlikely given that the Meadow Valley syncline ndgefsaned
above the Mormon thrust ramp (Axen et al., 1990). It would be difficult to remove more than a
few kilometers of heave given this fairly tight geological constraint. Reconciling théafalid
relationship with our thermochronology results ne#mat the range of fault dips proposed by
Wernicke et al., (1985) and used in our calculations is too wide and that the initial fault dip was
probably closer to 20°.

Low-angle rormal faults or gravity-side Hocks?

Although our data do not allow us to sdgfinitively what the origin of lowangke
structures in these ranges e can say that the thermochronology data make good sense in the
context of a lowangle normal fault interpretation. In particular, the pattern of cooling ages
seems to support su@n interpretation as samples systematically young in the presumed slip

direction of the fault. The youngest samples are consistently from what would be the deepest
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and most recently exhumed parts of the footwalls, while the oldest samples reside along th
eastern portions of our transects.

Proponents of a gravit§lide interpretation for lovangle structures in these ranges prefer
more modest extension models. These authors suggest that uplift and exhumation was
accomplished by highngle normal fau$ inferred at the range fronts of the Beaver Dam and
Mormon Mountains (e.g., Carpenter and Carpenter, 1994a; Anders et al., 2006; -Bhaktet
al., 2007; Walker, 2008 However, our thermochronology data indicate that there may be
problems with suchinterpretations. First, there is no systematic cooling-edgeation
relationship observed in our data, as might be expected for exhumation alongaadimfault
(Stockli, 2005). Instead, samples collected from very similar elevations have vatherdif
cooling ages, a strong indication that paleoisotherms have been tilted or rotated. As such, an
interpretation that invokes exhumation along a faghle normal fault would narrow the
distance between paleoisotherms and produce unreasonably higarged gradients. Second,
models invoking extension along higingle rangdront faults would also require very deep
basins west of the Beaver Dam and Mormon mountains, as our data demons8aten <
vertical exhumation. However, geophysical datthged over these basins suggests they are
shallow. For example, gravity modeling across the Meadow Valley Wash indicates that
basement resides only ~1.5 km below the surface (Scheirer et al., 2006), consistent with seismic
reflection data that show thep of basement at shallow tweay times (Carpenter and
Carpenter, 1994a; Scheirer et al., 2006). Gravity data from the central and southern Virgin River
Valley support the interpretation of a deep (~8 km) basin there, but the magnitude of the gravity

anonaly diminishes significantly to north, suggesting that the portion of the basin adjacent to the
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Beaver Dam Mountains is relatively shallow, inconsistent with the -&ingjte fault
interpretation.
Conclusions

The new apatite and zircon {Ch)/He thermochronmoetric data provide important
insights into the kinematic histories of the Castle Cliffs, Tule Springs, and Mormon Peak
detachments. Paleodepth reconstructions of the data, using publisheskectoss demonstrate
that the Beaver Dam Mountains have expee nced mor e t han -8lkkBi@fe C of
exhumation since ~18 Ma; whereas, data from the Mormon Mountains and Tule Springs Hills
show that these ranges have experienced kit of exhumation since ~14 Ma.

The data from the Beaver Dam Mountain®whthat the Castle Cliffs Detachment
initiated at the same time as other structures that lie along the western margin of the Colorado
Plateau (Fitzgerald et al., 1991, 2003; 2009; Reiners et al., 2000; Bernet, 2002; Reiners, 2005;
Quigley et al. 2010). T& is a somewhat surprising result because it indicates that the
detachment initiated as much as 5 Ma before faults to the west. The fault is interpreted to have
remained active after slip on detachments to the west ceased, indicating the Castle Cliffs
detachment is a lonived structure and may be important boundary between tectonic provinces.

Our thermochronologicallpased interpretations indicate that extension estimates for
detachments in the region are too high (e.g., Wernicke et al., 1988; Aaknl&90); however,
~40 km of extension is allowed from our data, compatible with earlier assertions of large
magnitude extension between these ranges. Although we cannot rule out a gravity slide
interpretation for lowangle structures in these rangeé® protracted cooling history, magnitude
of exhumation, and pattern of cooling ages are most consistent with exhumation alorg a low

angle normal fault.
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Figure captions

Figure2.1. (a)Color shaded relief map of tlstudy area ah surrounding region. Warm colors
correspond to the ranges and cool colors to the basins. Major faults (after Wernicke et
al., 1988) are shown in black. BDBeaver Dam Mountains; CM Clark Mountains;
FM 1 Frenchman Mountain; KR Kingston Range; MG McCullough Range; MD
Muddy Mountains; MMi Mormon Mountains; NR' Nopah Range; NVMi North

Virgin Mountains; PTi Pintwater Range; SP Sheep Range; SiT Spotted Range; SVM
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T South Virgin Mountains; T$ Tule Springs Hills. (b) Simplified deformestatecross
section showing major loangle normal faults between the Beaver Dam Mountains and
Meadow Valley Mountains. Modified from Axen et al., (1990). Gissstion location is
show in Figure 1a.

Figure2.2. Simplified geologic map of the of the studea showing the locations of the Castle
Cliffs, Tule Springs, and Mormon Peak detachments. Red dots correspond to the
locations of our thermochronology samples. Geology simplified from compilation by
Felger and Beard (2010).

Figure2.3. (a) (UTh)/He dates versus [U]e for samples from the Beaver Dam Mountains. The
data show a strong negative correlation. (b) The same data rescaled to show only samples
< 200 Ma. (c) (JTh)/He date versus [U]e plot for the Mormon Mountains and Tule
Springs Hills, showig a similar negative correlation.

Figure2.4. Geologic cross sectionB6 acr oss the Beaver Dam Mount
of the Beaver Dam fianticlined and the Cas
samples, shown as red dots, have been projentedthe plane of the crosection,
which is oriented ~parallel to the inferred slip direction of the fault. Although all samples
came from the footwall of the detachment, in this projected view they may lie above or
below topography of the section lineMean zircon (4T h) / He ages and e
standard deviation) are shown above each sample. Cross section location is shown in
Figure 2. Cross section modified from Axen et al., (1990) and Stockli (1999).

Figure 25. (a) Restoredtate cross section rass the Beaver Dam Mountains showing the
initial dip of the Castle Cliffs detachment and the-exéensional configuration of our

thermochronology samples. Modified from Axen et al. 1990. (b) Mean zircarhjU
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He ages (black diamonds) versus distamoenfthe Precambrian nonconformity. Error

bars are 10 standard deviations. Data re
zone. Apatite fissioftrack ages (red squares) and exhumed partial annealing zone from
Stockli (1999) are also shown. ART Apatite Fission Track; AFT PAZ Apatite
FissionTrack Partial Annealing Zon&He 1 Zircon Helium; ZPRZi Zircon Helium

Partial Retention Zone.

Figure 2.6. (a) Mean zircon (Th)/He ages (black diamonds) versus distance from the
Precambrian nonconformityEr r or bars are 10 standard de
refer to Table2.1. Apatite fissiortrack ages (red squares) and exhumed partial annealing
zone from Stockli (1999) are also shown. Shaded area corresponds to the approximate
position of the zircon H partial retention zone. Hachured area shows uncertainty in
position of the ~190°C isotherm. Given the uncertainty, the distance between the top and
base of the partial retention zone may be anywhere from 1.9 to 2.4 km, resulting in a
geothermal gradignof 28 +£3 C/km. (b) The same paleodepth reconstruction can be
used to calculate the distance between the base of the apatite-tiigsiorpartial
annealing zone (~110°C isotherm) from Stockli (1999) and the base of zircon He patrtial
retention zone (~X¥C isotherm). However, the high degree of uncertainty in the
position of the isotherms (hachured areas), results in anywhere from 1.9 to 4.9 km
between paleoisotherms and a geothermal gradient of1Z9€&/km. AFTT Apatite
Fission Track; AFT PAZ Apatite FissionTrack Partial Annealing Zon&He i Zircon
Helium; ZPRZ' Zircon Helium Partial Retention Zone.

Figure2.7. Geologic cross sectionC6 across the Mormon Mountai ns

of the Mormon Peak and Tule Springs detachments. Crossrse oriented ~parallel to
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the slip direction of the faults. Thermochronology samples, shown as red dots, are
projected into the plane of the cres=ction. In this projected view, samples may lie
above or below topography of the section line. Maearon and apatite (Th)/He ages
and errors (10 standard deviation) are sho
is shown in Figure 2. (b) Restorsthte cross section shows the initial dips of the
detachments and the pegtensional configuratiof our thermochronology samples.
Crosssections are modified from Axen et al. 1990. (c) Mean zircon and apatifta)(U
He ages versus distance from the Tertiary
deviations. Crossections are modified from Axest al. 1990.AHe - Apatite Helium;
MPD 1 Mormon Peak Detachment; St Distandard DeviatiorZHe1 Zircon Helium.

Figure2.8. Geologic cross section-rD6 acr oss the Mormon Mountai n:
showing the geometries of the Tule Springs @adtle Cliffs detachments. Cross section
is oriented ~parallel to the slip direction of the faults. Thermochronology samples,
shown as red dots, are projected into the plane of the-secisn. In this projected
view, samples may lie above or belowpaography of the section line. Mean zircon and
apatite (UTh) / He ages and errors (10 standard de
Cross section location is shown in Figure 2. (b) Restetai® cross section shows the
initial dips of the detachmentsa the preextensional configuration of our samples.
Crosssections are modified from Axen et al. 1990. (c) Mean zircon and apatite)(U
He ages versus distance from the Tertiary
deviations. AHe - Apatite Helum; MPD i Mormon Peak Detachment; St Dév

Standard DeviatiorZHe’i Zircon Helium.
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Figure2.9. (a) Mean zircon and apatite-{t)/He ages from the footwalls of the Mormon Peak
and Tule Springs detachments plotted against distance from the Tertiary unconformity.
Error bars are 10 standard de2di Shadedraas . Sa
corresponds to the approximate position of the zircon He partial retention zone.
Hachured area shows uncertainty in position of the ~190°C isotherm. (b) Shows the
same paleodepth reconstruction rescaled to only show samples <40 Ma. Shaded area
corresponds to the approximate position of the apatite He partial retention zone.
Hachured areas show uncertainties in position of the ~80°C and 190°C isotiA¢tmE.

Apatite Helium; APRZ Apatite Helium Partial Retention Zone; MARDMormon Peak
detachmentTSD i Tule Springs detachmenZHe i Zircon Helium; ZPRZi Zircon
Helium Partial Retention Zone.

