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The active northwest-striking Furnace Creek – Fish Lake Valley fault system of eastern 

California and western Nevada records a protracted history of displacement that has accumulated 

45-50 km of right-lateral offset since inception of motion in the middle Miocene.  Geologic 

mapping and 
40

Ar/
39

Ar geochronologic data document that ~22 km of right-lateral offset 

occurred from ~11.6 – 4 Ma, at a long-term average rate of 2.9 mm/yr.  A kinematic transition 

from wrench-dominated deformation to right-oblique transtensional deformation is recorded 

along the Furnace Creek – Fish Lake Valley fault zone beginning in the middle Pliocene, and has 

resulted in the remaining right-lateral displacement at a long-term average slip rate of 5.75 – 7 

mm/yr.  Both the total magnitude of right-lateral displacement and late Pleistocene slip rates are 

demonstrated to decrease from south to north along the Fish Lake Valley part of the fault zone 

and are related to displacement transfer onto kinematically linked fault systems.  New geologic 

mapping, structural and stratigraphic analysis, and modeling of gravity data are used to 

determine the subsurface architecture of Fish Lake Valley and place constraints on the 

displacement budget for the region.  Three-dimensional depth inversion of gravity data indicates 

that Fish Lake Valley is internally dissected by a system of faults that segments the subsurface 
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into multiple sub-basins with depths of ~1.8 to 3.0 km, filled with lower Miocene to Quaternary 

volcanic and sedimentary deposits.  A grid of 2-dimensional forward gravity models, based on 

geologic mapping and subsurface data in northern Fish Lake Valley, reveals the internal 

distribution of basin filling deposits and allows for the estimation of Pliocene and younger 

displacement on basin bounding faults.  Offsets markers mapped in the highlands and inferred in 

the subsurface indicate that 4 to 5.5 kilometers of vertical offset has accumulated on faults 

bounding and within southern and central Fish Lake Valley, and around 3.6 km of vertical offset 

has accrued along the Emigrant Peak fault zone and structures bounding northeastern Fish Lake 

Valley since the middle Pliocene.  Around 2 to 3 km of right-lateral displacement has been 

transferred from the Fish Lake Valley fault zone to structures bounding northeastern Fish Lake 

Valley in the last 4 Ma.  These results, combined with prior work in the area, indicate that of the 

23-28 km of right-lateral displacement accumulated on the Fish Lake Valley fault zone since the 

mid-Pliocene, only ~10 km of displacement is transferred away to kinematically linked 

structures to the east of the Fish Lake Valley fault zone.  The remaining displacement is likely 

transferred to the north and west via a horse-tail array of structures underlying northwestern Fish 

Lake Valley. 
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INTRODUCTION 

 

 Determining slip rates over geologic (10
6
 years), intermediate (10

3
 – 10

5
 years), and 

geodetic (10’s of years) time scales is critical to understanding cycles of strain accumulation and 

release along major faults or fault systems and is important in tying active tectonic processes to 

long-term geologic deformation.  For some faults or fault segments, such as the central San 

Andreas, North Anatolian, and Altyn Tagh faults and parts of the Eastern California Shear Zone, 

rates of both strain accumulation and release appear to be consistent (Sieh and Jahns, 1984; 

McClusky et al., 2001; Wernicke et al., 2000; Argus and Gordon, 2001; Bennett et al. 2003; 

Frankel et al., 2007a; Cowgill et al., 2009; Kozaci et al. 2009; Lee et al., 2009a). In contrast, 

many fault systems, such as the Mojave segment of the Eastern California Shear Zone and the 

central Walker Lane, the Garlock, Wasatch, and State Line faults and parts of the Altyn Tagh 

fault, show considerable variation in strain accumulation and release over different temporal and 

spatial scales (Peltzer et al., 2001; Dewey, 2003; Friedrich et al. 2003; Niemi et al., 2004; Oskin 

and Iriondo, 2004; Dolan et al., 2007; Frankel et al., 2007b; Cowgill, 2007; Kirby et al, 2008; 

Oldow and Singleton, 2008; Oskin et al., 2007, 2008; McGill et al, 2009; Zechar and Frankel, 

2009; Ganev et al. 2010; Rood et al., 2011a, 2011b; Foy et al., 2012). 

 In areas where broad kinematic reorganizations have been documented to take place over 

large spatial scales in the same time period, such as in the Eastern California Shear Zone and 

central Walker Lane (Henry and Perkins, 2001; Stockli et al., 2003; Oldow et al., 2008; Lee et 

al., 2009a; Mahan et al., 2009; Walker et al., 2014), the temporal constancy of strain 

accumulation and release becomes even further complicated due to changes in deformational 
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patterns along major fault systems and prompts several questions including: (1) How is strain 

accommodated along individual faults or fault systems prior to and following kinematic 

transitions?  (2) Will a kinematic transition affect multiple faults or fault systems in a given 

region contemporaneously?  (3) How do changes in the geometries, kinematics, and 

displacement histories of major faults or fault systems impact deformation rates through time?  

And (4) Are geologic slip rates on faults or fault systems consistent with geodetic slip rates when 

averaged over thousands to millions of years? 

 To address these questions, we characterize the deformation history of a key segment of a 

major strike-slip fault system, the Furnace Creek-Fish Lake Valley (FC-FLV) fault zone of the 

northern Eastern California Shear Zone.   Specifically, we employ geologic mapping, 

stratigraphic analysis, and 
40

Ar/
39

Ar geochronology on exposures created by a prominent 

restraining bend uplift along the northern FC-FLV fault zone which allows us to document 

initiation of motion along the FC-FLV fault zone in the mid-Miocene, as well as document a 

change in fault zone kinematics in the Pliocene.   Estimates of long-term right-lateral 

deformation rates, determined from the history of uplift and deformation of syntectonic volcanic-

sedimentary cover and structures within pre-Cenozoic basement rocks facilitate efforts to 

determine long-term incremental slip rates for different periods in the history of the FC-FLV 

fault zone, and show a dramatic doubling of the long-term average slip rate along the fault 

system since the middle Pliocene. 
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REGIONAL TECTONIC FRAMEWORK 

 

 During the late Cenozoic, about 25 percent of the relative motion between the North 

American and Pacific plates has been accommodated along a tectonic boundary zone that 

accommodates differential displacement between the northwest translating Sierra Nevada and the 

west-northwest extending central Great Basin (Fig. 1.1; Argus and Gordon, 1991; Dixon et al., 

2000; Miller et al., 2001; Oldow et al., 2001; Oldow, 2003; Bennett et al., 2003).  Displacement 

in this boundary zone is accommodated via a complex array of coeval transcurrent and 

extensional faults that constitute the Eastern California Shear Zone (Dokka and Travis, 1990; 

Miller et al., 2001) and Walker Lane (Locke et al., 1940; Stewart, 1988; Oldow, 1992; 

Wesnousky 2005a, 2005b; Dickinson, 2003).   The deformational belt stretches northwest-

southeast for about 800 km and is characterized by large magnitude right-oblique shear and 

extension (Hardyman and Oldow, 1991; Oldow, 1992).  Contemporary transtensional 

deformation within the boundary zone is well documented by seismology and Global Navigation 

Satellite System networks (Unruh et al., 2003; Oldow, 2003; Murphy et al., 2009) and initiated 

3-5 Ma (Henry and Perkins, 2001; Stockli et al., 2003; Lee et al., 2009a; Mahan et al., 2009; 

Walker et al., 2014; Bidgoli et al., 2015). 

 Within the boundary zone located north of the Garlock fault and south of the Mina 

deflection, an active array of kinematically linked high-angle faults of differing orientations 

accommodates most of the transtensional deformation in the regions known as the northern 

Eastern California Shear Zone and southern Walker Lane (Fig. 1.2). Four major northwest-

trending right-oblique fault systems take up the bulk of dextral shear within the northern ECSZ 
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and southern Walker Lane, and from east to west are the Stateline fault system, the Death Valley 

– Furnace Creek – Fish Lake Valley fault system, the Panamint Valley – Hunter Mountain – 

Saline Valley fault system, and the Owens Valley – White Mountains fault system.  These 

northwest trending fault systems have accommodated between 50 to 100+ km of right-lateral 

displacement since the mid-Miocene (McKee, 1968; Stewart, 1967; Stewart, 1983; Burchfiel et 

al., 1987; Oldow, 1992; Snow and Wernicke, 2000; Guest et al., 2007; Renik and Christie-Blick. 

2013) and have been kinematically linked since the mid-Pliocene by systems of northeast 

trending normal faults that transfer displacement from one fault system to another (Fig. 1.2; 

Larson, 1979; Sternlof, 1988; Reheis and Dixon, 1996; Lee et al., 2001). 

 The Neogene to Quaternary deformation history for the northern ECSZ has been the 

focus of substantial interest for over five decades (Burchfiel and Stewart, 1966; Stewart, 1967, 

1980; Wright and Troxel, 1967; McKee, 1968; Stewart et al., 1968; Snow and Wernicke, 1989, 

2000; Oldow, 1992; Niemi et al., 2001; Wesnousky, 2005a, 2005b; Frankel et al., 2007a, 2011; 

Kirby et al., 2006, 2008; McQuarrie and Wernicke, 2005; Renik et al., 2008; Andrew and 

Walker, 2009; Lee et al., 2009a, 2009b; Ferrill et al., 2012; Foy et al., 2012; Wesnousky et al., 

2012) and has resulted in a rapidly evolving understanding of how deformation is partitioned 

among structures constituting this complex array of kinematically related faults.  For the late 

Quaternary, combined intermediate-term right-lateral slip rates for the four-main northwest-

trending fault systems of the northern ECSZ and southern WL at the latitude of Death Valley 

(Fig. 1.2) amount to ~8-10 mm/yr (Frankel et al., 2007a. 2007b, 2011; Kirby et al., 2006; Guest 

et al., 2007; Lee et al., 2009; Choi, 2016), which is indistinguishable from the 9.3 ± 0.2 mm/yr 

geodetic rate of displacement determined by Bennet et al. (2003).  The compatibility of the 
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intermediate-term right-lateral displacement rates with the short-term geodetic rate suggests that 

right-lateral strain accumulation and release may have remained constant in the northern ECSZ 

and southern Walker Lane since at least the late Pleistocene. 

 The Furnace Creek – Fish Lake Valley (FC-FLV) fault system, stretching over 250 km 

along the California – Nevada border from the southern Funeral Mountains and Furnace Creek 

Wash to its apparent termination in northern Fish Lake Valley, is one of the longest active fault 

systems in the northern ECSZ (Fig. 1.2), as well as the entire western United States.  Late 

Quaternary right-lateral slip rates recorded along the FC-FLV fault system are some of the fastest 

documented in the northern ECSZ, and geodetic modeling indicates that up to ~85 percent of 

active boundary zone deformation is concentrated along the FC-FLV fault system (Reheis et al., 

1997; Frankel et al., 2007a, 2007b, 2011; Dixon et al., 2003).  The FC-FLV fault system records 

a history of large-scale displacement that has accumulated on a well-organized fault system since 

the mid-Miocene, with cumulative right-lateral displacement estimates ranging from 50-80 km, 

and possibly over 100 km (Stewart, 1967; McKee, 1968; Stewart, 1983; Snow and Wernicke, 

1989; Reheis and Sawyer, 1997; Niemi et al., 2001; Renik and Christie-Blick, 2013).  Both the 

timing of deformation and the total amount of right-lateral offset along the FC-FLV fault system 

are contentious.   The age of initiation of activity along the FC-FLV fault system is thought to 

have started anywhere from 14-6 Ma, and displacement estimates are based on the apparent 

offset of Precambrian to lower Cambrian isopach trends, Mesozoic intrusive rocks, pre-Cenozoic 

thrust faults, and various Cenozoic volcanic and sedimentary deposits (Cemen et al., 1985; 

Reheis and McKee, 1991; Oldow et al., 1994; Stockli et al., 2003).  The lack of consensus on 
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piercing points and inception age leads to a complex and incomplete understanding of the 

evolution of displacement along the FC-FLV fault system. 

 Late Quaternary deformation rates for the FC-FLV fault system have been intensively 

studied in the last three decades (Brogan et al., 1991; Reheis and Sawyer, 1997; Klinger, 2001; 

Klinger and Piety, 2001; Frankel et al., 2007a, 2007b, 2011; Ganev et al., 2010).  Right-lateral 

slip rates are highest in the central segment of the fault (Fig. 1.2), stretching from Furnace Creek, 

California to southern Fish Lake Valley, Nevada.  In the central Death Valley area, the fault has 

a slip rate of about ~4.3 mm/a that increases at the north end of Death Valley, near Cucomungo 

Canyon, to the highest estimates of~ 6.1 mm/a (Fig. 1.2). The rate decreases both to the south 

(2.1 mm/a) and to the north (~3.3 and ~2.5 mm/a at the north end of Fish Lake Valley). 

Decreases in slip rate at the northern and southern extents of the fault system reflect transfer of 

displacement to adjacent structures (Oldow, 1992; Oldow et al., 1994, 2008; Reheis and Sawyer, 

1997; Frankel et al., 2011; Foy et al.,2012). 

 Cumulative displacement on the FC-FLV fault system since the mid-Miocene is only 

established to within a factor of two, between 50 to 100 km, thus any estimated long-term, 

geologic slip-rates are associated with considerable uncertainty, and thus controversial.  A post-

late Miocene slip rate for the FC-FLV fault zone has been estimated at anywhere from 2-6 

mm/yr to up to 12 mm/yr based on numerous studies conducted in Death Valley and Fish Lake 

Valley (Stewart, 1967; Oakes, 1987; Reheis and Sawyer, 1997; Butler et al., 1988).  In addition 

to uncertainty in the recognition and reliability of piercing points needed to establish long-term 

displacement rates across the fault system, the geometry and kinematic links with other 
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structures of the northern ECSZ make unraveling the displacement history along different 

segments of the FC-FLV fault system complicated. 
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GEOLOGY OF THE CUCOMUNGO CANYON RESTRAINING BEND 

 

 The Cucomungo Canyon restraining bend (CCRB) is localized within a 15 km left-step in 

the right-lateral FC-FLV fault zone (Fig. 1.3) and preserves a unique record of fault system 

deformation stretching back to the middle Miocene.  Located between the southern Sylvania 

Mountains and northern Last Chance Range, the CCRB forms a prominent topographic high 

which separates southern Fish Lake Valley from northern Death Valley (Fig. 1.3).  The 

contractional stepover is around 9 km wide by 19 km long, with over 1 km of uplift of 

Pleistocene to late Miocene sedimentary and volcanic rocks and an underlying basement 

composed of Mesozoic granitoids and Paleozoic to Proterozoic metasedimentary rocks.  The 

formation of steep canyons cut into the southern Sylvania Mountains and northern Last Chance 

Range has exposed the internal architecture of the restraining bend uplift and reveals the 

relationships between syntectonic volcanic-sedimentary cover and structures within the pre-

Cenozoic bedrock that otherwise would be concealed beneath thick accumulations of basin fill.  

Key to understanding the geologic history of this part of the FC-FLV fault zone is a detailed 

understanding of the stratigraphy and timing relationships of faulting and deformation exposed in 

and around the CCRB. 

 The highlands comprising and surrounding the CCRB expose late Proterozoic to early 

Paleozoic metasedimentary rocks of the western North American miogeocline, arc-related 

Mesozoic granitic plutons, and late Cenozoic volcanic and sedimentary rocks that are separated 

from deep sedimentary basins by systems of high-angle faults (Fig. 1.3).  Late Proterozoic to 

early Paleozoic basement composed of deformed siliciclastic and carbonate rocks are intruded by 
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Jurassic granitic rocks and are unconformably overlain by middle Miocene to Quaternary silicic 

to mafic volcanic flows and sedimentary rocks.  The upper Cenozoic deposits exposed in the 

CCRB consist of a middle Miocene to Quaternary stratigraphy of two unconformably-bounded 

sequences that provide timing constraints for the initiation of displacement along the FC-FLV 

fault system and document a change in the kinematics along the FC-FLV fault system in the 

middle Pliocene.  Middle Miocene volcanic and sedimentary rocks predate transtensional basin 

development, and together with pre-Cenozoic basement rocks, provide piercing points that 

allows for tracking of long-term right-lateral deformation rates along the FC-FLV fault system.  

The deposition and distribution of Pliocene to Quaternary detrital sequences have been 

controlled by the right-oblique FC-FLV fault system and unconformably overlie the lower 

Cenozoic stratigraphy and pre-Cenozoic basement rocks.  Multiple high-angle faults of the FC-

FLV fault system are recognized in the Cenozoic and pre-Cenozoic rocks of the CCRB (Fig. 

1.3).  Here, active and inactive strands of the FC-FLV fault system are oriented in a northwest to 

west-northwest trending belt and offset differing members of the late Cenozoic stratigraphy and 

pre-Cenozoic basement rocks.  The timing of motion along faults is provided by the 

juxtaposition of dated volcanic rocks amongst high-angle strands of the FC-FLV fault system, 

and by burial of the structures by younger members of the late Cenozoic stratigraphy.  Right-

oblique deformation along the FC-FLV fault system is responsible for the opening of the modern 

day transtensional basins of Death Valley and Fish Lake Valley and controlled thick 

accumulations of Pliocene to Quaternary sedimentary deposits which signal the onset of 

transtensional deformation along the FC-FLV fault system. 
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Stratigraphy 

 The spatial distribution of the numerous rock sequences varies around the CCRB, where 

a deformed pre-Cenozoic basement composed of metasedimentary layered rocks and granitic 

plutons underlies a late Cenozoic section of mafic to silicic volcanic flows and epiclastic rocks 

(Fig. 1.3; Albers and Stewart, 1972).  Proterozoic to Paleozoic metasedimentary rocks are best 

exposed in the Last Chance Range, Horse Thief Hills, and northern Grapevine Mountains 

(McKee, 1985; Albers and Stewart, 1972; McKee and Nelson, 1967).  The Jurassic quartz 

monzonite of Beer Creek underlies the southern White Mountains to the west of the Fish Lake 

Valley fault zone and composes the dominant rock type that underlies the Sylvania Mountains 

and Slate Ridge on the eastern side of the FC-FLV fault system (Reheis, 1992; McKee 1985; 

McKee and Nelson, 1967).  Outcrops of Proterozoic metasedimentary rock and the Jurassic 

quartz monzonite of Beer Creek are exposed to the east of the FC-FLV fault system to the south 

of Oriental Wash and adjacent to prominent volcanic hills composed of late Cenozoic ash-flow 

tuffs to the north of the Grapevine Mountains (Albers and Stewart, 1972). 

 Upper Cenozoic rocks are exposed on both sides of the FC-FLV fault system (Fig. 1.3) 

where they sit unconformably above an extensive erosion surface beveled into pre-Cenozoic 

basement rocks (Reheis and McKee, 1991; Reheis and Sawyer, 1997; Stockli et al., 2003).  In 

the Horse Thief Hills, on the west side of the FC-FLV fault system, middle Miocene to Pliocene 

basalt, rhyolite, and sedimentary rocks over 450 meters thick sit unconformably above Paleozoic 

basement rocks (Reheis and McKee, 1991; Reheis, 1992; Reheis and Sawyer, 1997).  To the east 

of the FC-FLV fault system, middle to late Miocene silicic to mafic volcanic flows of the 

southwestern Nevada volcanic field unconformably overlie Proterozoic to Paleozoic 
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metasedimentary and Jurassic granitic rocks north and south of Oriental Wash, as well as in the 

southern end of Fish Lake Valley, but do not make it west of the FC-FLV fault system (Albers 

and Stewart, 1972; Worthington, 1992; Weiss et al., 1993).  Tuffs of the 11.6 – 11.4 Ma Timber 

Mountain Group, greater than 400 meters thick, crop out extensively in prominent volcanic hills 

situated between the northern Grapevine Mountains and Oriental Wash, to the east of the FC-

FLV fault system in northern Death Valley (Albers and Stewart, 1972).  In the southern Sylvania 

Mountains, tuffs of the Timber Mountain Group sit in fault contact with Proterozoic 

metasedimentary rocks and Jurassic granitic rocks between several inactive strands of the FC-

FLV fault system and are exposed farther north where they are exposed sitting extensively 

beneath basalt flows that we have dated at ~11.6 Ma (McKee, 1985; Reheis and Sawyer, 1997).  