Figure2.10. Zircon (UTh)/He date versus distance from the Precambrian nonconformity for the
Beaver Dam Mountains. The size of each He date is scaled to the [U]e. Black lines
correspond to approximate shape of the zircon He partial retention zone at high (>600
ppm) and low (<200 ppm) [U]e. The interpreted positions of the isotherms at the top and

base othe zircon He partialetention zon@are shown as dashed lines.
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CHAPTER 3
Middle Miocene to recentexhumation of the Slate Range, &stern California, and
implications for the timing of extension and the transition to tanstension
J. Douglas Walkeér
Tandis S. Bidgoli
Brad D. Diderickseh
Daniel F. Stockfl
Joseph E. Andretv
'Department of Geology, University of iKsas, Lawrence, Kansas 66045, USA
2 Now at Platte River Associates Inc., Houston, Texas, 77270, USA
®Now at Jackson School of Geosciences, University of Texas, Austin, Texas 78712, USA
Abstract
New mapping combined with fawdlip and thermochronological data show middle
Miocene to recent extension and exhumation of the Slate Range, eastern California, is produced
by the active Searles Valley fault system and the Slate Range detachment, amidttier
Miocene lowangle normal fault. Offset middle Miocene rocks record a combined ~7.5 km of
westdirected extension over the last ~14 Ma for the fault zonesThj{He apatite cooling ages
of samples from the central and southern Slate Range indizatfootwall cooling began
around 14 Ma; we interpret this as the age of initiation of motion on the Slate Range detachment.
This timing is consistent with inferences made using stratigraphic and structural criteria. Data
from the northern Slate ranghow rapid fault slip began along the Searles Valley fault at ~4
Ma; data from the central and southern Slate Range can be interpreted to present cooling at 5 to 6

Ma. This timing correlates to the results of nearby studies, suggesting a strain tramghsn
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surrounding area between -36Ma. Data collected are most consistent with a westward
migration in the locus of transtensional deformation, and show that the initiation of that
deformation commonly lags the timing predicted by plate reconstrudtioagew million years.
Introduction

The Miocene Basin and Range extensional province and the latest Miocene to recent
eastern California shear zone/Walker Lane transtensional belt at the latitude of Las Vegas,
Nevada may have been stretched up to 300%esta. 16 Ma (e.g., Wernicke et al., 1988; Niemi
et al., 2001). The earlier deformation resulted in primarily-@ast extension across the region
(Wernicke et al., 1982, 1988). Extension in the southwestern Basin and Range started at around
15 Ma asnferred by the ages of early basin deposits of the Panuga (Snow and Lux, 1999) and
Eagle Mountain formations (Niemi et al., 2001) of the northern Death Valley area, and of the
Panamint Valley volcanic sequence in the Argus, Panamint and Slate Range(fFegion3.1;
Andrew and Walker, 2009). Peak extension, however, probably occurred after 15 Ma (Snow and
Wernicke, 2000, p. 687) and lasted until late Miocene time; the locus of the major deformation is
interpreted to be well east of Panamint Valley.

Later deformation is primarily transtensional in character, expressed as deblicple
normal faults and strikelip faults active in the region from Spring Mountains to the Sierran
front. At this latitude, this later deformation belt is variously referoegstthe eastern California
shear zone or Walker Lane belt, and to a first order, affects the western half of the older Basin
and Range extensional province.

Using plate reconstructions, Atwater and Stock (1998) have interpreted a change in plate
motionsat around 10 Ma, from a more westerly to a more northerly motion of the Pacific plate

relative to North America, and associated this change to the transition to -tiextsénsional
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deformation. Geological evidence paints a more complex picture afefloemational history.
Mahan et al. (2009) suggested initiation of dextral transtension along the Stateline fault in
southern Nevada at around 5 Ma (Fig8re). Wernicke et al. [1988, and subsequent works of
Snow and Wernicke (2000), and McQuarrie andriitke (2005)] consider the Furnace Creek
fault to be active from about 9 to 5 Ma, and that this fault is a component of the dextral regime
(Figure 3.1). Snow and Lux (1999) interpreted the change to dextral deformation in Death
Valley to have started aund 11 Ma (Figure.1). Other studies that focus on different areas
interpret younger ages for this change to transtension. Hodges et al. (1989) placed the transition
at ~3.7 Ma in Panamint Valley (FiguBel). Monastero et al. (2002) considered thassition to
have occurred at around 3 to 2 Ma in the Indian Wells Valley based on mostly subsurface
stratigraphic data. Bellier and Zoback (1995) consider the transitiseves occurred in the last
300 k.y.using Holocene fault scarp slip data. Las8yockli et al. (2003) reported a general
westward migration of the transition, starting at 6 Ma and progressing westward to 4 Ma based
on fault kinematic and thermochronometric data from the Fish Lake Vial&ite Mountain
area. Thus, the precise tirgiand associated spatial pattern(s) of the onset of significant dextral
deformation remains uncertain: The transition from -ea&sit extension to northwedirected
obliqgue extension is apparently complex in both timing and location. The resolutiors of thi
problem requires more complete documentation of the age of transtensional slip on specific
structures.

This paper aims to more closely bracket the initiation of extension and to better define the
age of the transition from extension to transtension lier $late Range and adjacent Searles
Valley, which are west of both Panamint and Death valleys (Fgije To do this, we present

new structural interpretations tied to three thermochronologic transects from the northern,
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central, and southern Slate RangThe northern transect (roughly along cross secti#gn® o0 n
Figure3.2) trends easivest across the northern Slate Range, near where thatr8ilg Manly
Pass fault joins the norstriking Searles Valley fault; the central transect (along cross sdgtio
B6 on Figure 2) crosses the Slate Range | ust
(crosssection GC 6 o n 3R)iparallelseLayton Canyon. This work complements studies of
late Cenozoic deformation in the southern and northern SlateeRa@Mglker et al., 2005;
Numelin et al., 2007; Andrew and Walker, 2009).
Geologic setting

The Slate Range trends noedgbuth and the southern tvtloirds of the range is bound on
its western flank by a west dipping, lewo moderateangle normal fault zone(Figure 3.2;
Moore, 1976; Smith et al., 1968; Walker et al., 2005, Numelin et al., 2007ACdnieEzoic rocks
along the northern transect consist of 100 Ma Stockwell diorite, 159 Ma Copper Queen alaskite,
and 166 Ma Isham Canyon granite (Moore, 1976; DuamteWalker, 2004) containing pendants
of Paleozoic and Mesozoic sedimentary rocks. The central and southern transects cross Jurassic
plutonic rocks that contain pendants of Jurassic iveltzanic and metapiclastic rocks (Smith
et al., 1968; Dunne and &kker, 2004). These assemblages represent portions of the Mesozoic
Sierran magmatic arc and the Paleozoic continental passive margin. There is an ~85 m.y. time
gap between the youngest Cretaceous intrusive rock and middle Miocene sedivieotari
units, which is marked by an extensive erosion surface (Moore, 1976; Andrew and Walker, 2003,
2009). Miocene rocks dip eastward, and comprise a ~14.5 to 12.5 Ma sequence consisting of
basal sandstone and conglomerate with locally interbedded limestonesndvettasaltic rocks,
rhyolite lava flows, pumaceous epiclastic rocks, and andesitic to dacitic laharic déposits

et al., 1968; Andrew and Walker, 2003)09; Didericksen, 2005) A similar volcanic and
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sedimentary sequence is also found to the northwest in the Argus Range (Moore, 1976; Andrew
and Walker, 2003, 2009), to the east in the Panamint R@lafeson, 1957; Andrew and
Walker, 2009)and Owlshead Mountain®avis, 1988; Davis and Fleck, 1977; Luckow et al.,
2005) and to the southeast in the Quail Mountains (Muehlberger, 1954; Andrew, 2002),
although thicknesses vary greatly between the sections to the east and southudf/theeat

The relatively uniform nature of the Miocene sections in the Slate Range and nearby
areas probably means that the basal nonconformity was relatively phamdaew andWalker,
2009) although the thickness of the lowest Miocene sedimentary deposits varies from 0 to 30 m.
The thickest sections were deposited against subvertical buttress nonconformities and
depositional half grabens (Andrew and Walker, 2009). Thearaomity on the eastern flank
of the central Slate Range appears to be a laterally continuous surface dipping between 14° and
25° eastward (calculated using three point solutions; Tab)e Volcanic rocks of the same age
in the northern Slate Range amdthe southern Panamint Valley region are tilted to moderate
eastnortheast dips and are locally capped by rock avalanche deposits, suggesting the most
significant tilting event occurred in the Pliocerf@ndrew, 2005) Bedding above the
nonconformity in the Panamint Valley area averages 35° and ranges from 20° to 50° (Andrew
and Walker, 2009).
Structural setting

The structural geology presented here is based on our 1:24,000 scale geologic mapping
and previous work by Moore (1976) and Smith et al. (1968). Structural interpretations come
mostly from the mapping of Andrew and Walker (2009; also Walker et al., Z005he
northern Slate Range, and Didericksen (2005) and Numelin et al. (2007) for the central Slate

Range.
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There are two Tertiargge extensional fault systems in the Slate ranipe Slate Range
detachment fault and the active Searles Valley and MRagg faults (Figur8.2). The Searles
Valley and Manly Pass fault zones constitute a younger, segmented fault system (Walker et al.,
2005; Numelin et al., 2007) that we refer to as the Searles Valley fault zone. The Slate Range
detachment is the olderrgtture, because it is variously exposed in the footwall and hanging
wall of the Searles Valley fault and the hanging wall of the Manly Pass fault (Fjire
Andrew, 2005; Andrew and Walker, 2009; Didericksen et al., 2005). Geologic relationships
from the Layton Canyon area, in the central Slate Range, indicate that collectively the Searles
Valley fault and Slate Range detachment accommodate a minimum of ~9 km of horizontal
extension in an apparent westward direction (Fi@8eDidericksen, 2005). Thgeometry and
kinematics of these faults are critical to establishing paleodepth estimates for thermochronology
samples and are examined in more detail below.

Faulting history of the central Slate Range

The Slate Range detachment is currently inactivatedtto near horizontal dips, and is
offset across the Searles Valley fault zone (Fig8t2sand3.3). The fault is interpreted to have
initiated as a roughly northio northweststriking normal fault that dipped westward between 25°
and 50° (Didericksen2005). The interpreted initial dip is derived from its apparent 25° cutoff
angle with Miocene strata east of the breakaway in the footwall (F8ywg; it cannot be any
steeper than 50°, the cutoff angle of Miocene rocks in fault horses in the hawdjing he Slate
Range detachment probably initiated during Miocene deposition because the volcanic sequences
(~12 to 15 Ma) contain interbedded rock avalanche deposits, some basal conglomerates, and
locally consist almost entirely of footwallerived clats, indicative of significant topographic

relief (see additional discussion in Andrew and Walker, 2009). Definitive Pliocene and younger
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rocks are not found in the hanging wall of the Slate Range detachment suggesting the fault was
uplifted and inactivdefore Pliocene volcanism began in the nearby Argus Range (Andrew and
Walker, 2009). In the central Slate Range, middle Miocene units in the hanging wall dip
eastward up to 50° into a3n thick zone of fault gouge which grades into brecciated Jurassic
basement (Figur&.2 and3.4B). The detachment in the northern central Slate Range is exposed
west of the Manly Pass fault; there are several fault splays which dip 5° to 10° westward cutting
Mesozoic plutonic rocks. A several meter thick gouge zone depaifsee Mesozoic plutonic
rocks from hanging wall faulted and brecciated Miocene basaitesite lava flows and an
overlying carbonateemented footwaltlerived fanglomerate (Figu@4C). This fanglomerate

is undated, but the deformed nature of it glenth poorly exposed, but easted bedding argue

that it is older than the nearby$4Ma relatively untilted basalt flows in the Argus Range
(Andrew and Walker, 2009).

The Searles Valley fault zone as defined by Walker et al. (2005) is a curviplattar fa
zone striking between 155° to 180° and dipping355 to the wessouthwest in the southern and
central Slate Range (FiguB2). The dip steepens to ~50° as the fault is traced northward into
the northcentral Slate Range. Fawslip data for the aghern and central Slate Range, measured
along the fault zone in the Mesozoic bedrock, indicate overall motion is west directed
(Didericksen, 2005). This structure continues to the northern portion of the central Slate Range
where it has been historicaligapped as the Manly Pass fault (Moore, 1976). As noted above,
we consider the Manly Pass and Searles Valley faults to constitute a single segmented fault
system. South of cross section lineA26  ( F3.2)y the Manly Pass fault is indistinguishable
from the Searles Valley fault; northofA6 it bends to the northeast

northwest, and has leffiteral oblique normal motiofWalker et al., 2005; Andrewnd Walker
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2009) The fault continues northeastward into Panamint Valley where it intersects with the
Panamint Valley fault zone and the Panamint detachment (Walker et al., 2005; Andrew and
Walker, 2009).

We interpret the above relationships to intkcthat the Slate Range detachment is an
older structure related to middle Miocene, waisected extension in the Death Valley region.

The Searles Valley fault zone is a younger structure related to transtension because it: (1) clearly
cuts the Slate Rge detachment; (2) appears to be moving with active fault systems (Walker et
al., 2005; Numelin et al., 2007); and (3) is coincident with arrays of earthquake foci (e.g., Unruh
and Hauksson, 2009).

In the following section, we present pegtensional p&odepth estimates for our rock
samples, which are critical to properly evaluating the thermal histories of the Slate Range
detachment and Searles Valley fault systems. These estimates are independent of the cooling
ages, which are discussed in subseqgseations. The thermochronologic data better delineates
the timing of initiation and exhumation of structures described above.

Pre-extensional paleodepth estimates

The preextensional paleodepths of rock samples in the Slate Range are essential to
placing the thermochronologic data into a cooling hist¢8tockli, 2005) Middle Miocene
sedimentary and volcanic rocks rest nonconformablyaseiment along the eastern flank of the
Slate Range, providing a pextensional paleohorizontal datum (Figu@dA). However, the
topography of the nonconformity, thickness of volcanic and sedimentary overburden, and
potential errors in post4 Ma tilt carections need to be considered in order to accurately
estimate the paleodepths of thermochronology samples (e.g. Stockli et al., 2002). The thickness

of basal sediments overlying the nonconformity provides evidence for only minor; short

85



wavelength topogiphic relief (~30 m) prior to the deposition of the remainder of the middle
Miocene sedimentary and volcanic sequence. It is unlikely that these small amplitude variations
perturbed the thermal structure (e.g. Stockli, 2005).

The orientation of the paldorizontal/nonconformity surface in the footwall block of the
Slate Range detachment and Searles Valley fault zone was calculated as the mean of 11
measurements made in middle Miocene units on theceastal flank of the central Slate Range,
yielding a $rike of 349° +/ 16° and dip of 24° +/6° (2s) (Figure3.5 and Table8.1). The pre
extensional volcanic and sedimentary overburden above the Miocene nonconformity at the onset
of faulting was estimated based on the preserved stratigraphic thickbessbservations and
those of Smith et al. (1968) suggest the basal sandstones and limestones could collectively be up
to 50 m thick, and conglomerate sections less than 30 m thick; overlying pyroclastic rocks may
be up to ~30 m thick; and the capping Ii&sa@and andesitic volcanic section is commonly over
50 m thick and locally may be up to 100 m thick. Thus, an overburden value of ~200 m is added
to all sample paleodepths. This thickness is at the-dmghof measurements by Andrew and
Walker (2009) wb present values of ~100 to 200 m for the section in the northern Slate Range.
A difference of 100 m, however, has little effect on the reconstructions, and is minor compared
to the other uncertainties. Although not seen or preserved in the Slate Rsnigess
correlative rocks thicken to over 700 m to the south and east in the southern Panamint Range and
Brown Mountains areas.

These values and orientations bracket paleodepths in the central and southern Slate Range
relatively well (Figures3.2 and3.3) because Miocene strata rest directly on the basement rocks
in the line of section. Assuming a ~25° dip for this surface gives paleodepth values ranging from

0.3to 3.2 km. This estimate is possible because the range can be considered a simplelt tilted fa
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block, thus eliminating the need to consider the hinge position for tikimg Armstrong et al.,

2003). These depths apply to the area in Middle Miocene time since they are computed using the
Miocene nonconformity. The removal of hanging wall ©tly the Slate Range detachment as

well as possible footwall tilting makes estimates of depths for later Miocene to recent times less
certain as most of the samples sit below the detachment (F@Braad3.6). We assume that

the main eastward tiltingfdhis section occurred during Pliocene due to recent motions on the
Searles Valley and Panamint Valley fault systems, although it is possible that some tilting
accompanied movement on the detachment: we present information below that supports former
interpretation for timing of the tilting.

For the northern Slate Range, the paleohorizontal/nonconformity reference plane was
projected northward to the latitude of the thermochronologic transect as Miocene units are not
present to the east of the Manly Passdtfen this area (Figure3.2 and3.3). The projection was
made in the direction of mean strike from the northernmost exposure of the nonconformity
(Figure3.2) at an elevation of ~510 m. In addition, there are three small faults that cut across or
project into the area. These were initially ignored in estimating the paleodepths.

For all three areas, paleodepth estimate errors are primarily a function of the uncertainty in the
timing and amount of eastward footwall tilting and, for the northern tranbecprojection of

the paleohorizontal surface northward ~6 km. Timing of tilting is important as rotation of the
block changes the estimated depths. If tilting is prior to cooling age, then depth estimates would
become shallower. Uncertainties for tlrrection of the central B 6 ) and sCluwt her n
transects mainly result from the variation in dip of the nonconformity and the assumption that the
block behaves in a rigid manner, and only amount to a few hundred meters for this transect (with

probatke uncertainty of 500 m for the deepest samples). For the northern transect, projection
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uncertainties are computed using the extreme high and low values for dip and strike of the
section. This results in a possible variation of up to 1.5 km of depdh (Bhis uncertainty is
not plotted on any figures but is included in the paleogeothermal gradient calculation.) Because
the sample locations are mostly adjacent to or east of the projected breakaway for the Slate
Range detachment (Figure8 and3.6), weassume that tilting was minor prior to movement on
the Searles Valley fault zone. Structural reconstructions based on interpretations of the
thermochronologic data will help evaluate this uncertainty. The paleodepth estimates for
samples 1, 2, 8, and Jlocated in the hanging wall of the Searles Valley fault zone) were not
calculated. Thermochronologic data do give some information about their possible reconstructed
positions (Figure3.6; see detailed discussions below for how positions were detepmined
(U-Th)/He thermochronometry

To better understand the timing and magnitude of fault motion, we analyzed 43 samples
from the Slate Range using{Th)/He thermochronometry (Figu82). The (UTh)/He method
is a wellestablished and effective technique firectly dating the exhumation and cooling of
footwalls of major normal faults (e.g., Axen et al., 2000; Stockli et al., 2000; Ehlers et al., 2003;
Armstrong et al. 2004), as well as the initiation of transtensional structures (e.g., Stockli et al.,
2008; Lee et al., 2009; Mahan et al., 2009). The method is based on the productite of
through the decay of*®U, %%, 2*2Th, and'*’Sm. However,*He retention in minerals is
temperature dependent. In apatitele is completely lost by thermally actieal volume
di ffusion above ~80eC and mostly retained bel
1999; Stockli et al., 2000). For zircon, helium is retained over a higher temperature range, from
190eC to 130eC (Rei ner gemperatures Idefine th2rthd 2ensitivayd 0 4 ) .

windows or partial retention zones (PRZs) (Wolf et al., 1998) that can be used to reconstruct

88



temperaturdime paths or apparent apaleodepth/ elevation trends for a range of common
accessory mineral (e.g., apatitércon, titanite, etc.), ideal for evaluating upper crustal processes
(see summary in Stockli, 2005).

Apatite and zircon separates from rock samples were prepared by standard mineral
separation techniques. Each single multi-grain apatite or zircon sample was loaded into 1
mm platinum packet. Apatite grains were heated for 5 minutes at 1050°C usim@jrauous
mode 20W NeYAG laser(House et al., 2000)Extracted He gas was spiked witte, purified
using a gettering ancryogenic gas system, and measured on a quadrupole mass spectrometer.
Degassed apatite grains were then dissolved (in their platinum packets) in a spikgd HNO
solution in preparation for U Th, and Sm determinations using inductively coupled plasma mass
spectrometry (ICPMS). Zircon grains were heated for 10 minutes at 1300°C. After laser
degassing, zircon grains were removed from their platinum packets and dissolved using standard
U-Pb double pressuneessel digestion procedures. Following dissolutsamples were spiked
and analyzed for U, Th, and Sm using {¥I8. Laboratory and analytical work was performed
at the Isotope Geochemistry Lab at the University of Kansas and at i{hk)/fie Geo and
Thermochronometrizab at the University of Texas at stin.

A major challenge in (Urh)/He dating of apatite is the presence of small U and Th
bearing impurities or inclusions such as zircon and monazite micrgti@sse et al., 1999;
Lippolt et al., 1994) These impurities can bias the Ft correction (see below), modify diffusive
behavior by changing the He concentration gradient, and/or incompletely dissolve during
dilution of the grain in HN@ The latteiis particularly problematic as a significant portion of the
measured He i s fAparentl es s o(Farlay ams Stocklii 200R)ni n an o

order to minimize these problemaclusionfree grains were handpicked from separates with a
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160X Nikon stereo petrographic microscope under crossed polarized light before being loaded
into the Pt packets for analysis.

During a-decay, a portion of th#He produced is ejected out of theain. This effect is
the single greatest impediment to high precisioAT () He ages in common accessory minerals
(Farley et al., 1996) Unaccounted fofHe ejected from the grain will result in a younger (U
Th)/He age. The loss of alpha particles is estimated by using a geometrical and statistical
correction factor (Ft) based on the dimensions of the apatite grain and an assumed homogeneity
of parent abudance throughout the crystéfarley and Stockli, 2002; Farley et al., 1996)
Apatite grains were measured using computer software calibrated to the microscope through a
mounted digital camera. The Ft correatiworks best for euhedral grains over 100 um in width.
Running several aliquots per sample helped to deal with inherent correction errors resulting from
the smaller size and imperfect shape of many of the analyzed grains.