Farther west, within the southwestern Sylvania Mountains, a deeply incised drainage known as 

Willow Wash contains a well exposed upper Cenozoic section consisting of middle Miocene 

volcanic and sedimentary rocks that are unconformably overlain by Pliocene to Quaternary 

clastic rocks (Robinson et al., 1968; Reheis and McKee, 1991; Reheis, 1992; Reheis and Sawyer, 

1997; Mueller et al., 2016; Mueller and Oldow, 2017).  As discussed in detail below, we break 

up the Cenozoic stratigraphy of Willow Wash into upper and lower sequences separated by a 

profound angular unconformity, which demarcates an older history of strike-slip dominated 

deformation with thin volcanic-sedimentary deposition from a younger history characterized by 

modern day right-oblique transtensional deformation and deep sedimentary basin formation. 

Fault Geometry 

 Numerous active and inactive high-angle faults belonging to the FC-FLV fault system are 

recognized in the Cenozoic and pre-Cenozoic rocks of the CCRB.  In northern Death Valley 
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(Fig. 3), active strands of the Furnace Creek fault system strike northwest along the western 

margin of the northern Grapevine Mountains in a zone 1-2 km wide separating pre-Cenozoic 

metasedimentary basement rocks from late Cenozoic sedimentary basin fill deposits (Strand, 

1967).  The fault zone trends NW across the basin floor of northern Death Valley for 20 km, 

producing discontinuous scarps in Quaternary to Holocene deposits in a zone 0.5 to 1.5 km wide, 

to where it passes into an upland valley separating the Sylvania Mountains to the north from the 

Last Chance Range to the south (McKee, 1985).  Here the active fault zone narrows to a single 

strand and progressively rotates to a west-northwest to east-west orientation, cutting late 

Pleistocene fan deposits and juxtaposing Proterozoic to Paleozoic metasedimentary basement 

underlying the Last Chace Range to the south of the FC-FLV fault system with Jurassic granitic 

basement underlying the Sylvania Mountains to the north of the FC-FLV fault system (Reheis, 

1992; Oldow unpublished mapping).  Near the mouth of Willow Wash, the FC-FLV fault system 

swings back to a northwest orientation where it enters southern Fish Lake Valley and bifurcates 

into two sub-parallel strands separated by 1.0 – 1.5 km, with the western strand forming the 

bedrock/basin interface of the Horse Thief Hills and southern White Mountains, while the 

eastern strand cuts northwest across the valley floor forming well expressed scarps in Quaternary 

alluvial deposits. 

 A northwest to west-northwest striking network of inactive strands of the FC-FLV fault 

system are found pervasively within the southern Sylvania Mountains (Fig. 1.3) where they cut 

pre-Cenozoic basement and late Cenozoic volcanic rocks (Reheis, 1992; Mueller et al., 2016; 

Mueller and Oldow, 2017).  These faults mirror the orientation of the active strand of the FC-

FLV fault system where it separates the northern Last Change Range from the southern Sylvania 
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Mountains, but are contained in an anastomosing belt of structures 2 to 5 km in width with 

spacings of one hundred meters up to one kilometer, located north of the active strand of the FC-

FLV fault system.  These faults are characterized by cataclastic shear zones tens to hundreds of 

meters wide in granitic basement rocks and are traced along strike for 20 km from northernmost 

Death Valley to Willow Wash where they separate the Jurassic granitic basement and overlying 

Miocene volcanic and sedimentary deposits into several structural panels (Fig. 1.4).  These faults 

gradually become sealed by deposits of the upper Cenozoic section within Willow Wash and lose 

their surface expression beneath valley floor deposits of southern Fish Lake Valley and northern 

Death Valley to the northwest and southeast, respectively. 
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GEOLOGY OF WILLOW WASH 

 

 Two late Cenozoic successions are exposed within Willow Wash and are informally 

named here in ascending stratigraphic order: (1) the Cucomungo Canyon assemblage, and (2) the 

Fish Lake Valley assemblage (Figs. 1.4 and 1.5).  The lower sequence is composed of a 

lithologically heterogenous succession of volcanic flows and sedimentary rocks that rest 

depositionally on, or in fault contact with pre-Cenozoic basement.  Volcanic flows and 

sedimentary rocks of the Cucomungo Canyon assemblage were deposited during activity of the 

FC-FLV fault system, and together with pre-Cenozoic basement, form the substratum for 

deposits of the Fish Lake Valley assemblage.  The Cucomungo Canyon assemblage is overlain 

unconformably by a succession of fluvial, lacustrine, and alluvial sedimentary rocks assigned 

informally to the Fish Lake Valley assemblage.  Deposits of the Fish Lake Valley assemblage 

gradually seal strands of the FC-FLV fault system and sedimentation was controlled by 

syndepositional right-oblique faults belonging to the present episode of activity along the FC-

FLV fault system.  The entire Cenozoic section reaches a thickness of almost one kilometer 

where exposed and is composed of lithologically variable and distinct mappable units that can be 

traced to varying degree throughout Willow Wash. 

The Cucomungo Canyon Assemblage 

 The lower sequence of the late Cenozoic section is best exposed in discontinuous 

outcrops along the eastern parts of Willow Wash within several structural panels separated by 

inactive, high-angle strands of the FC-FLV fault system (Figs. 1.4 and 1.5.)  It is composed of a 

succession of mid-Miocene rhyolite ash-flow tuffs and overlying basalt that are interleaved with 
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tuffaceous siltstones, sandstones, and pebble to boulder conglomerates containing clasts of 

granitoids, tuff, basalt, and minor metasedimentary rock (parts of units Tr, Tb, and Te of Reheis 

(1992).  Volcanic flows and related deposits range in thickness from meters to tens of meters 

whereas deposits of sedimentary rocks range in thickness from around 50 meters to a maximum 

of 200 meters.  The distribution and thickness of the Cucomungo Canyon assemblage is 

controlled by presently inactive high-angle strands of the FC-FLV fault system that juxtapose 

several structural panels composed of cataclastically deformed Jurassic granitic basement and 

nonconformably overlying volcanic flows and sedimentary rocks.  Rocks of the Cucomungo 

Canyon assemblage are highly deformed in proximity to inactive strands of the FC-FLVFZ and 

contain several internal unconformities but do show an internally consistent stratigraphy within 

individual fault-bounded structural panels.  However, stratigraphic continuity of the Cucomungo 

Canyon assemblage among structural panels is impeded due to the complex pattern of faulting 

that was active during and after deposition of the unit, and therefore cannot be carried across 

faulted boundaries.  Below, the stratigraphic and structural complexity found within the 

Cucomungo Canyon assemblage is described, and for simplicity’s sake, grouped into four major 

structural panels within Willow Wash (Fig. 1.4).  Each structural panel is bounded by strands of 

the FC-FLV fault system that juxtapose packages of rocks with distinct depositional and 

structural histories that provide a critical record of fault system activity prior to being sealed by 

deposits of the Fish Lake Valley assemblage. 
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Structural Panel 1 

The southernmost fault bounded panel within Willow Wash is structural panel 1 (Figs. 1.4 and 

1.5), located between the active trace of the FC-FLV fault system to the south and the WNW-

trending fault zone that borders structural panel 2 to the north.  In the west, structural panel 1 

stretches 800 meters wide from north to south and stretches to almost 1500 meters wide to the 

east.  Rocks contained within structural panel 1 consist of volcanic and sedimentary units of the 

Cucomungo Canyon assemblage that rest in fault contact with pre-Cenozoic basement rocks to 

the south, as well as nonconformably above deformed granitic basement to the east.  The 

currently active strand of the FC-FLV fault system trends N60W at the southern boundary of 

structural panel 1, where late Proterozoic to Paleozoic metasedimentary rocks found to the south 

are juxtaposed with structurally overlying Mesozoic granitic rocks to the north.  Here the pre-

Cenozoic basement is cataclastically deformed in a sheared crush zone up to 500 meters wide, 

containing pulverized and rounded clasts of both metasedimentary and granitic rocks.  About 300 

meters to the north, a sub-parallel strand of the FC-FLV fault system juxtaposes Jurassic granitic 

basement to the north structurally above granitic basement and sedimentary rocks of the 

Cucomungo Canyon assemblage to the south and is overlain by younger deposits of the 

Cucomungo Canyon assemblage. 

 Northern exposures of the Cucomungo Canyon assemblage found within structural panel 

1 consist of a package of rhyolite and overlying basalt flows that are depositionally overlapped 

by sedimentary rocks (Fig. 1.5).  The rhyolite and overlying basalt flows are ~15 meters thick 

and sit nonconformably above granitic basement rocks to the east and have been directly dated 

by Reheis and McKee (1991) at 11.0 ± 0.3 Ma and 11.5 ± 0.04 Ma, respectively, using K-Ar 
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geochronology.  We sampled this basalt flow and obtained a whole-rock 
40

Ar/
39

Ar age of 11.52 ± 

0.06 Ma, in excellent agreement with that reported by Reheis and McKee (1991).  Around 150 

meters of sandstones and boulder conglomerates sit depositionally above the volcanic flows in 

the north end of structural panel 1 but sit with nonconformity above granitic basement farther to 

the south or are in structural contact with metasedimentary basement to the south of the FC-FLV 

fault system.  The boulder conglomerate is the basal unit of the sedimentary section within 

structural panel 1 and is composed of rounded to sub-rounded clasts of ash-flow tuff and basalt, 

ranging in size from 1 to 5 centimeters, and megacrystic quartz monzonite ranging in size from a 

few centimeters up to 4-5 meters, all floating within an angular sandstone matrix.  To the north, 

the boulder conglomerate passes upwards into laterally discontinuous interbedded pebble 

conglomerates and sandstones composed of the same clast population and sits unconformably 

above the volcanic flows of the Cucomungo Canyon assemblage as well as granitic basement.  

The sedimentary section dips moderately (30-40°) to the west-northwest and is unconformably 

overlain by differing members of the FLV assemblage to the west and north. 

Structural Panel 2 

 Structural panel 2 sits to the north of structural panel 1, is about 700 – 1000 meters wide 

from north to south, and is underlain by several fault bounded packages of sedimentary and 

volcanic deposits of the Cucomungo Canyon assemblage that sit in structural contact with 

Jurassic granitic basement along several strands of the FC-FLV fault system (Figs. 1.4 and 1.5).  

In the east, the boundary between structural panels 1 and 2 consists of a west-northwest trending, 

anastomosing network of high-angle faults characterized by a cataclastic damage zone in granitic 

basement up to 300 meters wide.  To the west, the fault zone ramifies into several north-



 
 

19 

northwest, northwest, and west-northwest trending splays that form the eastern and southern 

boundaries of Cucomungo Canyon assemblage exposures.  The eastern extent of Cucomungo 

Canyon assemblage exposures is bordered by a north-northwest trending, high-angle fault zone 

that completely separates granitic basement rocks to the east from volcanic and sedimentary 

rocks to the west.  This fault continues along strike for 2 km, forms the western boundary of 

structural panel 3 to the north, and eventually is overlain by deposits of the upper Fish Lake 

Valley assemblage.  The southern extent of Cucomungo Canyon assemblage deposits coincides 

with the southern boundary of structural panel 2 and is comprised of a west-northwest trending 

high-angle fault zone that extends to the west for 1 km, separating volcanic and sedimentary 

rocks to the north, from granitic basement and Cucomungo Canyon assemblage deposits to the 

south, before eventually getting sealed by deposits of the middle Fish Lake Valley assemblage. 

 Southern exposures of the Cucomungo Canyon assemblage within structural panel 2 

consist of a fault bounded stack of ash-flow tuff, basalt, and overlying sandstone that is separated 

from cataclastically deformed granitic basement to the south and sedimentary deposits to the 

north by high-angle strands of the FC-FLV fault system (Fig. 1.5).  The ash-flow tuffs are 

composed of multiple cooling units that are gray to pink to white and have a combined thickness 

of ~25 meters.  Overlying the ash-flow tuffs is a dark brown to black basalt flow that has yielded 

a date of 11.61 ± 0.04 Ma using whole-rock 
40

Ar/
39

Ar geochronology.  The volcanic rocks dip 

around 65° to the southwest and are overlain to the south by interbedded sandstones and 

conglomerates.  To the west, the volcanic and sedimentary rocks, as well as the faults that bound 

them to the north and south, are sealed by the unconformably overlying Fish Lake Valley 

assemblage. 
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 Cucomungo Canyon assemblage rocks exposed in the northern parts of structural panel 2 

(Fig. 1.5) show more complex structural and stratigraphic relationships than those exposed 

farther south.  Here, an east-west trending strand of the FC-FLV fault system branches to the 

west from the north-northwest trending fault zone that forms the eastern boundary of 

Cucomungo Canyon assemblage exposures and juxtaposes two packages of volcanic and 

sedimentary rocks that have different internal characteristics and deformational histories.  The 

east-west trending fault runs along the crest of a hill and separates outcrops of boulder 

conglomerates, sandstones, and basalt to the north from a conformable stack of tuffaceous 

sandstones and conglomerates to the south.  Exposed in a drainage to the north of the east-west 

fault, a sequence of sandstone and basalt is in structural contact with a folded package of 

interbedded tuffaceous sandstones and bolder conglomerates formed of rounded clasts of granite, 

basalt, and tuff along a north-northwest trending fault that splays from the east-west strand of the 

FC-FLV fault system.  The tuffaceous sandstones and boulder conglomerates are folded about an 

east-west axis and are in fault contact to the west with the sequence of sandstone and basalt that 

dip 15-20° to the south.  These tilted, faulted, and folded rocks are not found to the south of the 

east-west fault but are instead juxtaposed against an ~150-meter-thick conformable stack of gray 

to buff to pink, moderately to well bedded microconglomerates, interbedded with tuffaceous 

sandstones, siltstones, and reworked airfall tuffs that dip ~ 25° to the northwest.  Deposits to the 

north and south of the east-west trending fault are linked by an overlying sequence of tuffs, 

breccia, and basalt exposed on the crest of the hill where they sit with angular unconformity 

above both packages of rocks.  The basalt flows exposed above and below this unconformity 

yield 
40

Ar/
39

Ar whole-rock ages of 11.59 ± 0.03 Ma and 11.54 ± 0.09 Ma, respectively.  Tephra 
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deposits interbedded within the conformable sedimentary stack found to the south of the east-

west fault have previously been tentatively correlated with the ~5.2 Ma Pinole tuff, erupted from 

the Sonoma volcanic field in west-central California (Reheis and Mckee, 1991; Reheis et al., 

1991).  Our geologic mapping and 
40

Ar/
39

Ar dating of volcanic deposits found unconformably 

overlying these deposits indicate that either this correlation is incorrect, or that a potentially 

unrecognized fault separates another unique sedimentary package containing the Pinole tuff from 

the conformable sequence of sediments that sits directly beneath the unconformity. Renewed 

movement along the underlying east-west fault has offset the younger sequence of volcanic rocks 

and breccia prior to being sealed by deposits of the basal Fish Lake Valley assemblage. 

Structural Panel 3 

 Structural panel 3 (Figs. 1.4 and 1.5) is located to the north of structural panel 2, ranges 

in width from 800 – 1100 meters from north to south, and consists solely of volcanic deposits of 

the Cucomungo Canyon assemblage that either sit nonconformably above granite, or in structural 

contact with it along multiple strands of the FC-FLV fault system.  The southern boundary of 

structural panel 3 consists of west-northwest to west-southwest trending strands of the FC-FLV 

fault system characterized by a cataclastic damage zone in granitic basement up to 250 meters 

wide in the east and separates volcanic deposits of the Cucomungo Canyon assemblage to the 

north from granitic basement to the south.  The northern boundary of structural panel 3 consists 

of a west-southwest trending fault that places Jurassic granitic basement and overlying volcanic 

flows of the Cucomungo Canyon assemblage found in structural panel 3 structurally above 

sedimentary deposits of the Cucomungo Canyon assemblage found in structural panel 4 to the 

north.  Two west-northwest trending strands of the FC-FLV fault system cut across the interior 
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of structural panel 3, bracketing a damage zone of granitic basement ranging in width from 100 

meters in the east to 270 meters in the west, and juxtapose several packages of volcanic flows of 

the Cucomungo Canyon assemblage with cataclastically deformed basement. To the west, 

structural panel 3 is bounded by the northerly continuation of the north-northwest fault that 

forms the Cenozoic-Mesozoic contact within structural panel 2.  This northerly trending fault 

separates volcanic deposits and granitic basement on the east from structurally overlying deposits 

of the Fish Lake Valley assemblage on the west and truncates the westerly extensions of several 

strands of the FC-FLV fault system that bound or cut across structural panel 3. 

 Exposures of the Cucomungo Canyon assemblage within structural panel 3 consist 

entirely of rhyolitic ash-flow tuffs and basalt flows (Fig 1.5).  In the western reaches of structural 

panel 3, a package of basalt and underlying rhyolite sit nonconformably above granitic basement 

and dominate exposures of the Cucomungo Canyon assemblage.  The rhyolite and basalt dip 

~25° to the southwest and are bounded by the northerly striking fault zone which juxtaposes 

them with rocks of the Fish Lake Valley assemblage.  This basalt flow yields a whole-rock 

40
Ar/

39
Ar date of 11.57 ± 0.02 Ma.  Farther north, a fault-bounded stack of ash-flow tuff and 

overlying basalt sits structurally above cataclastically deformed granite.  The ash-flow tuff is an 

~10-meter-thick, buff to pink columnar jointed rhyolite tuff breccia that gives an 
40

Ar/
39

Ar date 

on sanidine of 15.27 ± 0.03 Ma.  A dark gray basaltic breccia overlies the ash-flow tuff and 

yields an 
40

Ar/
39

Ar whole-rock date of 11.61 ± 0.02 Ma.  Across a cataclastic damage zone to the 

northeast, a faulted stack of rhyolites and basalt sit nonconformably above fractured granitic 

basement to the east.  Two of the basalt flows yield whole-rock dates of 11.64 ± 0.03 Ma and 

11.55 ± 0.01 Ma. These volcanic rocks and underlying basement rocks are thrust over the top of 
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Cucomungo Canyon assemblage sediments to the north along a west-southwest trending fault 

that forms the northern boundary of structural panel 3.   

Structural Panel 4 

 Structural panel 4 (Figs. 1.4 and 1.5) sits to the north of structural panel 3 across a west-

southwest trending strand of the FC-FLV fault system and is composed solely of sedimentary 

deposits of the Cucomungo Canyon assemblage that sit depositionally above granitic basement 

rocks.  To the northeast, these deposits are truncated by a northwest trending splay of the FC-

FLV fault system that projects out of the study area.  Here, sedimentary rocks of the Cucomungo 

Canyon assemblage consist of ~175 meters of medium to coarse grained arkosic sandstone that 

sits depositionally above unconsolidated boulder conglomerates composed of 3-4-meter large 

blocks of sub-angular quartz monzonite.  Along strike to the northeast, the conglomerate unit 

pinches out and the sandstone unit sits directly above Jurassic granitic basement.  The 

sedimentary deposits of the Cucomungo Canyon assemblage dip 35-40° to the northwest and are 

unconformably overlain by the basal member of the FLV assemblage. 