The resulting (UTh)/He mean ags shown in Table8.2 and3.3 were calculated from
several individual analyses (see supplementary BaltdesSD3.1andSD3.2. In most cases
(N=38), three or more replicates were used to calculate the mean; however, 8 of the 46 reported
ages were caltated using fewer than three replicates. These samples contained outlier analyses
that were excluded from our calculated mean ages. In fact, a significant portion (N=25) of our
reported mean ages had outliers that were excluded from our calculatiotie 196 individual
analyses completed, 41 or 20% of the aliquots were excluded. Outliers were determined, in most
instances, as ages that were more than 2 standard deviations from the mean. Analyses with a
large number of reextractions during laser ldgabksing were also excluded from the determined
means, as this usually points to the presence of unseen mineral or fluid inclusions within the

grain (House et al., 1999). The data were evaluated for other possible trends that might explain

90



the high degreef scatter in our ages. No apparent correlation was identified betweEm)(ide

dates and effective U concentrations that would suggest radiation damage effects on closure
temperatures (Shuster et al., 2006; Flowers et al., 2007). Similarly, we didssove grain size
effects in our data (Farley,2000; Reiners and Farley, 2001). Although we cannot determine the
exact cause of the scatter in our data, we suspect that microscopic mineral or fluid inclusions
(e.g., House et al., 1999), inhomogeneousmarsotope distributions (e.g., Hourigan et al.,
2005) and/or He implantation from adjacent minerals (e.g., Spiegel et al., 2009) may be the
source of our problems.

Propagated analytical uncertainties for individual analyses are approximat&y(3 ).
However, analytical uncertainties generally underestimate the reproducibility of a sample
because uncertainties related to the Ft correction and U and Th distributions are difficult to
guantify. Common practice in (OUh)/He dating is to apply a percegé&error to individual
analyses based on the reproducibility of laboratory standards: 6% for apatite and 8% for zircon
(Farley et al., 2001; Reiners et al., 2002). For our mean ages, we report the error as the standard
deviation (10) onfforagven sanpla.i Howepeo, g sdmplési(BDCSR28,
BDCSR 36; 12LC09, and 12LC13) are single grain ages; therefore, we show the error in the
Ameano age as the standard error.

Results

The results for the northern, central, and southern thermochrgndtagsects are
discussed in separate sections because of structural and age differences between them.
Northern Transect

The northern transect crosses the Manly Pass fault and consists of 15 samples of medium

grained Stockwell diorite from both the footwand hanging wall (Figure8.2 and 3.3).
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Hanging wall rocks are complicated in that they come from horses within the hanging wall of the
offset Slate Range detachment. Samples were collected approximately parallel to the west
directed motion (Walker et .al2005) and were taken in ~100 m vertical increments in order to
represent the entire footwall section (Fig@r& and Table.2).

Table3.2 shows that apatite (Oh)/He mean ages from the northern transect range from
as young 4.2 Ma to as old as 51.8 Ma, but no systematic relationship between cooling age and
elevation is observed. The youngest cooling ages along this transect are lotia¢etbatwall
immediately east of the Manly Pass fault, clustering at around 4 Ma (Fakded Figure3.3A).

The samples increase in apparent age to east (Babknd Figure3.3A). Some of the oldest
apparent ages are located west of the fault, ngnffom 28.8 Ma to 51.8 Ma (Tab®2 and
Figure3.3A).

Central Transect

The central transect crosses the Searles Valley fault and consists of 14 samples of Copper
Queen alaskite and Jurassic metadiorite (FigBr2sand3.3). Only one sample wallected
from the hanging wall of the fault zone; all other samples are from the footwall of both the
Searles Valley fault and Slate Range detachment.

Table3.2 shows that apatite (Oh)/He mean ages from the central transect range from as
young 6.0 Ma toas old as 50.1 Ma. Like the northern transect, no systematic relationship
between cooling age and elevation is observed (TaB)e Samples with the youngest cooling
ages come from the western part of the transect (Talleand Figure3.3B). The three
westernmost samples from the Searles Valley fault footwall have ages varying from ~6 to 9 Ma.
Higher in the range, two samples give consistent ages at about 14 Ma. Samples then increase in

apparent age eastward over the range (TaBland Figure3.3B). The oldest apparent ages are
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located on the eastern slope, from samples located only a few hundred meters beneath the
projection of the Miocene nonconformity, and have ages of ~45 to 50 Ma (J2ed Figure

3.3B).

Southern Transect

The southern trasect crosses the Searles Valley fault and consists of 14 samples of
Jurassic diorite, leucogranite, and metavolcanic rocks (Fig2eand3.3). Two samples were
collected from the hanging wall of the fault zone; all other samples are from the footiwathof
the Searles Valley fault and Slate Range detachment.

Although there are 14 samples in the southern transect, only 7 contained infrleision
apatite grains. Tabl&.2 shows that the resulting mean ages range from as young 5.2 Ma to as
old as 26.0Ma. Like the other transects, no systematic relationship between apparent age and
elevation is observed (Tab&2). Samples with the youngest cooling ages come from the
western part of the transect, east of the both the Searles Valley fault and 8tp¢edB@chment,
ranging from 5.2 Ma to 6.8 Ma (Tab&2 and Figure3.3C). Further east, two samples give
consistent ages at about 13 Ma (Tak2 and Figure8.3C). The oldest apparent age is from a
sample located a few hundred meters below the projectithe Miocene nonconformity (Table
3.2 and Figure3.3C).

Zircon (U-Th)/He mean ages from the southern transect are shown inJabl©nly 11 of the
14 samples had useable zircon grains. The mean ages range from as young as 44.6 Ma to as old
as 56.6Ma, with most samples clustering around 51 Ma. No systematic relationship between the

age of samples and their elevation was observed in the data.
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Interpretation of the (U-Th)/He thermochronologic data

Plotting the apparent {@h)/He ages against gadepth provides a basis for interpreting
the cooling and exhumation history of the Slate Range with respect to the mapped faults and
faulting history of the area (FiguB6). It is important to note that the paleodepth interpretations
come from basic mfictural mapping of the area, whereas the temperature/ partial retention zone
interpretations come solely from the-{"h)/He age data. Thus, the two datasets are independent,
although we do use the apparent age data to make some adjustments to the tepthartihern
profile.
Northern Transect

The northern transect is somewhat complicated in that three mapped faults cross or
project into the footwall of the Searles Valley fault zone (FiggiBA). The amount slip on
these structures is unknown. An additional complication for this transect is that three of the
oldest (UTh)/He samples are found within the hanging wall of the fault (Figa&). Clearly,
any offsets from faults within the g® section must be accounted for in order to restore all of the
sampl es t o -exteesiomal példodepttes.0 Oup inital interpretations ignored footwall
faults, restoring samples to paleodepths relative to our projection of the Miocene nonggnform
This yielded a clear trend of age with depth, but resulted in a somewhat jagged partial retention
zone. We then made small adjustments to the paleodepths by using the cooling ages to create a
smooth partial retention zone to infer offset across thgetures (Figure3.3A, 3.6A, and3.7).
Our interpretation based on cooling ages is that the western two faults have ~125 and ~150 m of
downtto-the-west throw respectively, and the eastern fault ~300 m of dowime-east throw at
the eastern flank dhe northerrcentral Slate Range (FigugA). Hence, the dowto-the-east

and downto-thewest components are essentially the same. This means that these faults have
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little effect on our depth estimates in the western part of the transect, andathelgelminor

offsets restored on these structures do not quantitatively affect our conclusions. On the other
hand, samples in the hanging wall of the Manly Pass fault are particularly important, as they can
be used to constrain Pliocene slip on thatcstme and the top of the Pliocene partial retention
zone. These samples (1, 2, 3, and 8) were restored by adjusting the depths of the sample until
they intersected the extrapolated trend of data from the footwall of the Manly Pass fault, through
the Plioene PRZ (Figur8.7).

After restoring the samples to their paleodepths, the apatiEhjiHe data from the
northern Slate Range exhibit systematic apparent age versus paleodepth patterns indicative of
rapid footwall exhumation of a shallow crustal blq¢louse et al., 1999; Reiners et al., 2000;
Armstrong et al 2003; Stockli, 2005; Stockli et al., 2000; Stockli et al., 200®pparent ages
decrease with increasing paleodepths from 51.8 Ma to 4.3 Ma at ~2.3 km paleodepth (Figure
3.7). Invariant ages at the structurally deepest paleodepths record rapmaéoinuat ~4 Ma.

Based on the proximity of these samples to the Manly Pass fault (FR)8Peand3.6A), these
invariant (UTh)/He ages are interpreted to be related to fault slip along that structure. The
invariant ages indicate that fault slip wasnsiigant enough to cool samples from just below the
zero retention isotherm (> ~80°C) to below 40°C. Hence, we interpret the Manly Pass segment
of the Searles Valley fault zone to have initiated at around 4 Ma. Progressively older apparent
ages at structally shallower depths record residence in the apatite He PRZ prior to early
Pliocene exhumation (FiguB7). Exhumation and cooling directly attributed to the earlier Slate
Range detachment is not observed in the data. The projected NNW strike tdteh&&hge

detachment and structural reconstructions suggests that the breakaway for this fault was west or
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above most samples in this transect (Figuéé\). This may indicate that the effect of motion on
this structure was not in a position to causgyaiicant change in the thermal structure.

Based on our paleodepth reconstructions, the relative position of the 80° C isotherm is
constrained to be between 1.8 and 2.0 by samples 6 (shallowest Pliocene sample) and 7 (deepest
Miocene sample). Although ehrelative position is tightly determined, our structural restoration
(using all estimated errors) places the-gxéensional depth of the 80° C isotherm at 1-8.%/
km. Using an assumed mean annual surface temperature 661G (8tockli et al., 200Q)the
pre-extensional geothermal gradient is 40-38/C/km. The uncertainty based on absolute
paleodepths is obviously quite large, but it is the most precise estimate that can be obtained with
the available structural data.

The ~40°C/km geothermal gradient is elevated compared to average continental
geothemal gradients of ~25°C/km; however, local volcanic activity supports high heat flow and
an elevated geothermal gradient in the late Miocene and Pliocene Slate (Radgav and
Walker, 2009) Interestingly, this value is similar to estimates of the geothermal gradient in the
Wassuk Range (Stockli et al., 2002) and to modern geothermal gradients of ~35°C/km in the
western Basin and Range province (e.g., hembruch and Sass, 1980). Unfortunately,
uncertainties in our data make drawing conclusions about the thermal structure of the Slate
Range preextensional upper crust difficult.