The Fish Lake Valley Assemblage 

 The upper sequence of the late Cenozoic section exposed in Willow Wash (Figs. 1.4 and 

1.5) is composed of a succession of over 700 meters of arkosic sedimentary deposits that we 

correlate to the Fish Lake Valley assemblage of Oldow et al. (2009).  In the western Silver Peak 

Range, Oldow et al. (2009) describe the Fish Lake Valley assemblage as a succession of 

interbedded volcanogenic sandstone, mudstone, and minor conglomerate that passes upwards 

into medium- to coarse-grained sandstone and pebble to boulder conglomerate, locally underlain 
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by and interleaved with Pliocene basalt flows found extensively surrounding northern Fish Lake 

Valley.  In Willow Wash, the Fish Lake Valley assemblage is composed of a basal member 

consisting of sandstones and pebble conglomerates, two middle members composed of silty 

mudstones and fine-grained sandstones, and an upper member composed of coarse-grained 

sandstones and pebble- to boulder conglomerates.  All of these members are interbedded with 

numerous tephra deposits.  No Pliocene basalt flows are found interleaved with the Fish Lake 

Valley assemblage exposed in Willow Wash, and the unit merges upwards with surficial deposits 

of the valley floor, that together with the underlying Cucomungo Canyon assemblage, comprise 

the basin fill for modern day Fish Lake Valley. 

 Active and inactive strands of the FC-FLV fault system controlled the deposition, 

distribution, and thickness of the Fish Lake Valley assemblage from the Pliocene to the 

Quaternary.  The Fish Lake Valley assemblage sequence was deposited in a newly forming basin 

controlled by syndepositional right-oblique faults of the FC-FLV fault system that presently 

forms the southwestern boundary of exposures within Willow Wash and southern Fish Lake 

Valley (Figs. 1.4 and 1.5).  Within Willow Wash, rocks of the Fish Lake Valley assemblage form 

a westward thickening wedge of rocks that decreases dip upsection and sit with angular 

unconformity above sedimentary and volcanic rocks of the Cucomungo Canyon assemblage 

residing within structural panels 1-4 or are in fault contact with them and pre-Cenozoic basement 

rocks.  In some parts of Willow Wash, the basal member of the Fish Lake Valley assemblage 

completely seals strands of the FC-FLV fault system that were active during and after deposition 

of the underlying Cucomungo Canyon assemblage.  In other locations, presently inactive strands 

of the FC-FLV fault system cut through and disrupt lower members of the Fish Lake Valley 



 
 

25 

assemblage, but completely die out upsection where they get sealed by younger members of the 

upper Cenozoic section. 

Stratigraphy 

 The lower member of the Fish Lake Valley assemblage, map unit Tflv1, sits 

depositionally above rocks of the Cucomungo Canyon assemblage, or in fault contact with them 

and pre-Cenozoic basement rocks within Willow Wash (Fig. 1.5).  Throughout the area, the 

lower member of the Fish Lake Valley assemblage is composed of interbedded tuffaceous 

sandstones and conglomerates containing clasts of volcanic, granitic, and metasedimentary 

detritus.  The lithology and thickness of the unit remains relatively consistent from south to north 

within Willow Wash and allows for straightforward correlation across the mapping area.  These 

detrital sedimentary rocks are composed of buff to gray to pink, fine to medium grained 

tuffaceous arkosic sandstones that are interbedded with pebble to cobble conglomerates that are 

dominated by 1-15 cm sub-angular granitic clasts, 1-10 cm sub-rounded basalt and tuff clasts, 

and 1-5 cm sub-angular metasedimentary clasts floating in a feldspar grain dominated matrix.  

The unit thickness averages ~125 meters throughout the mapping area but increases to ~200 

meters in the far northern parts of Willow Wash, where it sits with angular unconformity above 

sedimentary deposits of the Cucomungo Canyon assemblage within structural panel 4 and thins 

to ~100 meters where it sits with angular unconformity above volcanic and sedimentary rocks 

residing within structural panel 2 (Fig. 1.5).  An early to middle Pliocene age for the lower 

member of the Fish Lake Valley assemblage is based on dated and correlated tephra layers found 

near the base of the formation within Willow Wash.  A tephra layer found at the base of the Fish 

Lake Valley assemblage at the north end of Willow Wash sits depositionally above sedimentary 
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rocks of the Cucomungo Canyon assemblage residing within structural panel 4 (Fig. 1.5) and 

yields an 
40

Ar/
39

Ar age of 3.34 ± 0.01 Ma on sanidine.  Farther south above structural panel 2, a 

tephra layer known as FLV-WW-119 (Reheis et al., 1991) is found sitting directly above the 

unconformity separating the basal Fish Lake Valley assemblage from the underlying Cucomungo 

Canyon formation and has been directly correlated to the ~4.2 Ma Tuff of Artist’s Drive by 

Knott et al. (1999, 2008).  Two basalt flows that are interbedded with sedimentary deposits 

above the base of the Fish Lake Valley assemblage in the western Silver Peak Range yield 

whole-rock 
40

Ar/
39

Ar dates of 3.76 ± 0.04 Ma and 3.71 ± 0.01 Ma (Oldow et al., 2009). 

 The middle members of the Fish Lake Valley assemblage are composed of a lower unit 

consisting of greenish gray mudstones and interbedded sandstones separated from an upper unit 

composed of fine grained sandstones interbedded with pebble conglomerates by a distinctive 

white airfall tuff, known informally as the ―Rimrock Ash‖ (Reheis et al., 1991; Sarna-Wojcicki 

et al., 2005) that can be traced continuously for ~2 km from the south to the north.  The lower 

unit, Tflv2, consists predominantly of massive gray to green to yellow gypsiferous clay and 

siltstones interbedded with buff to brown resistant fine-grained sandstone layers found near the 

top and bottom of the unit.  The upper unit, Tflv3, consists of alternating layers of green, fine-

grained arkosic sandstones and buff colored, medium-grained arkosic sandstones and 

interbedded pebble conglomerate layers in the south, that experiences a lateral facies change over 

a distance of ~1 km into a gravel dominated succession of interbedded sandstones and pebble to 

boulder conglomerates to the northeast.  The thickness of Tflv2 reaches ~190 meters in its 

southern exposures but thins to around 50 meters in the north, whereas the thickness of Tflv3 is 

~110 meters in the south but pinches out completely to the north so that the upper unit of the 
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Fish Lake Valley assemblage, Tflv4, sits directly above Tflv2 to the west of structural panel 4 

(Fig. 1.5).  Tflv2 sits conformably above the basal member of the Fish Lake Valley assemblage 

(Tflv1) within central Willow Wash and is bounded at its base by two closely spaced distinctive 

tephra layers that are correlated to the Putah and Nomlaki Tuff members of the Tehama 

Formation (Reheis et al., 1991) dated at 3.27 ± 0.03 Ma (Sarna-Wojcicki, 2005).  The ―Rimrock 

Ash‖ forms the base of Tflv3 where it sits conformably above Tflv2 and has been chemically 

correlated to the Tuff of Benton Hot Springs by Sarna-Wojcicki et al. (2005), which they directly 

dated in Willow Wash at 2.89 ± 0.03 Ma. 

 The upper member of the Fish Lake Valley assemblage, Tflv4, can be found sitting 

depositionally above all lower members of the Fish Lake Valley assemblage exposed within 

Willow Wash (Fig. 1.5), and is composed of poorly consolidated buff to gray feldspathic 

sandstones interbedded with pebble to boulder conglomerates, containing several lenses of 

volcanic ash throughout the unit.  Sandstones contain medium to coarse grained angular feldspar 

and are locally laminated, with tangential cross-beds that indicate a northerly transport direction.  

Pebble to boulder conglomerates are composed of angular to sub-rounded clasts of granitoids, 

basalt, tuff, and metasedimentary rocks, with a fine to coarse grained angular feldspar-rich 

matrix.  Granitic clasts range in size from pebbles to up to 1.5 meters, whereas basalt, tuff, and 

metasedimentary clasts range in size from 1-20 centimeters.  In the south, the upper member of 

the Fish Lake Valley assemblage sits with angular unconformity above tuffaceous sandstones 

and conglomerates of Tflv1 (Fig. 1.5).  Around 1 km to the north, Tflv4 sits conformably above 

arkosic sandstones and interbedded pebble conglomerates of Tflv3.  In far northern Willow 

Wash, Tflv4 sits with angular unconformity above mudstones and fine-grained sandstones of 
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Tflv2.  The upper member of the Fish Lake Valley assemblage thins from south to north where 

exposed within Willow Wash, and ranges in thickness from at least 275 meters in the southern 

and central parts to around 90 meters in the northern reaches of the mapping area.  Tephra layers 

found near the base of exposures of the upper member of the Fish Lake Valley assemblage have 

been correlated to the tuffs of Blind Spring Valley with a corresponding age of ~2.22 Ma (Sarna-

Wojcicki et al., 2005).  Tephra layers found near the top of exposures within the upper member 

of the Fish Lake Valley assemblage are correlated to the tuffs of Glass Mountain, with a 

corresponding age of ~1.97 – 1.78 Ma (Sarna-Wojcicki et al., 2005).  Several hundred meters of 

Fish Lake Valley assemblage sediments are inferred to be sitting beneath the alluvium of Indian 

Creek (Mueller et al., 2014), mapped and dated by Reheis (1992) and Reheis and Sawyer (1997) 

at 130-50 Ka using soil development and surface morphology, and later by Frankel et al. (2007b) 

and Ganev et al. (2010) at 71 ± 8 ka using terrestrial cosmogenic nuclide dating. 

Structural Relations 

 Active and inactive strands of the FC-FLV fault system are interpreted to have controlled 

the deposition and distribution of the Fish Lake Valley assemblage within Willow Wash and 

southern Fish Lake Valley since the middle Pliocene.  Right-oblique motion along these strands 

has provided the large amounts of accommodation necessary for the deposition of over 700 

meters of fluvial, lacustrine, and alluvial rocks that are exposed within Willow Wash, and for the 

~1500 meters of Fish Lake Valley assemblage deposits inferred to be sitting beneath surficial 

deposits of southern and central Fish Lake Valley (Mueller et al., 2014).    Deposits of the Fish 

Lake Valley assemblage seal many of the faults that were active during and after deposition of 

the underlying Cucomungo Canyon assemblage.  A number of these structures are completely 
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sealed by the basal member of the Fish Lake Valley assemblage within Willow Wash (Figs. 1.4 

and 1.5), whereas other strands show continued or renewed activity that has disrupted the lower 

and middle members of the unit before becoming completely sealed by deposits of the upper 

member of the Fish Lake Valley assemblage.   

 Continuous motion along the presently active strand of the FC-FLV fault system has 

controlled the southwestern boundary to deposition of the Fish Lake Valley assemblage within 

Willow Wash and southern Fish Lake Valley. In southern Willow Wash, exposures of the lower 

and upper members of the Fish Lake Valley assemblage sit in structural contact with pre-

Cenozoic basement rocks and unconsolidated alluvial deposits found to the south of the FC-FLV 

fault system (Fig. 1.5).  To the north, the basal member of the Fish Lake Valley assemblage 

(Tflv1) sits with angular unconformity above sedimentary and volcanic units of the underlying 

Cucomungo Canyon assemblage residing in structural panel 1 and is directly overlain with 

angular unconformity by deposits of the upper member of the Fish Lake Valley assemblage 

(Tflv4) without the two intervening middle members.  None of these upper Cenozoic deposits 

are found to the south of the FC-FLV fault system but are instead completely truncated by the 

fault system.  Around 500 meters to the north of the active strand of the FC-FLV fault system, 

two inactive sub-parallel strands of the FC-FLV fault system splay to the northwest and separate 

deposits of Tflv1 found to the south from deposits of the two middle members of the Fish Lake 

Valley assemblage (Tflv2 and Tflv3) found to the north, before being sealed by deposits of Tflv4 

(Fig. 1.5).  Activity along these strands controlled the southern extent of deposition of Tflv2 and 

Tflv3 within Willow Wash, which are completely truncated by these faults, however 

displacement dies out upsection with only the basal partss of Tflv4 being offset.  Continued 
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deposition completely buries these strands beneath younger deposits of Tflv4 that sit with 

angular unconformity atop the lower and middle members of the FLV assemblage found to the 

south and north of the faults, respectively. 

 A complete section of the Fish Lake Valley assemblage is exposed above structural 

panels 1 and 2 within southern Willow Wash (Fig. 1.5), where it sits with pronounced angular 

unconformity above sedimentary and volcanic rocks of the underlying Cucomungo Canyon 

assemblage, and seals many of the faults that were active during and after deposition of the lower 

Cenozoic section.  In this area, exposures of the basal member of the Fish Lake Valley 

assemblage (Tflv1) are bounded to the south by the WNW-striking high-angle fault zone that 

forms the boundary between underlying structural panels 1 and 2.  Here, Tflv1 is in faulted 

contact above volcanic and sedimentary rocks of the Cucomungo Canyon assemblage residing in 

structural panel 1 to the south of the fault zone.  Rocks of Tflv2 sit depositionally above the 

lower member of the FLV assemblage found to the east, as well as directly above sedimentary 

rocks of the Cucomungo Canyon assemblage found to the southeast, and completely seal the 

fault zone separating structural panels 1 and 2.  To the north of the fault zone, tuffaceous 

sedimentary deposits of Tflv1 sit with angular unconformity above steeply dipping volcanic and 

sedimentary rocks exposed in the southern reaches of structural panel 2, and entirely bury 

northwest to east-west trending splays of the FC-FLV.  At the northern end of structural panel 2 

(Fig. 1.5), shallowly north dipping tuffaceous deposits juxtaposed with faulted and folded 

sandstones, conglomerates, and basalt flows along an east-west trending strand of the FC-FLV 

fault system and sealed by younger tuffs, breccia, and basalt of the Cucomungo Canyon 

assemblage are all overlain with angular unconformity by tuffaceous sand and gravel dominated 
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deposits of the lower Fish Lake Valley assemblage.  To the north, a west-southwest trending 

splay of the fault zone that forms the boundary between structural panels 2 and 3 separates the 

basal member of the Fish Lake Valley assemblage to the north from volcanic rocks of the 

Cucomungo Canyon assemblage to the south.  The fault cuts through deposits of Tflv2 and Tflv3 

to the southwest with up to a few meters of offset, and merges with the northwest trending splays 

of the FC-FLV fault system that form the southern boundary to exposures of the middle 

members of the Fish Lake Valley assemblage within Willow Wash (Figs. 1.4 and 1.5). 

 The Fish Lake Valley assemblage is exposed to the west of structural panel 3 where it sits 

in structural contact above volcanic rocks of the Cucomungo Canyon assemblage and pre-

Cenozoic granitic basement along a northerly striking, down-to-the-west fault, which is the 

northerly continuation of the anastomosing fault zone that bounds the eastern limit of 

Cucomungo Canyon assemblage exposures found within structural panel 2 to the south (Figs. 1.4 

and 1.5).  This north-striking fault forms the boundary between Fish Lake Valley assemblage 

deposits found to the west and underlying basalt, tuff, and granitic basement found within 

structural panel 3 to the east.  Here, the fault trends north-south for about 1 km, truncating 

several west-northwest to west-southwest striking strands of the FC-FLV fault system, and cuts 

through the lower and middle members of the Fish Lake Valley assemblage before being sealed 

by Tflv4 to the west of structural panel 4.  Although the depositional base of the Fish Lake 

Valley assemblage is not exposed above structural panel 3, all members of the unit are present 

and measure and aggregate thickness of nearly 400 meters.  The Fish Lake Valley assemblage 

displays the most dramatic shallowing of dips upsection, from around 60 degrees to the west-
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northwest near it’s faulted contact with the underlying Cucomungo Canyon assemblage, to 

around 20 degrees to the west-northwest at the top of exposures in this area of Tflv4. 
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EVOLUTION OF THE FURNACE CREEK – FISH LAKE VALLEY FAULT SYSTEM 

 

Geologic mapping within the CCRB has revealed new insights into the long-term 

evolution of the Furnace Creek – Fish Lake Valley fault system.  Two distinct generations of 

faulting belonging to the FC-FLV fault system record a protracted history of right-lateral 

deformation since the mid-Miocene.  Inactive high-angle faults that belong to the first-generation 

of faulting are distributed in a diffuse zone dominated by right-lateral shear, are characterized by 

cataclastic damage zones in pre-Cenozoic basement rocks, and segment exposures of the 

Cucomungo Canyon assemblage and underlying granitic basement within Willow Wash into 

multiple structural panels (Figs. 1.3, 1.4, and 1.5).  Second-generation structures belong to the 

presently active episode of right-oblique deformation that characterizes the FC-FLV fault system 

today (Figs. 1.2 and 1.3) and that controlled the deposition and distribution of the Fish Lake 

Valley assemblage within Willow Wash and southern Fish Lake Valley (Figs. 1.4 and 1.5).  The 

finite amount of right-lateral displacement along the northern Furnace Creek – Fish Lake Valley 

fault system is likely best constrained by the offset of the Jurassic quartz monzonite of Beer 

Creek from southern Fish Lake Valley to northern Death Valley.  Displacement estimates for the 

first-generation of faulting along the FC-FLV fault system comes from the offset of two newly 

reported piercing points along high-angle structures, prior to being sealed by deposits of the Fish 

Lake Valley assemblage.  Displacement estimates for second-generation structures of the FC-

FLV fault system would then be the residual amount of offset that is left over after subtracting 

the displacement along first-generation structures from the finite amount of displacement based 

on the offset of the Jurassic pluton.  The timing of activity for first generation faults of the FC-

FLV fault system comes from the juxtaposition of dated volcanic units along presently inactive 
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strands and their subsequent burial by younger deposits, whereas the age of inception for second-

generation fault activity comes from the ages of volcanic and sedimentary rocks controlled by 

syndepositional faults active during right-oblique deformation along the FC-FLV fault system.  

There is a transition in the kinematics of faulting along the FC-FLV fault system in the middle 

Pliocene, with long-term average slip rates determined for both generations of faulting along the 

FC-FLV fault zone indicating a marked, 2x, increase since this time. 

Right-lateral Displacement 

The 45-50 km of right-lateral offset of the Jurassic quartz monzonite of Beer Creek, from 

southern Fish Lake Valley to northern Death Valley (Fig. 1.6), is interpreted to be the best 

estimate of finite displacement for the northern FC-FLV fault system (McKee, 1968; Reheis et 

al., 1991; Reheis and Sawyer, 1997; Niemi, 2002; Renik and Christie Blick, 2013).  This granitic 

pluton is best exposed on the west side of the FC-FLV fault zone where it underlies the southern 

White Mountains and northern Horse Thief Hills and intrudes through Proterozoic to Paleozoic 

metasedimentary basement rocks.  This pluton is separated from exposures underlying the 

Sylvania Mountains and crops out south of Oriental Wash on the east side of the FC-FLV fault 

system and may potentially extend in the subsurface beneath younger Cenozoic deposits as far 

south as the northern Grapevine Mountains.  The cumulative 45-50 km of right-lateral offset has 

accrued during both generations of high-angle faulting along the FC-FLV fault system. 

First-generation right-lateral faults of the FC-FLV fault system were active during and 

after deposition of middle Miocene volcanic and sedimentary rocks of the Cucomungo Canyon 

assemblage but have been completely sealed by deposits of the Fish Lake Valley assemblage 
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starting in the middle Pliocene.  These structures were distributed in an anastomosing fault zone 

measuring 2 to 5 kilometers in width that is best exposed in the southern Sylvania Mountains and 

eastern Willow Wash (Figs. 1.3, 1.4, and 1.5).  Within this diffuse belt of faulting, two distinct 

geologic piercing-points show clear evidence of right-lateral displacements of commensurate 

amounts.  One marker is an offset rhyolite ash-flow tuff dated at 15.34 ± 0.03 Ma that sits in 

fault contact with granitic basement rock in the western parts of Slate Ridge on the east side of 

the FC-FLV fault system (Fig. 1.7).  We correlate this ash-flow tuff with one exposed in the 

northern parts of Willow Wash on the western side of the fault system, which has been dated at 

15.27 ± 0.03 Ma (Figs. 1.5 and 1.7).  These tuffs have been displaced right-laterally by 21 km 

along first-generation strands of the FC-FLV fault system, prior to being sealed by deposits of 

the Fish Lake Valley assemblage.  The other marker is an internally faulted stack of ash-flow 

tuffs, identified as the ~11.6 Ma Timber Mountain Group, that sits in fault contact with the 

quartz monzonite of Beer Creek and metasedimentary basement rock within the southern 

Sylvania Mountains (Fig. 1.7).  This volcanic stack has been right-laterally offset by a minimum 

of 22 km from similar outcrops of the Timber Mountain tuff sitting in fault contact with the same 

basement located between the northern Grapevine Mountains and Oriental Wash.  Therefore, our 

best estimate of right-lateral displacement that took place during the first-generation of faulting 

along the FC-FLV fault system is 22 km. 

Second-generation strands of the FC-FLV fault system became active in the middle 

Pliocene and controlled the deposition of Fish Lake Valley assemblage rocks that completely 

seal first-generation faults.  These active strands compose the current fault geometry seen along 

the margins of northern Death Valley and southern Fish Lake Valley, narrows to a single strand 
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within the CCRB (Figs. 1.3, 1.4, 1.5), and take up the residual amount of right-lateral 

displacement that is not accounted for by offset along first-generation faults.  Of the 45-50 km of 

total right-lateral displacement accumulated along the FC-FLV fault system, as indicated by the 

offset of the Jurassic quartz monzonite of Beer Creek, about 22 km of right-lateral motion was 

accommodated on first-generation structures.  This leaves a residual value of 23-28 km of right-

lateral displacement that has been taken up by second-generation strands of the FC-FLV fault 

system. 

Timing of Faulting 

Initiation of activity along the FC-FLV fault system is best documented by the 

deposition, faulting, and burial history of different units of the Cucomungo Canyon assemblage 

that have been juxtaposed along first-generation faults.  Exposures of faults and deposits mapped 

and dated in Willow Wash document that deformation associated with movement along the FC-

FLV fault system has been active since the middle Miocene.  As described above, exposures in 

eastern Willow Wash show that first-generation strands of the FC-FLV fault system cut the area 

into several structural panels composed of volcanic and sedimentary rocks sitting above granitic 

basement.  The area with field relations that best illustrate the timing of activity along first-

generation strands of the FC-FLV fault system is in the northern reaches of structural panel 2 

(Fig. 1.8) where two distinct packages of Cucomungo Canyon assemblage rocks have been 

juxtaposed by a strand of the FC-FLV fault system prior to being overlain by a younger sequence 

of volcanic rocks and breccia. Here, an east-west trending strand of the FC-FLV fault system 

separates a folded and faulted package of sedimentary rocks and basalts to the north from a 

conformable stack of tilted sediments to the south.  These rocks were brought into structural 
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contact along the fault some time following deposition of the basalt unit that has been dated at 

11.59 ± 0.03 Ma.  These two packages of Cucomungo Canyon assemblage rocks and the 

intervening fault were then buried beneath a package of ash-flow tuffs, breccia, and basalt which 

have been dated at 11.54 ± 0.09 Ma. Reactivation along the first-generation east-west trending 

fault subsequently offset the overlying stack of volcanic rocks and breccia before finally being 

sealed by deposits of the unconformably overlying Fish Lake Valley assemblage. 

The timing of inception for the second-generation of faulting associated with the FC-FLV 

fault system is best documented by the deposition of volcanic and sedimentary rocks that were 

controlled by syndepositional faults active during right-oblique deformation.  Within Willow 

Wash, deposition of Fish Lake Valley assemblage rocks was controlled by right-oblique strands 

of the Fish Lake Valley fault zone.  These deposits seal first-generation strands of the FC-FLV 

fault system and sit unconformably above Cucomungo Canyon assemblage rocks containing 

tephra layers tentatively correlated to deposits dated at 5.2 Ma (Reheis et al., 1991).  The oldest 

tephra deposit interbedded within the Fish Lake Valley assemblage that has thus far been directly 

dated in Willow Wash gives an age of 3.34 ± 0.01 Ma, but to the south, a tephra layer found at 

the base of the section sitting directly on the unconformity with the underlying Cucomungo 

Canyon assemblage has been correlated to the ~4.2 Ma Tuff of Artist’s Drive (Knott et al., 1999, 

2008).  In the northern Silver Peak Range, basalt flows found interbedded with sedimentary 

deposits above the base of the Fish Lake Valley assemblage have been dated at 3.76 ± 0.04 Ma 

(Oldow et al., 2009).  Along the eastern side of the White Mountains in northern Fish Lake 

Valley, the thickness and distribution of a sequence of basalt and rhyolite flows, dated at 4.01 ± 

0.03 to 3.88 ± 0.02 Ma, are controlled by north to northwest trending faults of the Fish Lake 
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Valley fault zone (Stockli et al., 2003).  These flows sit unconformably above a thick sequence 

of andesitic volcanic rocks dated at 5.05 ± 0.02 Ma to 4.60 ± 0.03 Ma.  Stockli et al. (2003) 

indicate that the inception of faulting postdates the deposition of the andesite unit, with 

individual fault displacements becoming greatly reduced upwards towards the overlying contact 

with the 3.0 Ma Davis Mountain Andesite.  Therefore, the initiation for second-generation 

faulting along the FC-FLV fault system is interpreted to be about 4.01 Ma ± 0.03 Ma, the oldest 

age of synextensional deposits that were controlled by right-oblique strands of the FC-FLV fault 

system. 

Long-Term Average Slip Rates 

New long-term average right-lateral slip rates for first and second-generations of faulting 

along the FC-FLV fault system from northern Death Valley to southern Fish Lake Valley (Fig. 

1.9) can be estimated based on the observed field relations and geochronologic data.  The finite 

amount of right-lateral displacement recorded during the entire history of movement along the 

northern FC-FLV fault system totals 45-50 km.  First-generation faults of the FC-FLV fault 

system were active prior to 11.54 ± 0.09 Ma and accumulated a minimum of 22 km of right-

lateral displacement before being sealed by deposits of the Fish Lake Valley assemblage in 

Willow Wash.  Second-generation faults of the FC-FLV fault system that controlled the 

thickness and distribution of the Fish Lake Valley assemblage were active at 4.01 ± 0.03 Ma, 

accumulating the residual 23-28 km of right-lateral displacement.  Combining the 22 km of 

right-lateral displacement that occurred along first-generation faults of the FC-FLV fault system 

from initiation at ~11.6 Ma to being sealed by rocks of the Fish Lake Valley assemblage at ~4.0 

Ma yield a long-term average slip rate of ~2.89 mm/yr.  Using the residual amount of 23-28 km 
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of right-lateral displacement that second-generation faults have accumulated with an initiation 

age of ~4.0 Ma yields long-term average slip rates of ~5.75-7 mm/yr. 
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DISCUSSION AND CONCLUSIONS 

 

 A change in the kinematics of faulting along the northern FC-FLV fault system took 

place in the mid-Pliocene, and with it, a concomitant increase in the long-term average slip rate 

for the fault system has been recorded.  Two distinct generations of faulting, each characterized 

by unique geometries and deformational patterns were active during the lifespan of the FC-FLV 

fault system, with deformation along the fault system active by ~11.6 Ma.  A kinematic 

transition from wrench dominated deformation along first-generation faults to right-oblique 

dominated deformation along second-generation faults is documented at ~4 Ma and signals the 

beginning of transtensional deformation along the FC-FLV fault system.  Second-generation 

faults of the FC-FLV fault system show a greater than 2x increase in the long-term average right-

lateral slip-rate within the CCRB since the kinematic reorganization, in excellent agreement with 

the late Quaternary slip rate measured in the same location. 

 First-generation faults belonging to the FC-FLV fault system were distributed in a 2-5 km 

wide anastomosing fault zone dominated by right-lateral deformation that worked in concert to 

distribute ~22 km of dextral offset of middle Miocene volcanic and sedimentary deposits and 

underlying pre-Cenozoic basement.  These faults are characterized by cataclastic damage zones 

10’s to 100’s of meters wide cut into granitic basement rock underlying the Sylvania Mountains 

that were active during and after deposition of the Cucomungo Canyon assemblage.  

Sedimentary and volcanic units juxtaposed along high-angle structures exposed in Willow Wash 

indicate that deformation associated with first-generation structures was ongoing by ~11.6 Ma.  

Relatively thin amounts (<200 meters) of Cucomungo Canyon assemblage deposits that have 
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been displaced by strands of the FC-FLV fault system indicates that there was little 

accommodation space being created during first-generation faulting.  The availability of only 

minor amounts of accommodation space, and the laterally extensive nature of middle Miocene 

volcanic flows together with 22 km of right-lateral displacement, as recorded by two offset 

markers of differing age, argues for strike-slip dominated deformation during the first-generation 

of faulting along the FC-FLV fault system.  The fact that the 11.6 – 11.4 Ma tuffs of the Timber 

Mountain Group are offset the same magnitude as the ~15 Ma tuffs along first-generation strands 

of the FC-FLV fault system provides additional support that faulting began around ~11.6 Ma.  

This age of activity along the FC-FLV fault system agrees well with previous work conducted in 

the area but is slightly older than some estimates that have been reported.  In the highlands 

surrounding southern Fish Lake Valley, Reheis and McKee (1991) and Reheis and Sawyer 

(1997) used the age of volcanic units deposited on a low-relief erosional surface that were 

disrupted by strands of the FC-FLV fault system to infer an age of initiation of between 11.9 and 

8.4 Ma.  Fission track dates on zircons from the lower-plate of the Silver Peak-Lone Mountain 

extensional complex show that displacement was being transferred from the FC-FLV fault 

system to faults of the central Walker Lane by 11.2 ± 1.0 Ma (Oldow et al., 1994; 2008).  Stockli 

et al. (2003) interpreted the inception of right-lateral faulting in Fish Lake Valley to be late 

Miocene to Pliocene in age based on volcanic units cut by strands of the Fish Lake Valley fault 

zone in northern Fish Lake Valley.  The volcanic units that are disrupted by the Fish Lake Valley 

fault zone likely date the age of inception for second-generation faults of the FC-FLV fault 

system, rather than the initiation of movement for the fault system in general. 
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 Second-generation faults of the FC-FLV fault system are concentrated in localized fault 

zones, 1-2 km wide, located along the margins of Death Valley and Fish Lake Valley, and 

narrow to a single strand within the CCRB.  These faults are characterized by right-oblique 

deformation and are presently active as indicated by right-oblique offset of late Quaternary 

geomorphic surfaces, and the appearance of steep fault scarps cut into late Quaternary deposits 

(Sawyer, 1990; Brogan et al., 1991; Frankel, 2007a, b, 2011; Ganev et al., 2010).  Within Fish 

Lake Valley, second-generation strands of the FC-FLV fault system form the boundaries of deep 

extensional basins, up to 1.75 - 1.9 km deep, that controlled the spatial distribution and thickness 

of mid-Pliocene to late Quaternary rocks of the Fish Lake Valley assemblage (Mueller et al., 

2014, 2016, 2017).  Second-generation faults were active by ~4.0 Ma, as indicated by the 

distribution of volcanic deposits controlled by and displaced along the Fish Lake Valley fault 

zone in northern Fish Lake Valley and have accumulated the residual amount of 23-28 km of the 

45-50 km of finite right-lateral displacement observed along the FC-FLV fault system.  It is 

important to note that although second-generation structures became active ~4 Ma, movement 

along first-generation structures did not abruptly cease at this time, but rather a general hand-off 

of activity took place.  As seen in Willow Wash, first-generation strands of the FC-FLV fault 

system were still active, at least locally, during early deposition of the of the Fish Lake Valley 

assemblage before being sealed by later deposits. 

 We have shown that a greater than 2x increase in the long-term right-lateral slip rate of 

the FC-FLV fault system is observed after the transition from first-generation faulting to second-

generation faulting in the middle Pliocene (Figure 1.9).  First-generation right-lateral slip rates 

averaged ~2.9 mm/yr during the time span of 11.6-4.0 Ma.  The long-term right-lateral slip rate 
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for second-generation structures increases to 5.75-7 mm/yr when averaged over the time span 

from 4.0 Ma to the present.  The documentation that the FC-FLV fault system experienced two 

distinct generations of faulting, coupled with an increase in long-term average slip rates in the 

middle Pliocene implies that the interpretations from previous studies of long-term average 

displacement rates conducted along the northern FC-FLV fault system are tenuous at best.  

Based on the 45-50 km offset of the Jurassic quartz monzonite of Beer Creek, Reheis and McKee 

(1991) argue for a post-late Miocene right-lateral slip rate of 4-6 mm/yr.  Renik and Christie-

Blick (2013) contend that long-term right-lateral slip-rates are in the range of ~4.1-4.5 mm/yr 

when averaged over the span of 13-10 to 0 Ma.  Oakes (1987) postulates that the long-term 

average right-lateral slip rate along the fault system in northern Death Valley is 4.1 to 4.4 mm/yr, 

based on the apparent offset of a 7.3 to 7.9 Ma granitic stock.  The long-term average slip rates 

from these studies are calculated using offsets along faults of both generations of the FC-FLV 

fault system and do not account for a greater than 2-fold increase in slip-rate since 4 about Ma. 

 The transition from first-generation faulting to second-generation faulting, together with 

the appearance of thick accumulations of Fish Lake Valley assemblage deposits in Willow Wash, 

and the dramatic increase in right-lateral slip-rates beginning at about 4 Ma marks the initiation 

of transtensional deformation along the northern FC-FLV fault system.  Right-lateral 

deformation that dominated the FC-FLV fault system during the first-generation of faulting gave 

way to right-oblique deformation during second-generation faulting.  Right-oblique 

transtensional faulting led to the opening of Fish Lake Valley and created large amounts of 

accommodation for Pliocene to Quaternary sediments that underlie the 1.75 to 1.9 km deep 

basin.  Thick accumulations of Fish Lake Valley assemblage deposits document the transition 
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within Willow Wash, where they sit with pronounced angular unconformity above thin deposits 

of the Cucomungo Canyon assemblage, and gradually seal first-generation strands of the FC-

FLV fault zone.  The increase in long-term average right-lateral slip rates along the FC-FLV 

fault system after the kinematic reorganization is interpreted to be due to displacement being 

transferred onto the FC-FLV fault system from structures active during transtensional basin 

development to the southwest. 

 This ca. 4 Ma age of initiation of transtensional deformation along the northern FC-FLV 

fault system agrees very well with estimates obtained from other major faults within the Eastern 

California Shear Zone (Fig. 1.10).  Within this tectonic boundary zone, it has been postulated 

that transtensional deformation initiated earliest in the east and gets progressively younger 

towards the west.  Mahan et al. (2009) use low-temperature thermochronologic data to indicate 

that right-lateral transtension along the Stateline fault system and extension within the 

kinematically linked Ivanpah Valley initiated at 5 ± 1 Ma.  To the west, Bidgoli et al. (2015) use 

apatite and zircon (U-Th)/He thermochronometry in the Black and Panamint Mountains to show 

that dextral transtension in the southern Death Valley and Panamint Valley region initiated ~6 

and ~4 Ma respectively.  Geologic mapping and (U-Th)/He cooling ages obtained in the footwall 

of the Searles Valley fault zone led Walker et al. (2014) to conclude that right-oblique 

transtensional deformation began ~4 Ma in the Slate Range area of southern Panamint Valley.  

To the north in the Inyo Mountains/Saline Valley region, Lee et al. (2009) use zircon and apatite 

cooling age patterns to document rapid exhumation along the eastern Inyo fault zone and the 

initiation of right-lateral faulting along the Hunter Mountain fault at 2.8 ± 0.7 Ma.  On the west 

side of the White Mountains, (U-Th)/He thermochronologic data indicate an episode of 
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transtensional faulting along the White Mountains fault zone at ~3 Ma, concurrent with the 

opening of the Queen Valley pull-apart basin at 3.0 ± 0.5 Ma (Stockli et al., 2003).   

 Evaluating how constant strain accumulation and release has been for the northern FC-

FLV fault zone is accomplished by comparing long-term average slip rates, observed over 

millions of years, and shorter-term average slip rates, observed over thousands to tens-of-

thousands of years, when measured in the same location.  From northern Death Valley to 

southern Fish Lake Valley, the estimated post-4 Ma average right-lateral slip-rate along the FC-

FLV fault system is 5.75-7 mm/yr.  This long-term slip rate is in excellent agreement with the 

late Pleistocene slip rate of 6.1 +1.3/-1.0 mm/yr measured along the same section of the FC-FLV 

fault system in Cucomungo Canyon.  Farther north at the Indian Creek site in northern Fish Lake 

Valley, Frankel et al. (2007a, 2011) showed that the right-lateral slip rate along the Fish Lake 

Valley fault zone has remained the same when averaged over latest Pleistocene (2.2 +0.8/-0.6 

mm/yr) and Holocene (2.5 +0.4/-0.3 mm/yr) time scales.  Although there is a dramatic decrease 

in late Quaternary slip rates along strike of the FC-FLV fault system from the Cucomungo 

Canyon location to the Indian Creek location, the slip-rates calculated at their respective 

locations have agreed remarkably well over time scales of 10
3
 – 10

6
 years.  These observations 

suggest that strain accumulation and release has remained temporally constant along the FC-FLV 

fault system from northern Death Valley to northern Fish Lake Valley from the mid-Pliocene to 

the Holocene. 
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APPENDIX 

 

Figure 1.1.  Tectonic domains of the western Great Basin and Sierra Nevada.  Black lines are 

Cenozoic high-angle faults.  Highlighted in green is the west-northwest extending central Great 

Basin and central Nevada seismic belt.  Highlighted in pink is the tectonic boundary zone 

consisting of the Eastern California shear zone and Walker Lane that accommodates 20-25 

percent of Pacific-North America relative plate motion.  Highlighted in blue is the northwest 

translating Sierra Nevada – Great Valley block that is moving away from the central Great Basin 

at a rate of 9.3 ± 0.2mm/yr based om GNSS geodesy. 
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Figure 1.2.  Shaded relief map of the northern Eastern California shear zone.  Black lines are 

Cenozoic high-angle faults.  Green circles are late Pleistocene to Holocene slip-rate locations 

along the major right-oblique fault systems of the northern Eastern California Shear Zone 

(Frankel et al., 2007 a, b; 2011; Ganev et al., 2010; Kirby et al., 2006; Lee et al., 2009), and 

numbers in white are rates of right-lateral displacement at shown locations.  Cumulative right-

lateral slip rates at the latitude of northern Death Valley are approximately equivalent to the 

short-term geodetic rate. 
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Figure 1.3.  Generalized geologic map of the Cucomungo Canyon restraining bend and 

surrounding environs, with Cenozoic high-angle faults shown in black.  CCRB – Cucomungo 

Canyon restraining bend, DSV – Deep Springs Valley, DV – Death Valley, EV – Eureka Valley, 

FCFZ – Furnace Creek fault zone, FLV – Fish Lake Valley, FLVFZ – Fish Lake Valley fault 

zone, GM – Grapevine Mountains, HTH – Horse Thief Hills, LCR – Last Chance Range, OW – 

Oriental Wash, PM – Palmetto Mountains, SM – Sylvania Mountains, SR – Slate Ridge, WM – 

White Mountains, WW – Willow Wash.  
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Figure 1.4.  Generalized geologic map of Willow Wash and southern Fish Lake Valley with 

high-angle faults of the Furnace Creek – Fish Lake Valley fault system shown in black (dashed 

where inferred, dotted where concealed).  Inactive, high-angle strands of the FC-FLV fault 

system break apart the pre-Cenozoic basement (shown in blue) and overlying Cucomungo 

Canyon assemblage (shown in brown) into several structural panels (Panels 1 – 4) that are 

overlain by deposits of the Fish Lake Valley assemblage (shown in tan).   
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Figure 1.5.  Geologic map of Willow Wash and southern Fish Lake Valley, with high-angle 

faults of the Furnace Creek – Fish Lake Valley fault system shown in black (dashed where 

inferred, dotted where sealed).  Rock units:  CZs – Late Proterozoic to Cambrian 

metasedimentary rocks, Jg – Jurassic granitic plutons, Tcc – Tertiary sedimentary rocks of the 

Cucomungo Canyon assemblage, Tt – Tertiary ash-flow tuffs, Tb – Tertiary basalt flows, Tflv1-4 

– tuffaceous sedimentary rocks of the Fish Lake Valley assemblage. 
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Figure 1.6.  Generalized geologic map of the Cucomungo Canyon restraining bend and 

surrounding environs showing total magnitude of right-lateral offset along the Furnace Creek – 

Fish Lake Valley fault system based on the offset of the Jurassic quartz monzonite of Beer Creek 

from southern Fish Lake Valley to northern Death Valley. 
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Figure 1.7.  Generalized geologic map of the Cucomungo Canyon restraining bend and 

surrounding environs depicting right-lateral offset of two different markers that record the 

displacement along first-generation strands of the Furnace Creek – Fish Lake Valley fault 

system.  Marker shown in orange is ~15 Ma tuff offset from western Slate Ridge to northern 

Willow Wash.  Marker shown in green is ~11.6 Ma Timber Mountain Tuff and underlying pre-

Cenozoic basement offset from northern Oriental Wash to southern Sylvania Mountains.  Ar/Ar 

dates of rhyolite ash-flow tuffs shown in yellow boxes. 
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Figure 1.8.  Geologic map of the northern extent of structural panel 2 exposed within Willow 

Wash, with high-angle faults of the Furnace Creek – Fish Lake Valley fault system shown in 

black (dotted where concealed).  2 packages of Cucomungo Canyon assemblage rocks have been 

juxtaposed along the east-west strand of the FC-FLV fault system prior to being sealed by an 

unconformably overlying sequence of volcanic rocks.  Basalt flows (shown in red) have been 

dated beneath (yellow circle 1) and above (yellow circle 2) the unconformity, and date the age of 

movement along this strand of the FC-FLV fault system at >11.54 ± 0.09 Ma.  Renewed activity 

along the east-west fault has offset the overlying stack of volcanics prior to being sealed by 

deposits of the Fish Lake Valley assemblage.  
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Figure 1.9.  Total magnitude of displacement and right-lateral slip-rate as a function of time.  