Using the cooling ages, we can estimate the throw, fault slip, anebinaged heave or
extension on the Manly Pass segment over the past ~4 Ma. Our principal estimate using sample
2 does not directly rely on paleodepth, but rather restoration of cooling ages in cross section. The
dip-slip estimated here is ~1.5 km. This ige timount of offset of sample 2 to restore it to the

appropriate age horizon of the PRZ. This estimate is similar to the ~2 km magnitude of the dip
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slip estimated along crosecton AA6 by restoring the middl e Mi
wall along thefault to the projected middle Miocene nonconformity in the footwall (although
this interpretation is complicated by uncertain effects of the Slate Range detachment). The
present dip of the Manly Pass fault is approximately 50° to the west in the narémeral Slate
Range. This dip constrains the amount of heave on the fault over the last 4 Ma to ~ 1 km. This
yields an average wedtirected extension rate of ~0.25 mm/yr since the early Pliocene on the
basal fault of the system. This rate is the sasnéha slip rate of 0.21 to 0.35 mm/yr inferred for
the Searles Valley fault to the south by Numelin et al. (2007) over latest Pleistocene to Holocene
time. Because that fault dips shallowly, it slip rate is approximately the same as thesast
extensio rate. For this reason, it appears that the modern and time averaged rates on the Searles
Valley fault zone are similar along its extent. It is important to note that this estimate applies to
the basal fault strand of the Searles Valley fault zone. eTisesignificant distributed faulting in
the hanging wall of this structure (not sampled by this estimate or that of Numelin et al., 2007)
that probably amounts to ~3.5 km of additional regional extension (Andrew and Walker, 2009).
Central and Southern Trasects

Paleodepth reconstructions of-[t)/He ages from the central and southern transects are
somewhat simpler than for the northern one since almost all of the samples reside within the
minimally faulted footwall to the Searles Valley fault zone andeSRange detachment (Figure
3.3, 3.6B, and3.6C). However, interpretation of the reconstructed cooling ages is significantly
more complicated. Zircon @@h)/He ages from the southern transect cluster around ~51 Ma,
suggesting there is an exhumation evainthat time (Figure8.8 and Table3.2). While this
exhumation event is significantly older than the Miocene and Pliocene fault history we are

concerned with, this age is an important constraint for interpreting the apatite data (see below).
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Apatite (UTh)/He apparent ages increase with decreasing paleodepth from ~5 Ma to ~51 Ma
(Figure3.8). The oldest apatite samples from the central transect (samples 27, 28, 29, 30, 38,
and 39) are similar in age to zircons from the southern transect, suggesting that these relatively
old apatite samples resided near the top of a partial retentionazwhare either unreset or only
minimally reset. Below 1.0 km (depth of sample 39), apatite ages get progressively younger.
Figure 3.8 shows a possible interpretation of data, where a partial retention zone is identified
between 0.4 and 2.5 km. Below 2Z#n, (U-Th)/He ages form a cluster around ~6 Ma,
suggesting rapid exhumation at that time (FigdiB3. Using this paleodepth reconstruction, the
relative position of the 80° C isotherm is constrained to be between 2.2 and 2.5 by sample
12LC11, the shallwest ~6 Ma sample, and sample 35, the deepest sample definitively within the
partial retention zone. Using an assumed mean annual surface temperature fQ (5tdckli

et al., 2000)the calculated late Miocene geothermal gradient is-80@/km.

Although the pattern of cooling ages and calculated gentiegradient, using the above
interpretation, are broadly similar to that of the northern transect (F&jdyeit implies that
exhumation along Searles Valley fault zone initiated at 6 Ma in the central and southern parts of
the Slate Range, and at 4 Nfathe north. Fault initiation at 6 Ma is not improbable as
extension is known to occur in the Death Valley area at that time (e.g., Topping, 1993; Snow and
Lux, 1999). However, Pliocene cooling and fault histories are much more common for this part
of the Basin and Range (e.g., Hodges et al., 1989; Snyder and Hodges, 2000; Monastero et al.,
2002; Stockli et al., 2003; Andrew and Walker, 2009; Lee et al., 2009). The interpretation
shown in Figure3.8 also ignores a group of samples between 1.7 andh®tBat cluster between
12-14 Ma, coincident with the timing of initiation for the Slate Range detachment (Andrew and

Walker, 2009). For these reasons, we prefer an alternative interpretation of our reconstructed
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samples, shown in Figui@9. In this inerpretation, two partial retention zones are identified
from the data. The first is evident between 0.4 and 1.6 km (F®8)e Below 1.6 km, ages
cluster between 124 Ma, recording an exhumation event at that time (Fig®e We interpret
these samles to record cooling related to motion on the Slate Range detachment, consistent with
the work of Andrew and Walker (2009). While these samples were exhumed and cooled through
the apatite He PRZ in the Miocene, structurally deeper samples yield yoyppgee@ ages
(between about 5 and 9 Ma). Although the data are somewhat clustered, they show inconsistent
age to paleodepth scatter. We therefore interpret these rocks to have resided in a second PRZ
during late Miocene to early Pliocene time, and whentexhumed and cooled during Pliocene
motion on the Searles Valley fault. We accept the ~4 Ma age from the Manly Pass segment to be
the most reliably time of initiation of faulting. For the central transect, motion on the fault was
probably not sufficiat to expose rocks that were originally below the PRZ for the Pliocene
(Figures3.3, 3.6 and3.9). In contrast, paleodepth reconstructions of the data from the southern
transect suggest that samples 12LC03 and 12LC04 resided below the Pliocene PRZ (Figure
3.6C). Unfortunately this could not be confirmed because incltfsgnapatite grains were not
identified within these samples.

Structural restoration using our preferred interpretation places thexymesional depth
of the middle Miocene 80° C is@hm at 1.6 +0.2 km (Figure3.8). Based on an assumed mean
annual surface temperature of 105*C (Stockli et al., 200Q)the preextensional geothermal
gradient is 45 +9°C/km. The 45°C/km geothermal gradient is elevated compared to average
continental geothermal gradients of ~25% and significantly lgher than the ~15°C/km
geothermal gradient documented for the nearby Inyo (Lee et al., 2009) and White mountains

(Stockli et al., 2003). Although local volcanic activity is consistent with relatively high heat
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flow and an elevated geothermal gradientiryithe Miocene in the Slate Ran@ndrew and
Walker, 2009) the high magnitude of the geothermal gradient suggests that there may be a
problem with our bBsolute paleodepths. This is confirmed when evaluating the position of the
40° C isotherm in both Figurés8 and3.9 at 0.4km, probably an unrealistically shallow depth.
This suggests there was additional overburden in the central and southern phesStite
Range, not accounted for in our reconstructions. As noted above, Miocene sections to the east in
the Panamint Range are typically 500 m thicker. If this is applied to the central and southern
transects, then the 40° C isotherm would have beamre reasonable depth of about 1 km.
Extension across the central and southern transects is somewhat larger in that we see the
effects of both the Miocene and Pliocene to recent fault systems. In the Layton Canyon area, we
estimate a minimum of ~9nk of eastwest extension: 4 km of this is from the Slate Range
detachment (the distance between the westernmost klippe and its likely footwall equivalent to the
east) and 5 km from the Searles Valley fault (see Andrew and Walker, 2009). A significant
compnent of the apparent horizontal displacement across the central Slate Range results from
the postMiocene tilting of a moderately dipping Slate Range detachment fault to low dips. This
tilting seems to predate the inception of the Searles Valley fadlteimorthern central Slate
Range that still has relatively steep dips. If there is a general westward moving wave of the
initiation of transtensional deformation then extensional faults in the Death Valley extensional
system may have been active befoemstension began in the Slate Range [~11 Ma from Snow
and Lux (1999) and ~8 Ma from Topping (1993)]. The Death Valley extensional fault system
dips to the west beneath the Panamint Range and probably also below the Slate Range, therefore

displacement otthese systems could lead to similar amounts and orientations of tilted Miocene
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units of the hanging wall Panamint and Slate ranges before transtensional deformation begins in
this area.
Discussion

Our age of ~4 Ma for cooling of the Searles Valley faole footwall rocks provides an
important regional constraint on the timing of transition to transtensional deformation.
Comparing the work of Mahan et al. (2009) and Monastero et al. (2002) with this study would
indicate that the onset of dextral tramsi®@nal deformation decreases in age westward at this
latitude, from around 5 Ma in southern Nevada, to 4 Ma in Searles Valley/southern Panamint
Valley, to 3 to 2 Ma in Indian Wells Valley. These data, therefore, support the idea presented by
Stockli et & (2003) of a westward progression in initiation of dextral transtension.

Interestingly, our ~4 Ma age is somewhat older than the 2.8.#Ma age for renewed
motion on the eastern Inyo fault zone and start of motion on the Hunter Mountain fault (Figure
3.1; Lee et al.,, 2009). This is significant in that motion on the Hunter Mountain fault is
interpreted to transfer slip from the Panamint Valley fault zone onto the eastern Inyo fault zone
in Saline Valley (e.g., Burchfiel et al., 1987, Lee et al., 20B8hce implying that the Panamint
system started at around 3 Ma (see Fighifle for structures and locations).  Alternatively,
Walker et al. (2005) interpreted the Searles Valley fault zone and Panamint Valley fault zones to
be an integrated system ofwsttures accomplishing dextral transtensional deformation in the
region, implying a somewhat older age of initiation. This leads to several possible options for
resolving this difference in age: (1) Uncertainties on the ages interpreted from the drady#ica
are underestimated, and the ages would overlap if larger/more reasonable errors were assigned;
(2) The rapid cooling evident in age/depth profiles does not record the onset of faulting, but is

imparted at somewhat different times; or (3) Slip altimg Panamint/Searles system did not
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initially link along the Hunter Mountain fault into Saline Valley, but rather continued northward
through the Towne Pass area between the Panamint and Cottonwood mountains. Although all
these scenarios are possible, fegor the last for several reasons. First, the errors seem
reasonably computed and the ages are reproducible. Second, other studies show that rapid
cooling is associated with fault initiation (see Stockli, 2005). Third, there is evidence for
significart deformation in the Towne Pass area at the time motion began on the Searles system.
Snyder and Hodges (2000) report large increase in sedimentation rate for the Nova basin starting
at around 4 Ma and continuing to about 3 Ma. They also report thandault the area is
distributed in a complex manner between the Emigrant detachment and other structures over this
time interval. Thus, it is our interpretation that the Panamint/Searles system did initiate at about
4 Ma, and that for the first 1 m.y. d6ihistory fed deformation northward through the Emigrant

and Towne Pass systems. This ceased at around 3 Ma when deformation in Panamint Valley
was transferred northwestward into Saline Valley via the Hunter Mountain fault.

If the above interpretationgecorrect for the timing of extension and the initiation of
transtension in the Slate Range, then regionally there may not be a change from local extension
to transtension, but instead there is a spatial wave of the local initiation of major transtensiona
deformation structures that overprint an earlier discreteveasit extensional event, active only
in the middle to late (?) Miocene. This idea may resolve the issue of comparing timing data
derived from fault studies versus from plate tectonic datee plate tectonic data indicates that
transtensional deformation should have begun at 8 to 10 Ma (Atwater and Stock, 1998) after a
period of eastvest extension. Transtension in Death Valley seems to begin at this time
(Wernicke et al., 1988, Snow and Luk999), but areas to the west (i.e., the Panamint and Slate

Ranges) were not experiencing significant deformation until ~4 Ma (Hodges et al., 1989).
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Transtensional deformation then migrated westward in a series of jumps to farther west
structures (Hodgest al., 1989; Andrew, 2005; Monastero et al., 2002). Transtensional faulting
then began at ~4 Ma in the Slate Range by the initiation of the Searles Valley fault zone.
Conclusions

Our new mapping and thermochronological data give important insighas the
exhumation and extension of the Slate Range, Califorfibe range is presently part the
eastern California shear zone/ Walker Lane system and is undergoing transtension on the Searles
Valley fault zone. Transtensional activity started at aroumdadwhen footwall rocks of the
Searles Valley fault zone cooled below the apatitd (l/He partial retention zone.