Black and gray lines show upper and lower bounds, respectively.  First-generation faults of the 

Furnace Creek – Fish Lake Valley fault zone became active 11.6 Ma and accumulated 22 km of 

right-lateral displacement.  Second-generation faults became active ~4 Ma and accumulated the 

remaining 23-28 km of right-lateral displacement. Long-term average slip-rate increases from 

2.9 mm/yr to 5.75 – 7 mm/yr in the mid-Pliocene. Dramatic increase in both displacement and 

slip-rate at ~4 Ma is coincident with the kinematic reorganization to transtensional deformation 

seen regionally throughout the Eastern California shear zone.    
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Figure 1.10.  Shaded relief map of the northern Eastern California shear zone with Cenozoic 

high-angle faults shown in black.  Published cooling ages of exhumed footwall rocks indicating 

initiation of transtensional deformation are shown in blue ovals.  Transtensional deformation is 

best recorded by synextensional volcanic flows controlled by right-oblique faults of the Fish 

Lake Valley fault zone shown in the white box in northern Fish Lake Valley.  
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INTRODUCTION 

 

Within the western Great Basin, about 25 percent of the relative motion between the 

Pacific and North American plates is contained within a tectonic boundary zone that 

accommodates differential displacement between the northwest translating Sierra Nevada and the 

west-northwest extending Basin and Range (Argus and Gordon, 1991; Dixon et al., 2000; Miller 

et al., 2001; Oldow et al., 2001; Oldow, 2003; Bennett et al., 2003).  Displacement within this 

boundary zone is taken up via a complex array of faults that constitute the Eastern California 

Shear Zone (ECSZ) and central Walker Lane (Dokka and Travis, 1990; Miller et al., 2001; 

Locke et al., 1940; Stewart, 1988; Oldow, 1992; Wesnousky 2005a, 2005b; Dickinson, 2003).  

Faults in this region are active and record dextral and sinistral first motions on northwest and 

east-west striking faults, respectively (Rogers et al., 1991). The deformational belt is 

characterized by large magnitude right-oblique shear and extension (Hardyman and Oldow, 

1991; Oldow, 1992), and transtensional deformation is well documented by seismology and 

Global Navigation Satellite System networks (Unruh et al., 2003; Oldow, 2003; Murphy et al., 

2009). 

Structures within the northern Eastern California Shear Zone and central Walker Lane are 

misaligned and have been kinematically linked since the middle Miocene by a system of 

extensional stepovers that accommodate displacement transfer between the two domains (Oldow, 

1992; Oldow et al., 1994, 2008, 2009; Wesnousky, 2005a).  From the middle Miocene to the 

Pliocene, displacement within the northern ECSZ was concentrated along the northwest-trending 

right-lateral Furnace Creek – Fish Lake Valley (FC-FLV) fault system and was transferred to the 

northeast onto kinematically linked structures within the central Walker Lane via a shallowly 
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northwest-dipping detachment fault underlying the Silver Peak – Lone Mountain (SPLM) 

extensional complex (Oldow 1992; Oldow et al., 1994, 2008).  The mechanism for displacement 

transfer from the FC-FLV fault system to structures in the central Walker Lane changed in the 

middle Pliocene and coincided with the onset of the contemporary transtensional deformation 

field seen throughout the region at ~3-5 Ma (Stockli et al., 2003; Lee et al., 2009; Mahan et al., 

2009; Walker et al., 2014; Bidgoli et al., 2015).  Active displacement within the northern ECSZ 

is concentrated along the right-oblique Owens Valley – White Mountains (OV-WM) and FC-

FLV fault systems and is in part transferred ~75 km east to the central Walker Lane by a 

structural stepover known as the Mina deflection.  

The total magnitude of ancient and contemporary right-lateral displacement, as well as 

the displacement rate decreases from south to north along the northern part of the FC-FLV fault 

system. Right-lateral displacement along the fault system from northern Death Valley to 

southern Fish Lake Valley is estimated at ~45 - 50 km based on the offset of the Jurassic quartz 

monzonite of Beer Creek (McKee, 1968; Renik and Christie-Blick, 2013). In northern Fish Lake 

Valley, an apparent right-lateral offset of a mid-Paleozoic thrust fault indicates only ~20 km of 

right-lateral displacement (Renik and Christie-Blick, 2013). Likewise, when looking at the right-

lateral slip-rates for this same part of the northern FC-FLV fault system from the late Pleistocene 

to the Holocene (Fig. 2.1), there is a decrease in magnitude from ~6 mm/yr in southern Fish Lake 

Valley to ~2 mm/yr in northern Fish Lake Valley (Frankel et al., 2007a, 2007b; 2011;). The 

inconsistency in aggregate displacement along the northern FC-FLV fault system, from 50 km in 

the south to 20 km in the north, was attributed to displacement transfer to faults of the central 

Walker Lane via the Silver Peak-Lone Mountain extensional complex, however, activity on the 
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SPLM extensional complex ceased in the middle Pliocene, indicating that the south-north 

decrease in late Quaternary slip rate must be accommodated by younger structures south of the 

Mina deflection and to the east of the FC-FLV fault system (Hoeft and Frankel, 2010; Frankel et 

al., 2011; Foy et al., 2012). 

This study explores the Pliocene to Recent fault geometry, basin evolution, and 

displacement history of faults bounding and within Fish Lake Valley.  In particular, geologic 

mapping, stratigraphic analysis, and two- and three- dimensional modeling of gravity data are all 

used to better define the subsurface geometry of basins underlying Fish Lake Valley in order to 

calculate a long-term displacement budget for the region.  This study demonstrates the existence 

of structural links between the FC-FLV fault system and kinematically linked transfer fault 

systems documented to the east, and place important constraints on the total magnitude of 

displacement transferred from the Fish Lake Valley fault zone to faults in the central Walker 

Lane in the last ~4 Ma. 
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REGIONAL GEOLOGIC BACKGROUND 

 

Modern day transtensional deformation within the Eastern California Shear Zone is 

distributed on an active array of kinematically linked transcurrent and extensional faults in a 

zone nearly 300 km long and 175 km wide, located to the east of the Sierra Nevada.  Within the 

Eastern California Shear Zone located to the north of the Garlock fault, most right-lateral shear is 

accommodated on four major northwest-striking right-oblique fault systems (Fig. 2.1), that from 

east to west, are the Stateline, Furnace Creek – Fish Lake Valley (FC-FLV), Panamint Valley – 

Hunter Mountain – Saline Valley, and Owens Valley – White Mountains (OV-WM) fault 

systems (Stewart, 1988; Oldow, 1992).  These fault systems have accommodated between 50 and 

100 km of right-lateral displacement and tens of kilometers of extension since the middle 

Miocene (Stewart, 1967; McKee, 1968; Stewart, 1983; Burchfiel et al., 1987; Oldow, 1992; 

Snow and Wernicke, 2000; Guest et al., 2007; Renik and Christie-Blick. 2013) and have been 

kinematically linked since the middle Pliocene by a series of northeast-striking extensional faults 

that transfer displacement from one fault system to another (Larson, 1979; Sternlof, 1988; Reheis 

and Dixon, 1996; Lee et al., 2001).   

To the north, the major fault systems of the northern ECSZ converge to within 20 km and 

displacement is taken up by the OV-WM and the northern part of the FC-FLV fault systems, 

with geodetic modeling indicating ~85 percent of active boundary zone deformation being 

concentrated on the Fish Lake Valley fault zone (Dixon et al., 2003).  Displacement on the OV-

WM fault system is transferred to the central Walker Lane via east-northeast trending left-

oblique faults of the Mina deflection (Fig. 2.1; Ryall and Preistly, 1975; Stewart, 1988; Oldow, 

1992).  Along the FLV fault zone, some of the displacement transfer is accomplished by 
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structures at the northern end of the fault system as well as by faults intersecting the southern and 

central segments of the FLV fault zone from the east (Figs. 2.1 and 2.2).  At the northern end of 

Fish Lake Valley, displacement along the FLV fault zone is distributed on a fanned array of 

northwest, north-south, and north-northeast trending faults that transfer displacement to the 

central Walker Lane via faults of the Mina deflection.  Along with displacement transfer at the 

northern end of the FLV fault zone, a substantial component of displacement is transferred to 

west-northwest-striking left-oblique faults exposed in the ranges to the east of Fish Lake Valley.  

These left-oblique faults relay displacement east for over 70 km and then north onto a system of 

kinematically linked north-northeast extensional faults that bound a series of deep extensional 

basins. 

Prior to the onset of contemporary transtensional deformation at 3-5 Ma, right-lateral 

deformation within the ECSZ was concentrated on the FC-FLV fault system, which initiated 

motion at ~11.6 Ma (Mueller et al., 2016a; Mueller and Oldow, 2017).  During this time period, 

~22 km of a total 45-50 km of right-lateral displacement occurred along the FC-FLV fault 

system and was transferred to the central Walker Lane via a structural stepover.  The Miocene to 

Pliocene structural stepover, known as the Silver Peak – Lone Mountain (SPLM) extensional 

complex, linked the FC-FLV fault system with transcurrent faults in the central Walker Lane via 

a shallowly northwest-dipping detachment fault (Oldow, 1992; Oldow et al., 1994, 2008; Oldow 

et al., 2009). Northwest directed transport on the detachment created extensional and transcurrent 

faults in the upper plate of the SPLM extensional complex that soled into the detachment and 

controlled deposition of Miocene to Pliocene volcanic and sedimentary rocks in spatially 

restricted basins (Oldow et al., 2003, 2009).  Large magnitude extension within the stepover 
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exhumed metamorphic tectonites within the lower plate of the SPLM extensional complex and 

was accompanied by 20-30° of clockwise vertical-axis rotation in rocks found in both the upper 

and lower plates (Petronis et al., 2002, 2007, 2009; Oldow et al., 2008).  The SPLM extensional 

complex remained active into the Pliocene when high-angle faults related to the onset of 

transtensional deformation cross-cut the detachment beginning ~4 Ma (Oldow et al., 2008; Ng et 

al., 2017). 

Further complicating the geologic history of the Fish Lake Valley region is the 

recognition that multiple phases of extensional faulting and basin formation have controlled the 

distribution of rock sequences throughout the late Cenozoic.  The physiographic expression of 

modern day Fish Lake Valley formed in response to transtensional deformation along the FLV 

fault zone and kinematically linked structures since the middle Pliocene but is superposed onto 

earlier periods of basin formation that began in the early Miocene.  A complete section of the 

rocks composing the basin-fill are exposed in the adjacent ranges surrounding Fish Lake Valley.  

Prior to the initiation of motion on the FC-FLV fault system, a belt of west-northwest to east-

west trending half-grabens formed in the region under north-south extension from the early to 

middle Miocene (Kerstetter et al., 2013, 2016; Kerstetter, 2018).  These half-grabens were 

controlled by a series of west-northwest to east-west-striking master faults that accumulated up 

to 2 km of ash-flow tuffs, andesite flows, and lahar deposits.  The west-northwest faults were 

reactivated during northwest directed extension from the middle Miocene to the early Pliocene, 

and together with kinematically linked north-northeast faults, localized the deposition of volcanic 

and sedimentary rocks in several fault-bounded basins within the upper plate of the SPLM 

extensional complex (Oldow et al., 2003, 2009).  The most recent episode of basin formation is 
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related to contemporary transtensional deformation that, within Fish Lake Valley, is recorded by 

synextensional deposition of thick accumulations of interbedded sandstone, mudstone, and 

conglomerate along the Fish Lake Valley fault zone and kinematically linked structures 

bounding northeastern Fish Lake Valley (Mueller et al., 2016a, 2016b).  Unraveling the 

distribution of basin filling sequences in the subsurface of Fish Lake valley is critical to 

assessing the geometry and history of displacement of the fault array that bounds and internally 

dissects the basin. 
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GEOLOGY OF THE FISH LAKE VALLEY REGION 

Surface Morphology 

 Fish Lake Valley of western Nevada and eastern California is an elongated northwest-

trending basin surrounded by mountain ranges and is locally subdivided in the north by a low 

topographic high.  The basin is between 5 and 8 km wide in the south and stretches north for 

nearly 80 km where the valley broadens to 20 km wide in the north (Fig. 2.2).  The elevation of 

the basin floor decreases from south to north from 1580 m to 1470 m, over a distance of 50 km.  

The northern parts of the basin are divided into a western and eastern arm by the Volcanic Hills 

at an elevation of 1650 m.  The western arm of the valley floor sits at an elevation of 1550 m 

whereas the eastern arm of the valley sits at an elevation of around 1450 m. 

 The highlands surrounding Fish Lake Valley consists of the Horse Thief Hills and White 

Mountains to the west, the Volcanic Hills to the north, the Silver Peak Range and Palmetto 

Mountains to the east, and the Sylvania Mountains to the south (Fig. 2.2).  The Horse Thief Hills 

at an elevation of 1700 m are composed of a subdued ridge of bedrock that forms the 

southwestern flank of the valley.  To the north, the elevation of the White Mountains climbs 

from 2000 m in the south to 4100 m in the north over a distance of 55 km.  The elevation of the 

northern-most White Mountains abruptly decreases from around 3900 m to between 2500 – 2200 

m, where the physiography becomes more subdued.  The northern White Mountains connect 

with a 40 km long, east-west trending belt of hills that forms the northern margin of Fish Lake 

Valley at a relatively constant elevation of 2000m.   This belt of subdued topography forms the 

northern Volcanic Hills, and in the east, the northern part of the Silver Peak Range.  The Silver 

Peak Range and Palmetto Mountains form the eastern boundary of Fish Lake Valley, and reach 
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elevations of between 2000 – 2700 m, and 1800 – 2800 m, respectively.  To the south, the 

Sylvania Mountains rise to an elevation of 2400 m, and forms the southeastern margin of the 

valley. 

 

Fault Geometry 

 An array of northwest-striking faults bounds the eastern and western flanks of the 

southern and central parts of Fish Lake Valley and ramifies into west-northwest, north-

northwest, north-northeast, and east-northeast faults at the north end of the valley (Fig. 2.2). In 

the southern and central segments of the valley, the faults have a long continuous expression in 

the west but are discontinuous in the east. The western margin is characterized by the steep 

topography of the White Mountains, which contrasts dramatically with the relatively subdued 

physiography of the western Silver Peak Range and Palmetto Mountains in the east. In the north, 

the valley broadens with a prismatic morphology and is bounded on the west and east by west-

northwest and north-northeast faults, respectively, and exposes north-south faults in the center of 

the depression.   

 The faults in the southern and central segments of the valley differ along the western and 

eastern margins of the topographic depression (Fig. 2.2). The western flank is marked by a 

system of two sub-parallel fault strands separated by about 1 km. The western fault strand 

separates bedrock from basin-fill deposits and has well developed triangular facets in Mesozoic 

granitoids and Proterozoic to Paleozoic clastic and carbonate rocks of the footwall. The eastern 

strand of the western fault system lies completely within basin-fill deposits and is characterized 

by profound fault-scarps, that reach heights of over 80 m. The scarps are more or less 
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continuously developed for the entire length of the Horse Thief Hills and White Mountains.  The 

western fault array is stepped left (to the west) by 1 to 2 km at two locations 15 and 35 km north 

from the southern end of the basin. In contrast to the faults along the western margin of the 

valley, the morphology of the faults along the eastern flank of the valley vary substantially along 

strike. In the southern and central segments of the valley, the faults are often buried, and scarps 

are poorly preserved and laterally discontinuous. With few exceptions, preserved scarps separate 

bedrock and basin-fill units and in a few instances occur as 1 to 2 m scarps in alluvium. For the 

most part, the eastern faults in this area are best expressed by splays within bedrock exposures.  

 Surface expressions of faults that cross the southern and central segments of the valley 

are preserved in two locations (Fig. 2.2). In the south, west-northwest to northwest trending 

scarps cross the valley from the Sylvania Mountains to the boundary between the Horse Thief 

Hills and southern White Mountains. A few isolated scarps in alluvium with north-northeast and 

east-northeast trends are exposed in the center and eastern sides of the valley about 3 km north of 

the west-northwest scarps. In the northern part of the central segment of Fish Lake Valley, north-

northeast faults form a belt of anastomosing structures about 2 km wide (east-west) and 5 km 

long (north-south) just east of the central depression of the valley (Fig. 2.2).  

 The northern segment of Fish Lake Valley is underlain by a complex array of faults that 

divide the northern part of the valley into western and eastern domains, separated by a north-

northwest striking fault, referred to here as the Volcanic Hills fault, stretching north from the 

axis of the central segment of the valley (Fig. 2.2). The north-northwest fault is well exposed in 

the northern Volcanic Hills, where it is marked by a Holocene scarp, and is approximately 

located along the western margin of the southeastern Volcanic Hills, where its trace is obscured 
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by windblown sand. The southern segment of the fault is expressed by scarps in alluvium 

southwest of the Volcanic Hills and to the south the continuation of the structure is largely 

concealed by young alluvium and playa deposits. In the western domain, faults typically have 

west-northwest and east-northeast strikes that cut through bedrock exposures of Cenozoic and 

pre-Cenozoic rocks. In the eastern domain, faults strike east-northeast and north-northeast, 

forming long trace-length structures bordering and cross-cutting the lowest parts of the valley. A 

network of four major fault zones cut the basin and form the western range front of the Silver 

Peak Range (the Emigrant Peak fault zone). 

 The prominent northwest-striking faults traced along the length of and forming the 

western margin of southern and central Fish Lake Valley persist for about 15 km into the 

northern segment of the valley (Fig. 2.2). In the northern segment of the valley, the surface 

expression of the northwest striking faults is progressively subdued along strike to the north. 