Apatite data from the central and southern Slate Range indicate that cooling started
around 14 Ma. This is probably related to motiorttmmmapped Slate Range detachment. This
fault currently has a flat dip, but probably initiated with a dip closer to 25° to 50°, the dip of
footwall Miocene strata and the cutoff angle of similar strata in the hanging wall, respectively.
Overall extensiomuring this phase was west directed, and has a minimum value ofi 4hkm
is the offset distance between Miocene strata in the hanging wall from the footwall
nonconformity beneath coeval rocks. Assuming extension is similar between the northern and
certral Slate Range, this gives a combined total extension in the range of ~9 km.

Timing of extension fits well with regional patterns. The beginning of transtensional
deformation is somewhat older than that in Indian Wells Valley, but somewhat younger than
southern Nevada, suggesting that transtension progressively youngs westward.
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Figure captions

Figure 3.1. Color shaed relief mapof study area and surrounding region. Warm colors
correspond to the ranges and cool colors to the basins. Extensional and transtensional
structures that are part of the eastern California shear zone are shown in black.

Figure3.2. Simplified geologic map of the Slate Range with locations of major fault systems and
zones. Black dots correspond to the locations of our thermochronology samples. Arrows
with corresponding orientations show the locations of the northward projectidre of t

Miocene nonconformity (@ orientations) used in calculating extension magnitudes (see
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text for discussion). Geology from this study, Smith et al. (1968), Walker et al. (1994),
Walker et al. (2002), Andrew (2002), Dunne and Walker (2004), and Andre\vatker
(2009).

Figure 3.3. Cross sections across the (A) northern, (B) central, and (C) southern Slate Range
based on work of Smith et al. (1968), Andrew and Walker (2009), and this study.
Samples, shown as black dots, are projected in the plane ofadgsection. In the
projected view, samples may lie above or below topography of the section line. Number
above each sample corresponds to sample numbers referred to in Jabdesl 3.3.

Green dashed lines show the projected Miocene nonconformityerjloand pre
extensional surface datum (upper). Dashed orange line is the approximate base of the
Miocene and/or Pliocene partial retention zone(s) (hachured area). M&dm)/H¢ ages

are plotted as a function of horizontal distance above each crosssdetrors shown at

10 standar d -Mé& WioeneiPartial RetenflfoR Zone; PRZ Pliocene

zone; SRDi Slate Range detachment; SVFZSearles Valley fault zone. Location of
sections lines shown in Figure 2.

Figure 34. (A) Miocene volcanic rdes cropping out over Jurassic granite and metavolcanic
rocks on the eastern flank of the Slate Range north of Layton Pass. The tilted
nonconformity here appears to be a rotated gentle erosional surface with beds steepening
in the dark volcanic rocks atehop. Field of view about 800 meters. Panamint Range in
background. Panoramic view is toward the northeast. (B) Slate Range detachment west
southwest of Layton Pass. Miocene strata dipping about 45° at top of hill, an ~2m thick
ground zone beneath (tdayer), and brecciated Jurassic metaplutonic rocks at base.

White box is next to ~2m tall person for scale. (C) Slate Range detachment fault and
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splay faults in the hanging wall of the Searles Valley normal fault, just north of Copper
Queen Canyon.

Figure 3.5. Equal area projection showing the distribution of oriented planes within the Miocene
sedimentary and volcanic sequence (T&dil¢. The axial mean (349° -4/6°, 24° +/6° -
bold line) of these planes should approximate the middle Miocene noncayfompire
extensional paleosurface used in paleodepth reconstructions withen corifidence
interval (gray area). Data given in TaBlé.

Figure 3.6. Reconstructed sample positions for the (A) northern, (B) central, and (C) southern
thermochronology transects. Abbreviations and line coloring as in Figure 3. Sample
numbers refer to Tabl&s2 and3.3.

Figure 3.7. Apatite (UTh)/He ages versus middMiocene paleodepth for the northern transect
(A-Ad) . Error bars are 10 standard devi at.
3.2 and 3.3. Hachured area shows uncertainty in position of the 40°C and 80°C
isotherms.

Figure 3.8. (U-Th)/He ages veus middle Miocene paleodepth for the centraiB(B ) and

Co

southern (GC 6 ) transect s. Error bars are 1
numbers refer to Table&s2 and3.3. Hachured area shows uncertainty in position of the
40°C and 80°C isotherms. PR Partial Retention Zone.

Figure 3.9. Preferred middle Miocene paleodepth reconstruction for the centilo(B and

Co

southern (GC 6 ) transect s. Error bar s are 1
numbers refer to Tabl&2 and3.3. Hachured areanews uncertainty in position of the

40°C and 80°C isotherms. PR2artial Retention Zone.
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Table 31. Structural data used to estimate the present
orientation of middle Miocene prextensional paleosurface.

Strike Dip Measurement Surface

335 14 TPSi nonconformity

350 16 TPSi nonconformity

325 16 TPSi nonconformity

350 18 TPSi nonconformity

008 25 TPSi nonconformity

010 43 beddingi ash deposit ~50 m thick
335 40 beddingi limestone ~50m thick
325 35 beddingi limestone ~50m thick
347 23 beddingi calcareous sandstone ~5m thic
345 25 beddingi limestone

018 25 beddingi calcareous sandstone

Note: TPS' Three point solution
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CM = Cottonwood Mountains
EIF = Eastern Inyo Fault
FCF = Furnace Creek fault
GF = Garlock fault
HMF = Hunter Mountain fault
| OVF = Owens Valley fault
- | NB = Nova Basin
| NDVF = Northern Death Valley fault
SDVF = Southern Death Valley fault
SLF = State Line fault
SNFF = Sierra Nevada Frontal fault
SV = Saline Valley
TPF = Towne Pass Fault
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Figure 3.1

116



[

Slate Range
detachment

Searles Valley

u
el o
fault zone C'op%a'“

\

Tank Ca"Y"F,} '
\

1
Al

)(al.'E/\ 39;1998

can

Searles Valley

C
fault zone

Layton

/

~_

ke
NeWw ;gﬁ =

Canyon;

Legend

[ ] Quaternary alluvium,
fanglomerate, lacustrine,
eolian sand, and evaporite
deposits

~15-12.8 Ma (Walker et al.,
2003) sedimentary and
volcanic rocks

[ Neogene fanglomerate, volcanic,
and sedimentary rocks

[ Granite , undated. Possibly a phase
of the Copper Queen alaskite or
of the Stockwell dicrite

[ (~100 Ma) Stockwell diorite
[ (151 +- 1 Ma) Biotite granite
[ Late Jurassic tuffaceous schist

(~153-149 Ma) Metamorphosed
andesite and volcaniclastic rocks

[ (~159 Ma) Copper Queen alaskite
and (~152 Ma) granite or alaskite

I (~166 Ma) Isham Canyon quartz

| monzonite and correlated units from

the central and east side of the Slate
Range

[ (184-148 Ma) Mixed plutonic complex
of monzonite, hornblende diorite,
leucogranite, granodiorite

B
C
re Lol
= ——
.p\.‘; *

I (184.5 +/- 6 Ma) Quartz monzonite,
granodiorite, alaskite

I Mesozoic plutons, undifferentiated

I Paleozoic and Triassic

e tu; sedimentary rocks
Slate Range

vﬁ _ detachment

[ ]
&
e v

[ Precambrian rocks

#7\_ Searles Valley - Manly Pass fault zones
/1/ Slate Range detachment

#/7\_/ Mesozoic faults in the Slate Range

117°7'30"W

Figure 3.2

117



60
e .
= 40- I I
)
£ 30 I
C
ézo- ' * i
10+ . Iox g
T =3
0 T T 1
0 2500 5000 7500
Miocene
“ nonconformity
A 45~ ~150m projected A
2000 Miocene A e (romsouthat3ag) - o500
- SRD s b A 2,
£ 1500 hanging wall 3 R AR o 1500
5 klippe T )
= 1000 A A~ <%00m 1000
B | ; (D677 24 +-6°
w500 / ~——— 500
| " S~ |';"
0-F . ‘ / B 0
0 2500 5000 7500
Horizontal distance (m)
B
60
+ AHe age
50 | I
) } .
= 40
: I
2 30 {
c
é 20 {
10+ g, i °
0 T T T
0 2500 5000 7500
B B
2000 e Miocene 2000
e ;
— L 40 SRD39 __ ________ nonconformity
E 1500 _'_--:/_:g’:f'_,_-__ - TR 1500
c - e ~
g21000|( 373, T~ 1000
© -
4 500
0

Horizontal distance (m)

Figure 3.3

118



Elevation (m)

Mean Age (Ma)

70

60
50
40
30
20 -
10

* AHe age
= ZHe age

T
5000

Miocene SRD
hanging wall klippen

T
7500

Miocene

Horizontal distance (m)

Figure 3.3(continued)

119




Figure 3.4
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CHAPTER 4
Low-temperature thermochronology of the Black and Panamint mountains, Death Valley,
CA: Implications for geodynamic controls on Cenozoic intraplate strain

Tandis SBidgoli’
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Daniel F.Stockl?’
Joseph EAndrew!
S. JohrCaskey
'Department of Geology, University of Kansas, Lawrence, Kansas 66045, USA
’Department of Earth and Climate Sciences, San Francisco State University, San Francisco, CA
94132, USA
3Jackson School of Geosciences, University of Texas, Auskias 78712, USA
Abstract

We use apatite and zircon {Th)/He thermochronometry to evaluate the temporal and
spatial patterns and tectonic drivers of Miocene to Pliocene deformation within the Death Valley
area, eastern California. We analyzed 48 samptas the footwalls of the Amargodalack
Mountains and Panamuiimigrant detachment faults in the Black and Panamint mountains,
respectively. Zircon He ages from the Black Mountains record continuous footwall cooling and
exhumation from 9 to 3 Ma. Thermalodeling of these data suggest that cooling took place
during two discrete intervals: a period of rapid & mm/yr) footwall exhumation from 1@
Ma, followed by slower (<5 mm/yr) exhumation since 6 Ma. Total cumulative exhumation is

estimated to be 106 km. Paleodepth reconstruction and cooling ages from the central Panamint
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Range samples also show two periods of cooling. Zircon He ages recorddatnéicooling
via a completelyexhumed partial retention zone, whereas apatite He ages show aapeshctu
phase of exhumation at ca. 4 Ma. The results suggest the western Panamint Range experienced a
minimum of 7.2 km of exhumation since ~12 M@he new data, when evaluated within the
context of published fault timing data, suggest that the transitiom Basin and Range
extension to dextral transtension is spatially and temporally distirfe. transition begins at ~8
Ma in ranges to the east and north of the Black Mountains, migrating westward into eastern
Death Valley at 6 Ma. Initiation of this emt is coincident with a major change in plate
boundary relative motion vectors. Data from Panamint Range and several ranges to the west of
Death Valley indicate transtension initiated over a large area at4£ai& This distributed
deformation is coeal with lithospheric delamination in the central and southern Sierra Nevada
Range. Our results suggest that the transition from extension to dextral transtension reflects an
evolution in driving mechanism from plate boundary kinematics to intraplatespittesic
delamination.
Introduction

Plate motions may be accommodated across broad zones of diffuse and variable style
deformation within continental lithospleer(e.g., England, 1987). One of thbest known
examples of a diffuse zone is the Paelfiorth American plate boundary, where ~25% of the
current plate motion is accommodated far inboard of the San Andreas transform fault (Minster
and Jordan, 1987; Dokka and Travis, 1990; Bennett et al., 2003). tGeda from across
western North America show that most of this iplaée strain is focused in theastern
California shear zone (ECSZ; also the Walker Lane belt), a system of actisdy northwest

striking, strikeslip faults that account for ~B2 mm/yr of displacement of the Sierran mircoplate
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relative to the Great Basin (Figu#el; Dixon et al., 1995; Bennett et al., 2003; Dokka and
Travis, 1990).

Global circuit reconstructions of the Paciptaterelative to North America suggest that
at ca.10-8 Ma the plate boundary changed from NW oblique to dominantly-paaaliel motion
(Atwater, 1970; Atwater and Stock, 1998). It is proposed that this motion change initiated the
change from more Basin and Range style deformation to the transcurr®dt &@d attendant
structures (e.g., Dokka and Travis, 1990). [Plate boundary and intraplate deformation patterns
are shown spectacularly in the animations of Atwater and Stock (1998), available at
http://emvc.geol.ucsb.edu/download/nepac.php, and McQuaamel Wernicke (2005)].
However, timing data from individual structures within the ECSZ range from middle Miocene to
late PleistoceneséeHodges et al., 198Holm and Dokka, 1991, 1993; Holm and Snow, 1992;
Hoish and Simpson, 1993;; Snow and Lux, 199%;der and Hodges, 2000; Niemi et al., 2001;
Monastero et al., 2002; Stockli et al., 2003; Lee et al., 2009; Mahan et al., 2009; Beyene, 2011,
Walker et al., 201¢4 suggesting that the transition from intraplate extension to intraplate dextral
transtensionmay not be simply related to plate boundary kinematics, and that other geodynamic
factors may play a role in the temporal and spatial patterns. One possible factor is lithospheric
delamination, proposed to occur in the central and southern parts otthee I$¢vada at ca. 3.5
Ma (Jones et al., 2004; Zandt et al., 2005; Gilbert et al., 2007).

In this paper, we present new zircon and apatitd@lfiyHe thermochronologic data from
the Black and Panamint mountains bordering Death Valley in eastern Califbrgiae(4.1).
Death Valley lies within a region that has experienced both Basin and Range extension and more
recent dextral transtension related to the ECSZ and Walker Lane belt, and is therefore an ideal

place to study the inboard part of the evolvingifradNorth American plate boundary. The new
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timing data are integrated with published thermochronologic and sedimentologic data of a
regional scale to show that the initiation of the dextral shear varies from east to west across the
region, possibly refleting anintemplay between plate boundary effects and intraplate drivers
such as lithospheric delamination.

Geologic background

The Black Mountains are located on the eastern margin of Death Valley (Eigjre
The range is host to the AmargeBiack Mountains detachment (ABMD), a normal fault system
that exposes 1.7 Ga gneiss and late Precambrian metasedimentary rocks intruded by 11.6 Ma
Willow Springs pluton (Asmerom et al., 1990) and 10.4 Ma Smith Mountain Granite (Miller et
al., 2004). Publishe®Ar/**Ar and zircon fissiortrack ages from the Black Mountains show
that exhumation and cooling along the ABMD began at ~12 Ma in the southern Black
Mountains, however, major unroofing of the northern and central parts of the range took place
between ~8d 6 Ma (Holm et al., 1992; Holm and Dokka, 1993). The sedimentological record
of the lower part of the adjacent Furnace Creek basin matches the timing of exhumation recorded
in the thermochronology data; however, a significant portion of the basin sapigsieposition
beginning at 6 Ma, suggesting a major reorganization of the basin at that time (Wright et al.,
1999).

The Panamint Range, on the western flank of Death Valley, is the relatively intact
hanging wallto the ABMD. The range host&o majorTertiary structures: the Eastern Panamint
fault system (EPFS) and the Pananrttmigrant detachment (PED) (Figu#l). These
structures expose a core of 1.7 Ga gneiss, middle and late Precambrian metasedimentary rocks,
and Cretaceous and Tertiary plutorithe EPFS is a lovangle normal fault system, exposed in

the eastern part of the range. The timing of motion on the EPFS is poorly constrained, but it
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likely postdates intrusion of the 10.6 Ma Little Chief stock in the center of the range, and most
of the Trail Canyon volcanic sequence (ca. 194 Ma), exposed on east side of the range
(McKenna and Hodges, 1990; Hodges et al., 1990). The Trail Canyon volcanic sequence is
tilted 2040, indicating significant eastward tilting of the EPFS and range siddVa.

The PED, exposed on the west side of the Panamint Range, includes the Emigrant and
Town Pass faults, and the Panamint detachment. Timing constraints for the PED come from the
sedimentary succession of the Nova Formation preserved in its hamglingind suggest fault
initiation and basin development after ~12 Ma (Hodges et é@9;1®ynder and Hodges, 2000).
However, the bulk of the Nova Formation was deposited rapidly between ~4.4 and 3.0 Ma,
indicating that much of the activity related tust fault system is young (Synder and Hodges,
2000).
(U-Th)/H e thermochronometry

We analyzed 48 samples from the footwalls of the ABMD and PED using zircon and
apatite (UTh)/He thermochronometry (Figu#el). Two additional samples were also analyzed:
one from the western base of the Nopah Range and another from the nbebkerof the
Avawatz MountaingFigure 4.1). Samples represent a range of units, including Proterozoic
gneiss and metasedimentary rocks, Cretaceous gneiss and leucogranite,ianddi@ite and
granite. Laboratory and analytical work was performed at Isotope Geochemistry Laboratories at
the University of Kansas, the {Uh)/He Gec and Thermochronometiyab at the University of
Texas at Austin, and the {Uh)/He Thermochronology.ab at the University of California,
Santa Cruz. Data tables, descriptions of analytical procedures, and error reporting are given in

TablesSD4.1andSD4.2and Appendixd.1.
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He age results
Black Mountains

Crosssection AA6 ( F4.2)is oriented easvest and shows the geometry of the
ABMD and the projected positions of our thermochronology samples from Sheep Canyon in the
central Black Mountains. Zircon (@h)/He mean ages range from 5.4 £ 0.6 to 9.3 £ 3.9Ma and
systematically increase with incr@ag elevation (Figured.2 and4.3; TablesSD4.]). Samples
also systematically increase in age eastward across the range @&&urd similar pattern of
cooling ages is observed from the footwall of AMBD in Confidence Wash in the southern Black
Mountans (crosssectionBB 6 i n 4.B). Zireon (&Th)/He mean ages there range from 5.4
+ 0.2t0 85 + 1.4 Ma. Mean ages from this transect also systematically increase from west to
east; however, the agdevation relationship is much more subdued wbempared with data
from the central Black Mountains (Figuré2 and4.3).

In addition to the above transects, we analyzed several samples from along the range
front of the Black Mountains (Figu#l). Zrcon (U-Th)/He mean ages span from 3.3 + 0.3 to
5.5 + 0.3 Ma, with most samples clustering at around 4 Ma (Figde These samples also
show a modest correlation between mean age and elevations @&Rure
Panamint Mountains

Crosssection GC 6  ( é4i2)gshows the geometry of the Miocene to Pliocene faults in
the Panamint Range and projected positions of our thermochronology samples from the footwall
of the PED in Surprise Canyon and Pleasant Canyon in the central part of the range. Zircon (U
Th)/He mean ages range from 6.4 + 1.0 to 45.3 + 4.9 Ma and systematically increase with

increasing elevation (TabeD4.]). Samples also increase in age eastward across the range. In

141



contrast, mean apatite ages from these transects appear to clustdr a~3The exception is
our structurally highest sample, which had a mean age of 19.4 + 0.3 Ma.
Thermal modeling and paleodepth reconstruction

In order to evaluate possibleooling histories and apparent exhumation rates, we
modeled footwall transects frometicentral Black Mountains and Panamint Range using the
numerical modeling software HeMP (Hagand Stockli, 2009)The softwaresearches for viable
thermal histories for muksample transectsy modelng He production, stopping, and diffusion
for randomiy generatedtemperaturgime pathsusing algorithms and goodnesd-fit tests
describedn Ketcham (2005) Details of the required model inputs and constraints are given in
Appendix4.1

The modeling results for the central Black Mountains are shown in Féydre The
model show continuous exhumation since ~10 Ma. There is a distinct change in the slope of
model fits at ~6 Ma and a correspondingrain exhumations rates, frat®-5 mmir between
10 to 6 Ma, to <5 mm/yr after 6 Ma. The cumulatixe@nation from our models rangiem 9
to 16 km, which is similar to earlier geobarometric estimates for the Willow Springs pluton
(Holm et al., 1992). The modeling results also show tlest rof the model fits correspond to
reasonable geothermal gradients between 20 an@/iG, although geothermal gradients as
high as ~140C/km were not excluded.

In contrast, thermal models for the Panamint Range could only be satisfied by model fits
at very high geothermal gradients (10@), suggesting that our samples and paleoisotherms
have been rotated and that a different approach is needed to evaluate the data. To account for the
rotation, we restored samples to their middle Miocene paleodeptigstie unconformity below

the eastilted Trail Canyon volcanic sequence as agxtensional ~paleohorizontal datum. The
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restoration assumes that the range is a simple, tilted fault block; therefore, hinge position for
tilting is not a factor (e.g., Arstrong et al., 2003). Our reconstruction adds ~500 m of
overburden above the unconformity based on the thickness of the sequence in teemnimath

part of the range (McKenna and Hodges, 1990). A simple check on the accuracy of the
reconstruction is thait placesoutcropsof the Little Chief stock at 1.8 to 2.2 km below the
middle Miocene surface, consistent with crystallization pressures estimated for the stock
(McDowell, 1974).

The resulting paleodepth reconstruction (FigdrB) shows two distiric periods of
cooling. The structurally lowest zircon ages overlap within errors and show a period of late
Miocene cooling. Samples above 7.5 km then steadily increase in age with decreasing
paleodepth, defining a He partial retention zone. The shallairesin samples cluster at ~45
Ma and are not reset, defining the top of the partial retention zone. In contrast, apatite ages from
these same samples are invariant at ~ 4 Ma, consistent with rapid exhumation at that time.

Assuming a mean surface teengture of 10C, our paleodepth reconstruction indicates
that the Panamint Range has experienced a minimum o€1&@ooling since the late Miocene.

The estimated geothermal gradient from our reconstruction iSCH2®, which translates to
~7.2 km of vetical exhumation. However, our structurally deepest sample resides 1.2 km below
the approximate position of the 1@isotherm in our paleodepth reconstruction. Therefore, the
total vertical exhumation since the late Miocene is probably closer to 8.4 km.

Discussion and conclusions

The new data from the Black Mountains, combined with earlier thermochronologic
constraints from the range, show a continuous exhumation history that begins at ~12 Ma. A

marked change in the thermal history and inferred etiom rate occurs at ~6 Ma, which is
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coincident with a major change in the character of sediment and depositional rates within the
Furnace Creek basin (Wright et al., 1999). The Panamint Range similarly shows two periods of
exhumation: one in the late Miene and the other in the Pliocene. The Pliocene cooling
coincides with a period of rapid sedimentation within tldga@ent Nova &asin (Snyder and
Hodges, 2000), suggesting a major reorganization at that time.