Fault-scarp heights decrease from a maximum of about 40 m in the south and become 

discontinuous scarps in alluvium 5 to 10 m high in the north. At the northern end of the western 

fault zone, the structure is characterized by a horsetail array of splays. Some of the structures 

pass into and cross the northern White Mountains as a zone of west-northwest trending faults 

that stretch along strike for 20 km, where they intersect east-northeast striking faults bounding 

Queen Valley (Fig. 2.2). A parallel system of west-northwest striking faults marks the transition 

between the White Mountains and the Volcanic Hills farther to the north. These faults are part of 

a network of structures up to 2 km wide that stretch about 20 km northwest from the northern 

part of Fish Lake Valley. The two west-northwest fault systems bound the topographically 

subdued part of the northern White Mountains and form a structural block about 10 km wide. 
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The structural block is internally segmented by three east-northeast fault zones up to 1 to 3 km 

wide that connect the west-northwest fault systems (Fig. 2.2). To the east, north-northeast to 

east-northeast striking splays emanate from the northwest-trending western fault zone and make 

a conspicuous network of alluvial scarps discontinuously exposed across to the center of the 

valley (Fig. 2.2).  

 Faults along the eastern margin of northern Fish Lake Valley are much more prominent 

than those of the southern and central segments of the valley. The range-front topography of the 

adjacent mountains is abrupt and fault scarps between basin-fill units and bedrock are prevalent 

(Figs. 2.2 and 2.3). The topographic axis of northern Fish Lake valley has an arcuate trace that 

trends east-northeast in the south and changes orientation to north-northeast to the north.  The 

eastern boundary of the valley is marked by a curvilinear fault zone along the western margin of 

the Silver Peak Range, known as the Emigrant Peak fault zone. The fault zone is mapped for 30 

km and trends east-northeast, north-northwest, and thence north-northeast from south to north. 

The fault separates basin fill deposits and bedrock in the south, where scarps are typically buried 

by canyon outwash. Along the central and northern segments of the fault, which trends north-

northeast, the structure is defined by a nearly continuous scarp up to 30 m high.  

 The northern terminus of Fish Lake Valley is an east-west trending ridge of bedrock 

underlying the northern Volcanic Hills (Fig. 2.2). The eastern 15 km of the ridge is composed of 

Paleozoic clastic and carbonate rocks overlain both unconformably and structurally by early 

Miocene ash-flow tuff of the Icehouse Canyon assemblage (Fig. 2.3).  The western 25 km of the 

topographic high does not expose Paleozoic strata and is underlain by Cenozoic volcanic and 

sedimentary rocks of the Coyote Hole Group. The ridge is bounded and cut by an anastomosing 
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belt of east-northeast striking faults between 2 and 4 km wide that composes the Coaldale fault 

zone (Stewart, 1988).  

 A few faults are recognized within northern Fish Lake Valley. In the south, a fault cutting 

alluvial and playa deposits lies near the eastern flank of the depression and trends north-northeast 

for about 11 km. In the central part of the valley, the fault merges with the fault along the eastern 

flank of the southeastern Volcanic Hills. A curved fault bounds the eastern side of the playa 

underlying the northern part of northern Fish Lake Valley and merges with the western basin-

bounding fault (Fig. 2.2).  

 The internal structure of the mountain ranges forming the eastern and western margins of 

Fish Lake Valley differ substantially in geometry. In the southwest, the Horse Thief Hills are cut 

by a bedrock fault that parallels the structural boundary with Fish Lake Valley (Fig. 2.2).  At the 

transition between the Horse Thief Hills and White Mountains, north-northeast faults that bound 

Deep Springs Valley merge with the northwest structures of the Fish Lake Valley fault zone (Fig. 

2.2; Reheis, 1992; Reheis and Dixon, 1996; Reheis and Sawyer, 1997). For most of the White 

Mountains, the footwall to the Fish Lake Valley fault zone, is relatively intact. A major cross 

fault, striking west-northwest, cuts across the central White Mountains segmenting the range into 

two structural blocks. As outlined above, the northern White Mountains are separated from the 

higher parts of the range by a west-northwest striking fault zone that is part of the northern 

termination of the Fish Lake Valley fault zone. In contrast to the western ranges, the structure of 

the eastern margin of Fish Lake Valley is much more complex. Two major west-northwest fault 

zones, the Sylvania Mountain fault system and the Palmetto Mountain fault zone intersect 

southern and central Fish Lake Valley, respectively (Fig. 2.2). The west-northwest striking faults 
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are major left-lateral structures that are traced for 60 to 70 km to the east.  The Sylvania 

Mountains fault system serves as a structural link between the southern Fish Lake Valley fault 

zone and extensional structures underlying Lida Valley to the east (Dunn et al., 2015). The 

Palmetto Mountain fault zone is a structural link between the central Fish Lake Valley fault zone 

(Mueller et al., 2013. 2014) and structures that occur within and along the flanks of Clayton 

Valley and Jackson Wash to the east (Katopody and Oldow, 2015; Katopody et al., 2016). The 

eastern boundary of the northern segment of Fish Lake Valley exposes the most complicated 

structure in the region. A series of west-northwest faults, many of which have contemporary 

activity, formed during early to middle Miocene north-south extension and accommodated the 

development of deep half-graben basins filled with tuff, andesite and volcaniclastic sedimentary 

rocks (Kerstetter et al., 2013, 2016). The structures were reactivated in the late Miocene to 

Pliocene and controlled deposition of sedimentary and volcanic rocks in the upper-plate of the 

Silver Peak – Lone Mountain extensional complex (Figs. 2.2 and 2.3; Oldow et al., 1994; 2003; 

2009). 

 

Stratigraphy 

 The ranges surrounding Fish Lake Valley expose late Proterozoic to early Paleozoic 

metasedimentary rocks of the western North American miogeocline, arc-related Mesozoic 

detrital and plutonic rocks, and upper Cenozoic volcanic and sedimentary rocks that are 

separated from deep sedimentary basins by systems of high-angle faults (Figs. 2.2 and 2.3).  The 

stratigraphy of all units is well exposed in the highlands that border Fish Lake Valley, and is 

divided into pre-Cenozoic rocks, forming the basement for deposition of later units, and a 
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Cenozoic section composed of three major unconformably-bounded sequences of sedimentary 

and volcanic rocks in the north and two in the south, ranging in age from the early Miocene to 

late Quaternary. 

 

Pre-Cenozoic Rocks 

 Proterozoic to Jurassic layered and intrusive rocks dominate exposures of the ranges 

surrounding Fish Lake Valley and form the basement to late Cenozoic volcanic and sedimentary 

deposition in the region (Fig. 2.3).  Proterozoic to Paleozoic carbonate and siliciclastic rocks, up 

to 12 -15 km thick, are part of the miogeoclinal succession of western North America (Albers 

and Stewart, 1972; Bally, 1989; Oldow et al., 1989; Burchfiel et al., 1992) that records the 

history of continental break-up and development of a passive margin that initiated in the 

Precambrian.  Miogeoclinal rocks were deformed in the Devonian when argillite, chert, and 

carbonate rocks residing in the upper plate of the Roberts Mountain thrust system were thrust 

eastward over the western continental margin (Roberts et al., 1958; Oldow, 1984; Oldow et al., 

1989; Burchfiel et al., 1992).  Minor amounts of Mesozoic clastic rocks are preserved along the 

western flank of the White Mountains and represent part of a marginal back-arc basin that was 

constructed on earlier Paleozoic units (Oldow et al., 1989; Burchfiel et al., 1992).  The 

Proterozoic to Mesozoic layered rocks are intruded by Jurassic to Cretaceous aged plutons 

ranging in age from 175 to 85 Ma (McKee and Nash, 1967; McKee and Nelson, 1967; Albers 

and Stewart, 1972). 
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Cenozoic Rocks 

 Rocks of the Cenozoic section rest unconformably above pre-Cenozoic units exposed in 

the ranges surrounding Fish Lake Valley and are composed of three major volcanic-sedimentary 

sequences in the north and two in the south, separated by a major west-northwest trending 

structural boundary, the Palmetto Mountains fault system.  In the north, the oldest Cenozoic 

sequence (C1) is known as the Icehouse Canyon assemblage (Oldow et al., 2009) and is 

composed of volcanic flows and lahars ranging in age from early to middle Miocene (23 – 15 

Ma).  In the south, the oldest Cenozoic sequence is composed of middle Miocene (15.5 – 11.6 

Ma) volcanic flows and sedimentary rocks of the Cucomungo Canyon assemblage (Mueller et 

al., 2016a).  Middle to upper Miocene (13 – 6 Ma) volcanic and sedimentary rocks of the Coyote 

Hole Group (C2) unconformably overly the Icehouse Canyon assemblage in the northern regions 

surrounding Fish Lake Valley, but no comparable sequence of rocks exists to the south of the 

Palmetto Mountains fault zone.  The youngest stratigraphic sequence of rocks (C3) is known as 

the Fish Lake Valley assemblage (Oldow et al., 2009), and is present in both the northern and 

southern regions of Fish Lake Valley where it is composed of sedimentary rocks locally 

interleaved with volcanic flows and is dated from the Pliocene to the Quaternary (5 – <0.760 

Ma). 

 The oldest Cenozoic succession consists of volcanic rocks that make up the Icehouse 

Canyon assemblage in the north, and the Cucomungo Canyon assemblage in the south (Fig. 3).  

The basal part of the Icehouse Canyon assemblage is composed of crystal-rich rhyolite ash-flow 

tuff dated by K-Ar as 21.5 – 22.8 Ma (Robinson et al., 1968).  The tuff is unconformably 

overlain by interbedded andesite flows and lahar dated elsewhere in the region by K/Ar at 19 to 
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15 Ma.  The thickness of the Miocene volcanic rocks varies dramatically over the northern part 

of the region and is due in part to accumulation in east-west trending half-grabens active at that 

time (Kerstetter et al., 2013, 2016).  The tuff, andesite, and lahar flows are not found to the south 

of the Palmetto Mountains fault system, but rocks of the same general age as the Miocene 

andesite flows in the north are assigned to the Cucomungo Canyon assemblage in the south.  

Here, the Cucomungo Canyon assemblage is composed of middle Miocene ash-flow tuffs and 

overlying basalt flows interleaved with tuffaceous sedimentary rocks that sit unconformably 

above pre-Cenozoic basement rocks.  Ash-flow tuffs and basalt flows have been dated using 

40Ar/39Ar geochronology at ~15.3 Ma to 11.5 Ma and are exposed over a large region of 

southern Fish Lake Valley.  Basalt flows show a relatively constant thickness of 10 to 15 meters 

and are found on mountain tops and in valleys with elevations differing by over a kilometer and 

suggests that little or no topography existed during deposition of the unit. 

 Middle to upper Miocene sedimentary and volcanic rocks assigned to the Coyote Hole 

Group (Oldow et al., 2009) are exposed in areas north of the Palmetto Mountains fault system 

but are absent to the south (Fig. 3).  The Coyote Hole Group consists of a lower sedimentary 

section composed of interbedded shale, sandstone, and conglomerate (C2a) that passes upwards 

into a vertical succession of air-fall tuff, volcaniclastic sediments, and ash-flow tuff (C2b).  The 

lower sedimentary succession (C2a) varies dramatically in thickness across the Silver Peak 

Range, from less than 10 m to greater than 2,000 meters thick and yields K/Ar dates from 

interbedded tuff found near the base of the section of 11-13 Ma.  Rocks consisting of the 

volcanic dominated upper section (C2b) vary in thickness across the region from around 15 

meters thick to several hundred meters thick, and range in age from ~6 – 7 Ma.  The thickness 
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and lithology of Coyote Hole Group rocks varies substantially across the area due to activity on 

syndepositional faults active during northwest-directed extension in the Silver Peak – Lone 

Mountain extensional complex (Oldow et al., 2009). 

 The youngest upper Cenozoic stratigraphic sequence is the Fish Lake Valley assemblage 

(Oldow et al., 2009), which is exposed throughout Fish Lake Valley where it is composed of 

interbedded mudstone, sandstone, and conglomerate.  In the north, the Fish Lake Valley 

assemblage sits unconformably above rocks of the Coyote Hole Group exposed along the 

western range front of the northern Silver Peak Range and is composed of a succession of 

mudstone, sandstone, and conglomerate, locally interleaved with basalt flows dated at 3.76 ± 

0.04 Ma (Oldow et al., 2009), that passes upwards into a succession of interbedded coarse-

grained sandstone and boulder conglomerate (Fig. 3 and 10).  In southern Fish Lake Valley, 

exposures of the Fish Lake Valley assemblage within Willow Wash consist of arkosic 

sedimentary rocks that sit unconformably above volcanic and sedimentary deposits of the 

Cucomungo Canyon assemblage.  Here the Fish Lake Valley assemblage is composed of a basal 

member consisting of sandstones and pebble conglomerates, two middle members composed of 

silty mudstones and fine-grained sandstones, and an upper member composed of coarse-grained 

sandstones and boulder conglomerates.  Numerous tephra deposits are found interbedded 

throughout the Fish Lake Valley assemblage in both the north and south and bracket the age of 

the unit to ~4.2 Ma to less than .760 Ma (Reheis et al., 1991; Reheis and Sawyer, 1997; Knott et 

al., 1999, 2008; Sarna-Wojcicki et al., 2005).  The Fish Lake Valley assemblage, where exposed, 

varies in thickness from around 700 meters in the northern and southern reaches of Fish Lake 
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Valley, and based on analysis of gravity data, is interpreted to reach thicknesses of up to 1.8 km 

in the sub-surface of the valley (Mueller et al., 2014, 2016b).   

 The regional distribution of stratigraphic units is summarized in Figure 2.4, which 

illustrates the difference in Cenozoic deposition in the northern and southern parts of the Fish 

Lake Valley region.  The three late Cenozoic sequences observed in the highlands surrounding 

northern Fish Lake Valley are the Icehouse Canyon assemblage (C1), the Coyote Hole Group 

(C2), and the Fish Lake Valley assemblage (C3).  In contrast, only the Cucomungo Canyon 

assemblage (C1) and the Fish Lake Valley assemblage (C3) are observed in the ranges 

surrounding southern Fish Lake Valley.  In the north, stratigraphic complexity is a consequence 

of early to middle Miocene deposition in east-west trending half-grabens formed during north-

south extension that controlled the deposition of tuffs, lahar, and andesite of the Icehouse 

Canyon assemblage. (Kerstetter and Oldow, 2016; Kerstetter et al., 2016).  Half-graben master 

faults were reactivated in the middle to late Miocene and controlled the deposition of 

volcaniclastic shale, sandstone, and conglomerate (C2a) and air-fall and ash-flow tuffs (C2b) of 

the synextensional Coyote Hole Group in fault-bounded basins localized in the upper plate of the 

Silver Peak – Lone Mountain extensional complex (Oldow et al., 2009).  Deposits of both 

sequences rest either depositionally above pre-Cenozoic basement rocks or in fault contact with 

them (Fig. 3) and are entirely restricted to regions north of the Palmetto Mountain fault system 

(Katopody 2018, Kerstetter, 2018).  South of the Palmetto Mountain fault system, rocks of the 

Icehouse Canyon assemblage and Coyote Hole Group are absent.  Instead, volcanic flows and 

sedimentary rocks of the Cucomungo Canyon assemblage sit unconformably above pre-

Cenozoic basement rocks that are exposed over a large region, both on mountain tops and in 
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valleys with elevation differences of over a kilometer, suggesting deposition on a 

topographically subdued middle Miocene landscape.  Geologic relationships observed in the 

southern end of Fish Lake Valley, within the drainage area known as Willow Wash, indicate that 

deposition of the Cucomungo Canyon assemblage was contemporaneous with right-lateral 

movement along presently inactive strands of the Furnace Creek – Fish Lake Valley fault system 

(Mueller et al., 2016a).   

 The Fish Lake Valley assemblage is exposed in the highlands in both the northern and 

southern regions surrounding Fish Lake Valley where it sits unconformably above older 

Cenozoic units (Fig. 3 and 4).  In the northern regions of Fish Lake Valley, the unit is locally 

underlain by and interleaved with basalt flows dated from 5-3 Ma that are widespread in the area, 

but no basalt flows are present within the Fish Lake Valley assemblage in southern exposures.  

In southern Fish Lake Valley, exposures of the Fish Lake Valley assemblage within Willow 

Wash consist of over 700 meters of arkosic sedimentary rocks that sit unconformably above 

volcanic and sedimentary deposits of the Cucomungo Canyon assemblage.  Deposition of the 

Fish Lake Valley assemblage occurred along syndepositional faults of the Fish Lake Valley fault 

zone and kinematically linked faults underlying northern Fish Lake Valley and signals the onset 

of contemporary transtensional deformation and basin formation in the area (Mueller and Oldow, 

2017).  
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SUBSURFACE DETERMINATION OF FISH LAKE VALLEY 

 

 

Subsurface Basin Morphology 

 Characterization of the subsurface morphology of the basin underlying Fish Lake Valley 

is based on the results of a regional gravity survey and lithologic logs from several boreholes. 

The boreholes are of limited areal extent and depth (Fig. 2.5) but provide critical information on 

the internal structure of the basin and these data are used to calibrate a density structure for the 

basin used in the gravity depth modeling. The gravity data have good spatial coverage across the 

basin (Fig. 2.6) and are the primary observations used to determine the subsurface geometry of 

structures bounding and internally dissecting the basins. 

 

Borehole Data 

 Borehole data provide critical information on the subsurface geology of the basin (Fig. 

2.5). For the most part, the borehole information comes from water wells or shallow exploration 

wells that reach depths of a few hundred meters and which do not pass through the upper part of 

the Fish Lake Valley assemblage. Fortunately, several petroleum and geothermal wells in the 

northern part of the valley penetrate into the pre-Cenozoic basement and thus intersect the entire 

Cenozoic section.  Reheis et al., (1993) summarized well data for the central and southern 

segments of Fish Lake Valley that penetrated to depths up to 262 m. They recognized 

interbedded sandstone and gravel with horizons of lacustrine sandstone and shale to the bottom 

of their wells. Based on our understanding of the regional stratigraphy derived from exposures of 

the basin-fill along the margins of the valley, the wells are restricted to the upper parts of the 

Fish Lake Valley assemblage. 
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 In northern Fish Lake valley, eight wells within and adjacent to the southeastern Volcanic 

Hills and along the western range front of the Silver Peak Range (Fig. 2.5) have depths of up to 

2.5 km and penetrate the pre-Cenozoic basement. These wells illuminate spatial variations in the 

distribution and thickness of Cenozoic volcanic and sedimentary units that make-up the basin 

fill.  Thirteen wells that do not penetrate basement are found in the northern Fish Lake Valley 

area and provide insight into the minimum depths and thicknesses of different parts of the 

Cenozoic section (Fig. 2.5). In northern Fish Lake Valley, well logs show that rocks of the Ice 

House Canyon assemblage (T1) rest on Paleozoic basement in the southeastern Volcanic Hills 

and western Silver Peak Range. The units have thicknesses of 380 to 460 m in the southwestern 

part of the study area and thin dramatically to the east and northeast. Locally the units are absent. 

Rocks of the Coyote Hole Group show substantial differential thickness in the lower sedimentary 

section (C2a; Fig. 2.5) but relatively uniform thickness for the overlying tuff (C2b). The 

sedimentary rocks at the base of the Coyote Hole Group range in thickness from at least 853 m to 

30 m in the southwest and northeast, respectively. The overlying tuff succession (C2b) is 

exposed at the surface and taken together with the lower contacts preserved in thirteen wells, 

indicates a relatively constant thickness of between 300 m to 350 m across the area. 

 

Observed Gravity 

 The subsurface geometry of Fish Lake Valley was determined by analysis of gravity data. 

Both existing proprietary data (provided by Fish Lake Valley Power) and data freely available 

from the Pan American Center for Earth Studies (PACES) were combined with 2,459 

measurements collected by faculty and graduate students from The University of Texas at Dallas 
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to give a data coverage of ~3,500 stations (Fig. 2.6). A series of gravity transects were carried 

out, where measurements were made at a nominal spacing of 300 m. In most transects, data were 

collected using all-terrain vehicles, but for some transects, data were acquired on foot. 