Timing constraints for the major faults within the ECSZ are variable. Faults located east
and north of the Black Mountains (e.g., Stateline fault, Boundary Canyon Detachment, Furnace
Creek fault, Northern Death Valldyish Lake Valley fault) initiate betsen 11 to 8 Ma, around
the time of the plate boundary change (Figdre Mahan et al., 2009; Snow and Lux, 1999;
Niemi et al., 2001; Holm and Dokka, 1991, 1993; Hbiand Simpson, 1993; Beyene, 2011,
Reheis and Sawyer, 1997). It is unclear if thesectires initiate at the onset of regional
extension or dextral transtension. However, timing data across much of the ECSZ suggest that
extension and transtension occur in discrete phases. The Northern DeathRishldyake
Valley fault system, for examg| initiates at ca. 10 Ma, but reorganizes at ~6 Ma, similar to the
Black Mountains (Reheis and Sawyer, 1997, Stockli et al., 2003). Like the Panamint Range, the
Slate Range, and Inyo and White Mountains show two phases of rapid exhumation: one in the
middle Miocene and another at -43Ma (Figure4.1l; Walker et al., 2014; Lee et al., 2009;
Stockli et al., 2003). The earlier of these events is linked to Basin and Range extension, while
the latter to the initiation of dextral transtension.

The new thermdwonology data, when placed within the context of published fault
timing data, demonstrate that the very eastern part of the ECSZ experienced a transition to
dextral transtension that may have been coincident with the plate boundary change, while areas

to the west lag the plate boundary change by several million years. The data also suggest that
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areas to the west of Death Valley experience the near simultaneous transitief lslia—-3This
spacetime pattern seems to indicate that, in addition to the platedary change at 3 Ma,
other geodynamic drivers may need to be considered.

One factor that may be imparting a control on the temporal and spatial pattern of
intraplate strain is lithospheric delamination, which is interpretdeht@occuredin the central
and southern Sierra Nevada at ca. 3.5 Ma (Jones et al., 2004; Zandt et al., 2004; Gilbert et al.,
2007). Mantle tomographic studieave identifiedalarge,dense lithospheric bodyhe Isabella
anomaly)spreading oufrom the base of thecrustinto the asthenospheleneath the western
Sierras andGreat Valley, whilethe topographicallyhigh eastern Sierraare made up of
relatively thin crust(~35 km) and lowelocity mantle (Gilbert et al., 2012 and references
therein). Aside from thgeophysical evidence for delamination, gameh xenoliths, present in
12-8 Ma basalts, areonspicuously missinffom eruptionsyounger than ca. 4 Ma, suggesting
that a portion of the lithosphere was remowhdting the intervening intervalDucea and
Sdeeby, 1996, 1998)The timing of &laminationis inferred from abrief pulseof small volume,
but widespread/olcanism at ca. 3.5 Ma, interpreted to have beamsedby asthenospheric
upwelling in the wake of lithospheric removal (Manly et al., 2000ntearet al., 2002; Jones et
al., 2004).

The nearly identical timing of lithospheric delamination and the development of the
ECSZ west of Death Valley suggests these events are linked. Such a connection has been
postulated and modeled by a number of awtiierg., Jones et al., 2004, Oldow et al., 2008; Le
Pourhiet et al., 2006; Saleeby et al., 2012), but major gaps in fault timing constraints have
rendered the relationship between the two ambiguous. Data from this study, combined with

published fault timmg constraints, indicate that the initiation of dextral transtension occurs as a
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westward migrating wave, with strain localized in the east at ~8 Ma, in Death Valley and Fish
Lake Valley at 6 Ma, and in areas west of Death Valley-4t\8a. This patternan be readily
explained by progressive westward delamination of mantle lithosphere and its associated
thermomechanical consequences.
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Figure captions

Figure4.1. Color shaded relief mapf the greater Death Valley area with major detachment
(ticks), normal (balbnd stick), and strikslip (arrows with relative motion) faults shown
in black. Faults after Wernicke et al. (1988). Published fissamk and (UTh)/Heages
(Ma) are shown in ovals. Mean zircon (black text) and apg@gtktext)(U-Th)/He ages
and @e ranges are shown for samples from this studget map shows area of figure

(dashed box) with respect to western North Ameriédde i Apatite Helium; AFTT

Apatite Fission Track; BMi Black Mountains; CMi Clark Mountains; CWi
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Cottonwood MountainsHM i Hunter Mountain; NRi Nopah RangeZHe i Zircon
Helium; ZFTT1 Zircon Fission Track. Data sources: McCullough Randéahan et al.
(2009); Avawatz Mountain$ Reinert et al. (2003); Black Mountairis Holm et al.
(1992), Holm and Dokka (1993); FuneiMbuntainsi Holm and Dokka (1991), Hoisch
and Simpson (1993); Panamint Raingg Wernicke (2011, persomm.); Slate Range

Walker et al. (2014); Inyo MountairisLee et al. (2009); White MountaifisStockli et

al. (2003).
Figure4.2. Geologic crossections across the central Black MountainsAA ) , sout hern
Mountains (BB 0 ) , and centralCoPananihnetr mMdarhge npo Co

shown as dots, are projected into the plane of each-seation. In this projected view,

samples may li@above or below topography of the section line. Mean zircon (black
diamonds) and apatite (white diamonds)-Tu ) / He ages and error
deviation) are shown above each sample. Cross section locations are shown in Figure 1.
Geology from Drewes @63), Hunt and Mabey (1966), attte compilation of Workman

et al. (2002).

Figure4.3. Plot of zircon (UTh)/He age versus elevation for the Black Mountains showing a
strong ageelevation relationship for the Sheep Canyon data, while data from Confidence
Wash show a more modest correlation.

Figure4.4. (a) Modeled temperatutene (T-t) paths (acceptable fits) for the Sheep Canyon
transect, central Black Mountains. Dashed line shows that most of the modeled paths
have an inflection point or change in slope and cooling rate at ~6 Ma. Black boxes show
the model constraints based on h®i@nd hornblend&Ar/*°Ar ages from Holm et al.

(1992) and an assumed mean annual surface temperature. (b) Exhumation rates from
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modeled T) hi st ories that satisfy a 30eC/ km g
suggest that from10 to 6 Ma ratesiged from ~10 to 5 mm/yr. Rates have decreased
since 6 Ma to <5 mm/yr.

Figure 45. Mean (UTh)/He ages versus middle Miocene paleodepth for samples from the
central Panamint Range. Zircon ages are shown as black diamond, apatite ages as white
diamond. Er r or bars are 10 standard deviati on
approximate position of the zircon He partial retention zone. Two periods of rapid
exhumation are evident in the data: one in the late Miocene and another in the Pliocene.

ZHe-PRZi Zircon Helium Partial Retention Zone.
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Appendix 4.1
Analytical Procedures

Standard mineral separation techniques were used to isolate and concentrate apatite and
zircon from our rock samples. Individual grains were inspected, measured, and photographed
using a 180X Nikon stereomicroscope with crossed polarizers and mounted chgnera. In
general, grains that were selected were near euhedral grains, greater than 70 um in width that
appeared inclusiefree. These guidelines increase the accuracy and reproducibility-of (U
Th)/He ages by minimizing the effects of U andl@daing inclusions and the alpkegection (Ft)
correction (Farley et al., 1996). Each singtain was then loaded into arim platinum packet.
Apatite grains were heated for 5 minutes at 1070°C using a continumies laser. Zircon
grains were heated foOIminutes at 1300°C. The extracted He gas was then spikedHeith
purified using a gettering and cryogenic gas system, and measuee@lamers Prisma QMS
200 quadrpole mass spectrometer. The degassed apatite grains were then dissolved in a spiked
(*°Th, 2*U, *%sm) HNQ solution and analyzed using a Thermo Scientific Eler@ent
inductively coupled plasma mass spectrometer 3). After laser degassing, zircon grains
were removed from packets and dissolved using standd?t bighpressure vessealigestion
procedures (HFINO; and HCI). Following dissolution, samples were spik&dTh, 2>,
199%5m) and analyzed for U, Th, and Sm using an-M% Laboratory and analytical work was
performed at the Isotope Geochemistry Laboratories at the Unywefdtansas, the (Ih)/He
Geo and Thermochronometrigab at the University of Texas at Austin, and theT{y/He

Thermochronology Lab at the University of California, Santa Cruz.
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Error Reporting

Analytical uncertainties for individual @h)/He analysesre approximately-2% (2X).
Because analytical uncertainties generally underestimate the reproducibility of a given sample
due to uncertainties related to the Ft correction and parent isotope distributions, we follow
common practice in ({Th)/He datingand apply percentage errors to individual analyses based
on the reproducibility of laboratory standards (Farley et al., 2001; Reiners et al., 2003; Table
SD4.1 and SD4)2 These are 6% for apatite and 8% for zircon. For mean ages, we report the
emors the standard deviation (10) of Sb4d. grain
However, 3 samples (12BM01, 12SC08, 12PC09) are single grain ages, therefore, we show the
error in the fAmeano age as the standard error

TableSD41 showsour resulting (UT h) / He mean ages and associ
most of our samples (N=48), three or more replicates were used to calculate the mean; however,
11 of the 59 reported mean ages were calculated using a smaller number of replicates. These
samples contained outliers that were excluded from our calculations. Out of the 239ysangle
analyses completed, 39 or ~16% of the aliquots were excluded. We determined outliers as ages
that were more than 2 standard deviations from the mean. Asaljde a large number of
reextractions during laser He degassing were also excluded from our means, as this usually
points to the presence of unseen mineral or fluid inclusions within the grain (House et al., 1999).
Thermal Modeling

We modeled footwall trassects fronthe central Black Mountains and Panamint Range
using the numerical modeling software Helium Modeling Package (HeMP; Hager and Stockili,
2009). The software searches for viable thermal histories for seaitiple transects by

calculating model agp for temperaturBme pathggenerated using a Monte Carlo apprqaatd
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comparing those ages to the measured data. The algontbeasto model He production,

stopping, and diffusionandthe goodnesof-fit tests are described in Ketcham (200%).odel

inputs include sample elevation, mean age and uncertainty, isotopic concegtiatidrgrain

size. Userdefinedparameters for our models include the model precision, set to 3.5 and 0.1 Ma

increments; the geothermal gradient, which we allowed to ramge 10 to 200°C; and the

number of nodes between model constraints, set to 10. For the Sheep Canyon transect, central

Black Mountains, we applied two-{T constraints: a starting temperature of 300 to 500°C

between 10 to 8 Ma based on published hornblemdebiotite ages (Holm et al., 1992; Holm

and Dokka, 1993) in the vicinity of our transect, and a final temperature of 5 to 15°C . Thermal

models for the Panamint Range use the same final temperature, but had a starting temperature of

350 to 500°C betweehl 0 and 80 Ma, constrained by muscovite and hornblerfledges from

the range (Lanphere, 1962). Models were allowed a maximum of 3 outliers and ran until 1000

acceptable fits were achieved.
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