The data were collected using two Scintrex CG-5 gravimeters and positioning for the stations 

was determined using dual-frequency Leica GS10 GNSS receivers. The gravity values for each 

station are the average of three series of 60 one-second measurements. All measurements are 

referenced to a common base station which was reoccupied both at the beginning and at the end 

of each field day.  The gravity base station, located in northeastern Fish Lake Valley, was 

referenced to the National Geodetic Survey Gravity Reference Base Station 0455-1, located at 

the Tonopah airport 8 miles east of Tonopah, Nevada. GNSS data were collected in real time 

kinematic (RTK) mode and were post-processed in Leica GeoOffice.  All stations were located 

in an Earth Centered Earth Fixed (ECEF) frame controlled by the Continuous Observation 

Reference System (CORS) maintained by the National Geodetic Survey (NGS). The base station 

in Fish Lake Valley has a position of Latitude: 37° 52’ 4.384698‖, Longitude: 117° 58’ 

6.337383‖, Height: 1421.519 m with a maximum uncertainty of 0.018 m (±0.011) and was used 

to transform all field observations into the ECEF frame. 

 The gravity data were used to compute a complete Bouguer anomaly (CBA) by 

combining our data with 72,645 regional stations downloaded from PACES (Fig. 2.7). All 

observed values were reduced using the standards established by the U.S. Geological Survey 

(Hildebrand et al., 2002) and the Standards/Format Working Group of the North American 

Gravity Database Committee (Hinze et al., 2003) for Bouguer computation using the spreadsheet 

by Holom and Oldow (2007). The computations are based on ellipsoidal heights, which were 
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determined directly from the GNSS for our stations. For all other data sources (PACES and Fish 

Lake Valley Power) orthometric heights were transformed to ellipsoidal using the NGS National 

Oceanic and Atmospheric Administration program Geoid09. Consistency between our 

measurements and those of the other surveys was determined by reoccupying 26 pre-existing 

stations, which yielded a misfit of between -0.4 and 2.8 mGals. Gravity data were terrain 

corrected using an algorithm developed by Dr. John Ferguson at the University of Texas at 

Dallas and combined with terrain and height corrected PACES and proprietary data. The 

Bouguer anomaly computation used a reduction density of 2.67 g/cm3. 

 A residual Complete Bouguer anomaly (RCBA) was computed for the region (Fig. 2.8).  

The irregularly spaced CBA values were gridded using a minimum curvature cubic spline 

algorithm with no tension; all points were honored. The Mickus et al. (1991) technique was used 

to remove the regional trends from the CBA by differencing the interpolated data produced both 

with and without the data from Fish Lake Valley and surrounding basins, leaving a residual 

gravity signature attributed to the basin fill.  In Fish Lake Valley, the 0 mGal contour broadly 

coincides with the basin/bedrock interface, but occasionally extends up to 7 km into the ranges 

where data coverage is lacking. 

 The RCBA shows that Fish Lake Valley is underlain by several distinct gravity lows 

separated by relative highs that segment the basin into multiple sub-basins (Fig. 2.8).  Southern 

and central Fish Lake Valley are underlain by two prominent northwest-trending gravity lows 

that attain maximum RCBA values of -18.5 and -17.5 mGals, respectively.  These two sub-

basins are separated by a northwest-trending relative high in the RCBA of -13.5 mGals.  To the 

north, northern Fish Lake Valley is underlain by multiple gravity lows that are separated from 
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central Fish Lake Valley by a relative high of -8 mGals (Fig. 2.8).  Beneath the western domain 

of northern Fish Lake Valley, a sub-basin bounded by the Volcanic Hills fault reaches a 

maximum negative anomaly of -21 mGals.  The eastern domain of northern Fish Lake Valley, 

situated between the western Silver Peak Range and southeastern Volcanic Hills, is underlain by 

a southern and northern sub-basin that attain maximum gravity anomalies of -29 and -26 mGals, 

respectively, separated by a -22 mGal relative high.  A west-northwest-trending continuation of 

the gravity low underlying the northern sub-basin is present beneath the southeastern Volcanic 

Hills where a maximum negative anomaly of -24.5 mGals is observed beneath volcanic rocks of 

the upper Coyote Hole Group (C2b) present at the surface (Fig. 2.8). 

 

Depth Inversion 

 The RCBA computed for Fish Lake Valley was inverted to depth in 3-dimensions using 

the Geosoft Oasis Montaj GM-SYS 3D modeling software 

(http://www.geosoft.com/products/gm-sys/gm-sys-3d-modelling), which is based on the Parker-

Oldenburg method (Oldenburg, 1974).  Densities for the basin fill were established using 

borehole measurements in wells that penetrated Paleozoic basement rocks in northern Fish Lake 

Valley and from the residual gravity anomaly computed over the basin.  Using the Litinsky 

method (1989), an effective density of 2.4 g/cm
3
 for the undifferentiated basin fill was calculated 

for Fish Lake Valley.  The inversion process requires that the RCBA surface be upward 

continued to the highest elevation within the basin to establish a common datum for computation 

(Henderson and Cordell, 1971), which corresponds to a maximum height of 460 m above the 
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valley floor.  Upward continuation resulted in a maximum loss to the RCBA signal of 3.25 

mGals. 

 The depth inversion model bears a strong resemblance to the RCBA produced for Fish 

Lake Valley and indicates that basement highs divide the subsurface into multiple sub-basins 

(Fig. 2.9).  The southern and central parts of Fish Lake Valley are underlain by elongate 

northwest-trending deeps of 1,900 m and 1,750 m, respectively, separated by a relative high of 

1,300 m.  Sub-basin underlying northern Fish Lake Valley are separated from the northwest-

trending lows of central and southern Fish Lake Valley by a basement high between 650 and 900 

m deep.  A 2,150 m deep sub-basin underlies thin alluvial deposits in the western reaches of 

northern Fish Lake Valley, whereas the sub-basins beneath the eastern region of northern Fish 

Lake Valley are underlain by a 3.0 km and 2.7 km deep basement in the south and north, 

respectively.  The west-northwest-trending low seen in the RCBA beneath the southeastern 

Volcanic Hills is underlain by a 2.6 km deep basement. 

 

Subsurface Architecture 

 The subsurface morphology of Fish Lake Valley reflects the geometry of faults bounding 

and within the valley that control the distribution of deep structural basins.  Major gradients seen 

in the RCBA and depth inversion correspond to mapped faults and are used to infer the locations 

and facings of subsurface faults that show little to no surface expression.  The subsurface of Fish 

Lake Valley is divided into southern and northern domains which display major variations in 

gravity signatures and depths to basement.  The southern domain underlies the central and 

southern parts of Fish Lake Valley and is characterized by steep gradients and relatively deep 
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basement elevations.  The northern domain underlies the entirety of northern Fish Lake Valley 

and is itself separated into western and eastern sub-domains divided by a north-northwest 

boundary seen in the RCBA and depth inversion model. 

 The southern domain of Fish Lake Valley underlies the southern and central parts of the 

valley and is characterized by two elongated northwest-trending negative gravity anomalies that 

correspond to two sub-basins with depths to basement of 1.9 km and 1.75 km in the south and 

north, respectively (Figs. 2.8 and 2.9).  The southern sub-basin is bounded to the west by a steep 

northeast-facing gradient that trends northwest and is localized along the Fish Lake Valley fault 

zone.  The eastern flank of the gravity and basement low shows a shallower southwest-facing 

gradient and is interpreted to correspond to a series of northwest-trending faults that drop the 

basement down to depths of 1.9 km.  To the north, the deepest part of southern Fish Lake Valley 

steps up to a depth of 1300 m along a northwest-trending high before dropping down to a depth 

of 1.75 km underlying the sub-basin beneath central Fish Lake Valley.  This central sub-basin is 

flanked on the west by moderate northeast-facing gradients in the RCBA and depth inversion 

that coincides with the Fish Lake Valley fault zone.  The eastern margin of the basement low is 

bounded by a steep southwest-facing gradient that is interpreted as a series of antithetic 

northwest-trending faults that step the basement down to depths of 1.75 km.  The segmentation 

of this part of the valley between the southern and central sub-basins coincides with the 

westward projection of the Palmetto Mountains fault system (Figs. 2.2, 2.8, and 2.9).   

 The northern domain, underlying the entirety of northern Fish Lake Valley, is separated 

from the northwesterly-trending basement lows of the southern domain by a northwest-trending 

relative high seen in the RCBA and depth inversion model (Figs. 2.8 and 2.9).  Internally, the 
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northern domain bifurcates into western and eastern sub-domains that are divided by a steep 

north-northwest – trending gradient that is consistent with a southward continuation of the 

Volcanic Hills fault (Figs. 2.2, 2.8, and 2. 9).  Most of the western domain is underlain by a 

shallow basement covered by a thin veneer of alluvium in the western reaches of the valley, but 

to the northeast, a modest east-facing gradient bounds the western margin of the deep sub-basin 

situated to the west of the southeastern Volcanic Hills.  This sub-basin reaches a depth of nearly 

2.2 km and is separated from the west-northwest – trending basement low beneath the 

southeastern Volcanic Hills by north-northwest – trending gravity and basement high that is 

coincident with Volcanic Hills fault.  The eastern sub-domain of northern Fish Lake Valley is 

situated to the east of the Volcanic Hills fault.  The part of the valley situated between the 

western Silver Peak Range and the southeastern Volcanic Hills is underlain by two deep sub-

basins with depths to basement of 3.0 km and 2.7 km in the south and north, respectively (Fig. 

2.9).  The southern sub-basin is prismatic in shape and is flanked on the southwest, southeast, 

and northwest sides by steep gradients in the gravity anomaly and depth inversion model.  The 

gradients on the northwest and southeast margins of the depression coincide with mapped faults 

on the surface, and the gradient on the southwest margin is consistent with a southward 

continuation of the north-northwest Volcanic Hills fault (Figs. 2.2, 2.8, and 2.9).  The northern 

sub-basin displays a circular map pattern in the RCBA and depth inversion model, with gradients 

on the east and west that do not correspond to the orientation of north-northeast faults that bound 

the western Silver Peak Range and southeastern Volcanic Hills (Figs. 2.8 and 2.9).  The sub-

basin underlying the southeastern Volcanic Hills is part of a west-northwest – trending gravity 

anomaly and basement low that reaches depths of 2.6 km in the west.  The sub-basin is separated 
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from the northern sub-basin to the east by a minor north-northeast trending basement ridge.  

West-northwest trending gradients that parallel the axis of the deep depression do not correspond 

with the orientations of faults cutting the upper part of the Coyote Hole Group (C2b) exposed at 

the surface (Figs. 2.8, 2.9, and 2.10), but rather indicate that this basin was formed prior to 

transtensional structures that control the present-day morphology of northern Fish Lake Valley. 

 

Subsurface Characterization 

 Regional geologic mapping has revealed the spatial distribution of late Cenozoic basin 

filling deposits within the bounding highlands surrounding Fish Lake Valley, and in conjunction 

with observations determined from the RCBA map and depth inversion, allows us to place 

important constraints on their distribution in the subsurface.  The pattern of negative gravity 

anomalies is created by the distribution of low-density rocks of the Fish Lake Valley assemblage 

and from the contribution of the anomaly by underlying sedimentary and volcanic units of older 

Cenozoic sequences.  The depth inversion shows the subsurface distribution of the contact 

between Cenozoic rocks comprising the basin fill and the underlying pre-Cenozoic basement in 

the areas lying beneath the valley floors and southeastern Volcanic Hills.  The same contact is 

exposed in parts of the adjacent ranges or is buried beneath late Cenozoic deposits.   

 For sub-basins underlying southern and central Fish Lake Valley, located south of the 

Palmetto Mountain fault system, the basin fill consists solely of Cucomungo Canyon assemblage 

and Fish Lake Valley assemblage deposits.  Exposures of these units within Willow Wash 

indicate that relatively minor amounts (~100 meters total) of ash-flow tuff, basalt, and 

interleaved sedimentary rocks of the Cucomungo Canyon assemblage rest directly on pre-
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Cenozoic basement rock.  These are in turn unconformably overlain by thick (>700 meters) 

accumulations of Fish Lake Valley assemblage deposits, the deposition of which was controlled 

by syndepositional right-oblique faults of the Fish Lake Valley fault zone.  Farther north, steep 

gradients in the RCBA map and depth inversion (Figs. 2.8 and 2.9) indicate that the Fish Lake 

Valley fault zone controlled the formation of the 1.9 km and 1.75 km deep sub-basins underlying 

southern and central Fish Lake Valley, respectively.  These observations suggest that the gravity 

anomaly signal for this part of Fish Lake Valley is dominated by thick sequences of Fish Lake 

Valley assemblage deposits underlying the surface, and that these deposits accumulated during 

the most recent episode of transtensional basin formation along the northwest-striking Fish Lake 

Valley fault zone since the mid-Pliocene. 

 Sub-basins underlying northern Fish Lake Valley are structurally and stratigraphically 

more complex than those underlying the central and southern parts of the valley.  Basin filling 

units are composed of volcanic and sedimentary rocks of Miocene to Quaternary age and consist 

of the Icehouse Canyon assemblage, the Coyote Hole Group, and the Fish Lake Valley 

assemblage (Figs. 2.3 and 2.10).  These rocks were deposited during multiple extensional events, 

and as such, show substantial variations in their distribution and thickness, as seen in boreholes 

that penetrate the entire Cenozoic section across northern Fish Lake Valley.   Gradients seen in 

the RCBA map and depth inversion model (Figs. 2.8 and 2.9) indicate that these units are 

localized in both northerly-trending sub-basins located beneath surficial deposits of the valley 

floor and in a west-northwest trending sub-basin localized beneath the southeastern Volcanic 

Hills.  The basin fill of both trends contributes to the negative gravity anomalies observed above 

the structural depressions beneath northern Fish Lake Valley and complicates analysis of the 
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internal geometry of the basins.  Separation of the combined gravity signal caused by 

contributions of deposits from both basin orientations is a critical concern of this paper as it is 

important to isolate the signal caused by just the latest phase of transtensional basin formation, 

and thus, a detailed examination of the surface and subsurface geology of northern Fish Lake 

Valley is expanded upon below in the following sections. 
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GEOLOGY OF NORTHERN FISH LAKE VALLEY 

 

 

 As outlined previously, the well-organized northwest-trending Fish Lake Valley fault 

zone ramifies into a horsetail-array of structures in the northern reaches of Fish Lake Valley, 

with west-northwest to east-northeast striking faults underlying the western domain of the valley 

and north-northeast and east-northeast striking faults dominating the structure of the eastern 

domain of the valley (Figs. 2 and 10).  The two structural domains are underlain by differing 

members of the Cenozoic section and are separated by the through-going north-northwest 

trending Volcanic Hills fault.  Of interest to this study is the geometry of structures underlying 

northeastern Fish Lake Valley that accommodate Pliocene to contemporary displacement 

transferred from the northwest striking Fish Lake Valley fault zone to the north-northeast 

striking Emigrant Peak fault zone, and how that displacement created the accommodation space 

for the accumulation of the Fish Lake Valley assemblage.   

 

Surface Geology and Fault Geometry 

 The highlands surrounding and within northern Fish Lake Valley expose rocks of the 

entire lower Cenozoic section that sit unconformably above Paleozoic carbonate and siliciclastic 

rocks and nonconformably above Mesozoic granitic plutons (Fig. 10).  Units of the two lowest 

Cenozoic members, the Icehouse Canyon assemblage and Coyote Hole Group, are distributed 

throughout the area, whereas deposits of the Fish Lake Valley assemblage show a more restricted 

distribution.  In the eastern domain, along the western flank of the northern Silver Peak Range 

and along the eastern flank of the southeastern Volcanic Hills, sedimentary rocks of the Fish 

Lake Valley assemblage are exposed on both sides of the valley (Fig. 10).  Within the western 
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domain, no sedimentary rocks of the Fish Lake Valley assemblage are exposed but instead are 

represented by Pliocene basalts, andesite, and rhyolite that sit in unconformably or in fault 

contact with pre-Cenozoic basement or older members of the Cenozoic section (Fig. 10). 

 Exposures of the Fish Lake Valley assemblage underlie the low hills forming the western 

part of the Silver Peak Range (Fig. 10).  Here, the Fish Lake Valley assemblage consists of a 

lower succession of interbedded volcanogenic sandstone, mudstone, and minor conglomerate 

with a thickness of about 420 meters.  Two basalt flows are exposed near the base of the section, 

where the Fish Lake Valley assemblage sits unconformably above units of the upper Coyote 

Hole group (C2b).  These basalt flows have been dated at 3.71 ± 0.01 and 3.76 ± 0.04 Ma by 

whole-rock 
40

Ar/
39

Ar geochronology (Oldow et al., 2009).  This section passes upwards into a 

~250-meter-thick succession of medium- to coarse-grained sandstone and pebble to boulder 

conglomerate.  The northern boundary of the Fish Lake Valley assemblage is defined by a west-

northwest striking fault that separates Fish Lake Valley assemblage outcrops from volcanic flows 

of the Icehouse Canyon assemblage (C1) resting unconformably above Paleozoic 

metasedimentary basement (Fig. 10).  The southern boundary of the Fish Lake Valley 

assemblage is separated from uplands to the south by a curvilinear west-northwest to east-

northeast trending fault.  Within the uplands, tuff and andesite of the Icehouse Canyon 

assemblage resting upon Paleozoic basement rocks are overlain by sedimentary and volcanic 

units of the Coyote Hole Group.  The eastern boundary of Fish Lake Valley assemblage deposits 

is defined by a north-northeast trending, down-to-the west normal fault that can be traced along 

strike for over 10 km.  The fault separates the low hills on the west underlain by the Fish Lake 

Valley assemblage from the topographically higher parts of the range to the east underlain by 
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deposits of the Coyote Hole Group in the south and pre-Cenozoic basement rocks in the north.  

The western boundary of Fish Lake Valley assemblage outcrops is defined by the western-most 

strand of the Emigrant Peak fault zone that can be traced along strike for over 15 km (Fig. 10). 

This fault separates the western margin of the Silver Peak Range from the playa and surficial 

deposits of northeastern Fish Lake Valley. 

 In the southeastern Volcanic Hills, Fish Lake Valley assemblage rocks overlie tuff of the 

upper Coyote Hole Group (C2b; Fig. 10).  Here, outcrops of the Fish Lake Valley assemblage 

are of limited exposure and are localized along the northeastern flank of the hills where they 

consist of 100-250 m of interbedded sandstone, mudstone, and conglomerate.  Exposures of the 

Fish Lake Valley assemblage are separated from the playa in northeastern Fish Lake Valley by a 

north-northeast trending fault and from Coyote Hole Group rocks in the southeastern Volcanic 

Hills to the west by a northerly striking down-to-the east fault.  Within the southeastern Volcanic 

Hills, exposures of the tuff of the upper Coyote Hole Group have a surface thickness of between 

150 to 250 m and sit above fine- to medium-grained volcaniclastic sandstones and conglomerates 

of the lower Coyote Hole Group.  Sedimentary rocks of the lower Coyote Hole Group have an 

exposed thickness of at least 500 meters within the southeastern Volcanic Hills, but the 

depositional base is not exposed.  Where the base is exposed along the southern margin of the 

northern Volcanic Hills, the lower Coyote Hole Group rests on andesite of the Icehouse Canyon 

assemblage.  

 A geometrically complex array of faults is exposed in the northeastern part of northern 

Fish Lake Valley where they mark the eastern and western boundaries of the topographic 

depression and adjacent highlands (Fig. 10).  The faults separate playas and alluvial basins in the 
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valley from bedrock exposures in the Silver Peak Range and southeastern Volcanic Hills to the 

east and west, respectively.  The eastern structural boundary is defined by the curvilinear 

Emigrant Peak fault zone that forms the range-front fault system along the northwestern Silver 

Peak Range.  The Emigrant Peak fault zone separates basin fill from bedrock and has well 

developed scarps that can be traced for over 30 km along strike, from the far western extent of 

the Silver Peak Range in central Fish Lake Valley to the northern Volcanic Hills (Fig. 10).  On 

the west side of northeastern Fish Lake Valley, the western structural boundary consists of a 

curvilinear fault system that separates basin fill of the valley from bedrock exposures of 

Cenozoic rocks in the southeastern Volcanic Hills.  The western fault system bounds the 

southern and eastern margins of the southeastern Volcanic Hills, and swings in orientation form 

east-northeast to north-northeast along strike from south to north (Fig. 10). 

 The western Silver Peak Range is deformed in a broad zone of faults that show down-to-

the west displacement belonging to the Emigrant Peak fault zone (Fig. 10).  The fault zone 

strikes east-northeast in the southwestern exposures of the range and is traced along strike for 

about 8 km to where the fault zone is truncated by a north-northwest trending zone of faults 

within the western Silver Peak Range.  These north-northwest trending faults link the east-

northeast faults to a system of 4 sub-parallel north-northeast striking faults underlying the 

northern part of the range.  Here, the north-northeast faults are distributed in a zone 3-6 km wide, 

are traced along strike for up to 20 km, and step the Cenozoic section down to the west.  To the 

north, the Emigrant Peak fault zone ramifies into a horsetail array of structures as the fault zone 

approaches east-northeast and northeast trending faults underlying the northern Silver Peak 

Range.  Farther north, northerly striking strands of the Emigrant Peak fault zone ramify into 
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north-northwest, north-northeast, and northeast strands as they intersect east-northeast striking 

faults of the Coaldale fault zone. 

 The southeastern Volcanic Hills are deformed by a system of north-northeast and east-

northeast striking faults (Fig. 10).  The hills are bounded on the east and west by north-northeast 

and north-northwest striking faults, respectively.  The northern boundary, although obscured by 

alluvial cover, is interpreted to be a major east-west trending fault as supported by the 

observation that tuffs of the upper Coyote Hole Group (C2b) underlying the southeastern 

Volcanic Hills to the south are juxtaposed against Paleozoic bedrock overlain by almost 1 km of 

lower Miocene tuff of the Icehouse Canyon assemblage (C1) to the north.  The western boundary 

of the southeastern Volcanic Hills is formed by the north-northwest striking Volcanic Hills fault 

that separates the valley into eastern and western domains.  The eastern margin of the 

southeastern Volcanic Hills is underlain by a pediment 1-3 km wide that exposes Fish Lake 

Valley assemblage rocks and is flanked on the west and east by north-northeast trending faults, 

with the eastern fault separating the pediment from alluvial and playa deposits underlying 

northeastern Fish Lake Valley.  The southern boundary of the southeastern Volcanic Hills is also 

underlain by a 2-3 km wide pediment that stretches east-northeast along the entire southern 

margin and is covered by a thin veneer of alluvium sitting above scattered outcrops of tuff of the 

upper Coyote Hole Group (C2b).  The northern boundary of the pediment is regularly concealed 

by alluvium, but discontinuously mapped for ~8 km along strike.  The southern fault has well 

defined surface breaks in alluvial deposits and corresponds with the locations of springs along 

the eastern part of the structure.   
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 Faults are not solely restricted to the eastern and western margins of northeastern Fish 

Lake Valley, but rather several faults showing a distinct physiographic expression are seen 

cutting across the basin floor (Fig. 10).  A north-northeast striking fault system stretches along 

the axis of the valley for almost 25 km.  The fault system forms the eastern margin of the 

southern playa and is traced for almost 15 km to the north where it forms the western margin of 

the northern playa.  The fault system loses its surface expression to the north and does not extend 

beyond the northern limit of the northern playa and is thought to be truncated by a concealed 

west-northwest striking fault system underlying the northeast margin of Fish Lake Valley. 

 

Subsurface Modeling of Northern Fish Lake Valley 

 To resolve the geometry and displacement history of faults controlling the most recent 

phase of basin formation within northern Fish Lake Valley, it is necessary to isolate the gravity 

signature of synextensional units deposited during transtensional deformation during the last 4 

Ma.  This is complicated by the fact that the pattern of negative gravity anomalies underlying 

northern Fish Lake Valley (Fig. 11) are not solely created by the distribution of low-density 

rocks of the Fish Lake Valley assemblage (C3), but also from the contribution to the anomaly by 

underlying units of the Coyote Hole Group (C2) and Icehouse Canyon assemblage (C1) 

deposited during earlier stages of basin formation.  Interpretation of the thickness of individual 

stratigraphic units contributing to the depressions in the underlying basement complex is based 

primarily on a grid of two-dimensional forward gravity models.  The models use a grid of 

geologic cross sections to produce a theoretical two-dimensional gravity response for 

comparison to observed gravity in the region.   
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Cross Sections and Two-Dimensional Forward Gravity Models 

 A grid of geologic cross sections, incorporating key field observations and well data, are 

constructed across northern Fish Lake Valley to better elucidate the sub-surficial fault geometry 

and thicknesses of late Cenozoic units filling the many basement depressions.  The cross sections 

facilitate the means of isolating the individual contributions made by the Icehouse Canyon 

assemblage (C1), Coyote Hole Group (C2), and Fish Lake Valley assemblage (C3) to the depth 

to basement models.  Considering that many of these basin filling units have similar densities, it 

is crucial to assess the contributions made by all the stratigraphic units to the negative RCBA 

underlying the valley.  This is emphasized by the observation that a west-northwest trending 

negative gravity low is present beneath the southeastern Volcanic Hills and predates deposition 

and deformation of the upper part of the Coyote Hole Group (C2b) exposed at the surface.  The 

eastern parts of this older basin overlap with the deep basement depression underlying 

northeastern Fish Lake Valley, which is overlain by deposits of the Fish Lake Valley assemblage 

(C3) and older members of the underlying Cenozoic section. 

 An internally consistent grid of geologic cross sections, oriented west-northwest and 

north-northeast, was produced for northern Fish Lake Valley and tested against the smoothed 

gravity field interpolated from our irregularly spaced stations (Fig. 2.13).  Cross sections are 

constructed utilizing key regional structural and stratigraphic relations and constrained in places 

by well data within northern Fish Lake Valley.  Individual stratigraphic units in the sections are 

assigned densities and a predicted gravity response curve is created from the forward modeling 

routine.  Where mismatches are recognized between the observed gravity and the predicted 

gravity responses of the geologic cross sections, revisions to the geologic models are made in an 
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iterative process until predicted gravity responses where brought into accord with the observed 

gravity.  During successive iterations of the models, changes to a single section lead to 

modifications of all crossing sections.  Where west-northwest and north-northeast section lines 

cross, internal consistency between the models is checked by requiring continuity of stratigraphic 

units and structures at their intersecting locations. 

 The 2-D forward gravity models are highly sensitive to the densities assigned to the 

individual Cenozoic rock sequences used in the sections.  Density estimates for each of the units 

(Fig. 2.14) are established by best fitting the gravity measured at several wells that drill through 

pre-Cenozoic basement.  Four wells located on the southern pediment of the southeastern 

Volcanic Hills and one well located farther east in the valley (Fig. 2.5) were used to calibrate the 

density values of the Icehouse Canyon assemblage (C1), lower and upper members of the Coyote 

Hole Group (C2a and C2b), and the Fish Lake Valley assemblage (C3).  Each well penetrates 

Paleozoic basement and differing thicknesses of the late Cenozoic units, or entirely omit parts of 

the stratigraphic section.  These lateral variations in the distribution of the late Cenozoic section 

improved the ability to determine individual densities for each of the basin filling members.  A 

geologic cross section was constructed running from east to west along the southern flank of the 

Volcanic Hills, incorporating the depths and thicknesses of the stratigraphic units encountered in 

each borehole, with the predictive gravity response tested against the observed gravity.  Densities 

values were provided for each of the units by geophysical logs surveyed in the wells and were 

used as initial estimates in the modeling.  Densities for each of the stratigraphic units used in the 

models were iteratively modified until the predicted gravity response and observed gravity were 

brought into conformity. 
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 The west-northwest oriented 2-D forward gravity models (Figs. 2.13 and 2.15; Sections 

A through E) highlight the north to south thickness changes in the Fish Lake Valley assemblage 

(C3), Coyote Hole Group (C2) and Icehouse Canyon (C1) assemblages that form the underlying 

substratum.  The Fish Lake Valley assemblage is characterized by major differences in thickness 

between the western and eastern parts of northern Fish Lake Valley, which are separated by the 

north-northwest striking Volcanic Hills fault.  East of the Volcanic Hills fault, sections A, B, C, 

and D indicate that the Fish Lake Valley assemblage is represented by thick accumulations of 

sedimentary rocks underlying the valley floor in between the southeastern Volcanic Hills and 

western Silver Peak Range (Fig. 2.15). Here, accumulations of the Fish Lake Valley assemblage 

vary in thickness from around 250 m to 500 m on the western and eastern margins of the 

topographic depression and increase in thickness to 1,200 m beneath the northern sub-basin 

(Section B) and nearly 1,800 meters in the southern sub-basin (Section D). Thick sedimentary 

deposits of the Fish Lake Valley assemblage are not present beneath the western domain of 

northern Fish Lake Valley, but rather the unit is represented by relatively thin sedimentary 

accumulations resting on age-equivalent basalt flows that increase in thickness towards the 

western range front, as best represented in sections D and E (Fig. 2.15).  The models indicate that 

the underlying substratum varies greatly beneath the Fish Lake Valley assemblage, which is 

shown to rest, in places, above all older rocks of the late Cenozoic stratigraphy.  Volcanic rocks 

constituting the upper unit of the Coyote Hole Group (C2b) show a rather consistent thickness 

from 100 to 300 meters in all sections, with greatest thicknesses exposed in the western Silver 

Peak Range (Section D and E).  Rocks of the upper Coyote Hole Group are shown to be resting 

above sections of the lower Coyote Hole Group (C2a) in both eastern and western domains in 
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Sections A through D, or where rocks the of lower Coyote Hole Group (C2a) are omitted, 

directly above rocks of the Icehouse Canyon assemblage (Section E).  Volcaniclastic 

sedimentary rocks that dominate the lower unit of the Coyote Hole Group (C2a) show dramatic 

variations in thickness, ranging from around 50 m to nearly 2000 m.  Thickest accumulations are 

in the northern reaches of Fish Lake Valley, beneath the upper units of the Coyote Hole Group 

(C2b) in the southeastern Volcanic Hills, and generally decrease in thickness to the south, before 

being omitted in Section E.  Volcanic flows and lahars of the Icehouse Canyon assemblage (C1) 

are interpreted to vary in thickness from 380 m to 460 m within all sections of northern Fish 

Lake Valley.  They typically underlie sedimentary deposits of the lower Coyote Hole Group 

(C2a) in both western and eastern domains of the valley (Sections A through C) but underlie 

basalt flows and thin sedimentary deposits of the Fish Lake Valley assemblage in the western 

parts of Section D, or directly beneath volcanics of the upper unit of the Coyote Hole Group 

(C2b), as shown in Section E (Fig. 2.15). 

 The north-northeast oriented 2-D forward gravity models (Sections F through I; Fig. 

2.15) depict north to south thickness variations in different parts of the late Cenozoic section.  

Section lines F and G highlight the geometry of the sub-basin underlying the southeastern 

Volcanic Hills, showing immense thickness changes in the lower sedimentary unit of the Coyote 

Hole Group (C2a) as steep bounding faults, sealed by volcanic rocks of the upper Coyote Hole 

Group (C2b), are crossed from north to south.  Variations in the thickness of the Fish Lake 

Valley assemblage (C3) are demonstrated in section lines G and H.  Section G shows relatively 

thin accumulations of Fish Lake Valley assemblage on the northern and southern shoulders of 

the southern sub-basin that increase drastically to 1500 m thick as basin bounding faults are 
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traversed.  Section H displays segmentation of the northern sub-basin into northern and southern 

domains with maximum thicknesses of the Fish Lake Valley assemblage of 1000 m and 1200 m, 

respectively.  The eastern most line (Section I) traverses the western parts of the Silver Peak 

Range and illustrates the profound complexity of the basin fill stratigraphy.  Here, the Fish Lake 

Valley assemblage (C3) rests directly upon units of the Ice House Canyon assemblage (C1) in 

the north, upon volcanic units of the upper Coyote Hole Group (C2b) in the center and is 

separated from older units exposed in the range to the south by a curvilinear west-northwest to 

east-northeast striking fault. 
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PLIOCENE TO RECENT FAULT DISPLACEMENT 

 

 Offset geologic markers along observed and inferred faults with Pliocene to Recent offset 

bounding Fish Lake Valley are used to estimate a displacement budget for the region and provide 

an assessment of long-term average slip rates.  Of specific interest is assessing how horizontal 

and vertical components of displacement are partitioned along the strike of the Fish Lake Valley 

fault zone, and how this displacement is accommodated along the horse tail array of structures at 

the northern end of the valley, particularly along the Emigrant Peak fault zone and structures in 

the eastern domain of northern Fish Lake Valley.  For southern and central Fish Lake Valley, the 

strike-slip and dip-slip components of displacement are measured along two transects that cross 

the Fish Lake Valley fault zone and two deepest parts of the basin, from the White Mountains 

northeastward to the Silver Peak Range.  For the strike-slip component of displacement, the 

aggregate displacement for the northwest-striking Fish Lake Valley fault zone since the middle 

Miocene is well constrained by the right-lateral offset of the Jurassic quartz monzonite of Beer 

Creek, from southern Fish Lake Valley to northern Death Valley.  Offsets of middle Miocene 

volcanic units and underlying basement along presently inactive right-lateral faults of the Fish 

Lake Valley fault zone sealed by deposits of the Fish Lake Valley assemblage provide useful 

markers to determine the Pliocene to Quaternary strike-slip component of displacement for the 

Fish Lake Valley fault zone.  The vertical component of displacement for structures bounding 

and within southern and central Fish Lake Valley is recorded by the offset of the basal 

unconformity beneath Miocene volcanic flows taken together with the depth to basement model 

based on the 3-D depth inversion of Fish Lake Valley.  The basal contact of the Miocene 

volcanic rocks are mapped across the White Mountains and Horse Thief Hills and across the 
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valley into the Silver Peak Range, where it rests at altitudes of between 1900 to 3000 m.  For the 

Emigrant Peak fault zone, no appreciable strike-slip component of displacement was directly 

measured for faults bounding and within northeastern Fish Lake Valley.  The vertical component 

of displacement for the Emigrant Peak fault zone is best constrained along faults within Sections 

B and D (Fig. 2.15) of the 2-D forward gravity models, which trend west-northwesterly from the 

Silver Peak Range through the two deepest sub-basins and into the northern White Mountains.  

The vertical offset along these structures is recorded by thickness variations of the 

synextensional Fish Lake Valley assemblage and the offset of older Cenozoic rocks taken from 

the geologic cross-section and two-dimensional forward gravity model. 

 

Displacement on Southern and Central Fish Lake Valley Faults 

 The strike-slip component of displacement on northwest faults bounding Fish Lake 

Valley is based on offset of the Jurassic quartz monzonite of Beer Creek along both active and 

inactive faults of the Fish Lake Valley fault zone.  Activity along the Fish Lake Valley fault zone 

began in the middle Miocene and has offset the quartz monzonite of Beer Creek by 45-50 km 

during two generations of activity.  First-generation faults were active during and after 

deposition of the Cucomungo Canyon assemblage in a 2-5 km wide anastomosing fault zone and 

were dominated by strike-slip displacement in a topographically subdued landscape.  Two 

distinct piercing points documents that 22 km of right-lateral displacement occurred along these 

strands prior to being sealed by deposits of the Fish Lake Valley assemblage beginning in the 

middle Pliocene.  Since then, right-oblique deformation has characterized the displacement 

history of the Fish Lake Valley fault zone, which has incurred the remaining 23-28 km of right-
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lateral offset on the quartz monzonite of Beer Creek and developed the modern-day 

physiography of the region.  Therefore, the part of the fault zone that bounds the southernmost 

sub-basin in southern Fish Lake Valley has experienced 23-28 km of strike-slip displacement.  

North of the offset Jurassic pluton, the magnitude of strike-slip displacement accrued along the 

Fish Lake Valley fault zone becomes less certain as fault systems intersecting the Fish Lake 

Valley fault zone to the west and east feed displacement onto and take displacement away from 

the total magnitude of strike-slip recorded along this part of the fault zone, respectively. 

 The vertical component of displacement across structures bounding and within southern 

and central Fish Lake Valley is determined from the offset of the basal unconformity beneath 

middle Miocene volcanic flows.  A range of vertical offsets is given for this part of the Fish Lake 

Valley fault zone due to the possibility that an offset marker at its present location and elevation 

may have been translated right-laterally from its initial position and elevation by a considerable 

degree.  In the low hills to the west of southern Fish Lake Valley the elevation of the erosion 

surface ranges from ~1700 m in the Horse Thief Hills to ~2350 m on Chocolate Mountain to the 

northeast of Deep Springs Valley.  Across this part of the Fish Lake Valley fault zone along the 

range front, the base of the volcanic rock section is estimated to lie 1900 m below the 1500 m 

elevation of the valley floor.  The volcanic flows reemerge on the eastern margin of Fish Lake 

Valley where they sit on granitic basement at an elevation of ~1700 m.  The aggregate vertical 

displacement along southern Fish Lake Valley is ~4.2 to 4.9 km.  The vertical component of 

displacement across structures bounding central Fish Lake Valley may be estimated from offset 

of the basal unconformity beneath Miocene volcanic rocks exposed in the White Mountains and 

Silver Peak Range.  In the White Mountains, the elevation of the erosion surface rests at 
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elevations of 2,540 m in the southern White Mountains up to elevations of ~3,000 m on Tres 

Plumas Flat and Perry Aiken Flat.  The erosion surface steps down across the western strand of 

the Fish Lake Valley fault zone to an elevation of 1700 m along the range front.  Across the 

eastern strand of the Fish Lake Valley fault zone, the erosion surface is estimated to be at an 

elevation of 1,750 m below 1,450 m elevation of the valley floor.  The volcanic flows are 

stepped back up to an elevation of ~1,900 m in the western Silver Peak Range.  The aggregate 

vertical displacement along the central part of Fish Lake Valley is ~5.0 km to 5.5 km.   These 

results indicate that displacement is partitioned along the southern and central Fish Lake Valley 

fault zone, with strike-slip to dip-slip ratios of ~4:1 to ~7:1. 

 

Displacement on Northeastern Fish Lake Valley Faults (Emigrant Peak Fault Zone) 

 In between the western Silver Peak Range and southeastern Volcanic Hills, no strike-slip 

estimates of displacement were directly measured along faults within and bounding northeastern 

Fish Lake Valley.  Instead, faults of the Emigrant Peak fault zone bounding the western Silver 

Peak Range and faults on the eastern and southern margins of the southeastern Volcanic Hills 

show dip-slip dominated displacement.  Minimum estimates of vertical displacement recorded 

along basin bounding structures comes from thickness variations in the synextensional Fish Lake 

Valley assemblage deposited during Pliocene to Quaternary basin formation, and within the 

bounding highlands, from the exposed thickness of Fish Lake Valley assemblage rocks exposed 

along syndepositional faults.  Vertical offsets determined in Section D (Figure 2.15) of the grid 

of two-dimensional forward modeling of gravity data (Fig. 2.13) provide upper bounds for the 

estimate of the vertical displacement that occurs along high-angle faults that bound and 
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internally dissect northeastern Fish Lake Valley.  Farther north, Section B provides a lower 

bound for an estimate of the vertical displacement budget along faults bounding the northeastern 

part of the basin. 

 The upper bounds of vertical displacement along faults bounding northeastern Fish Lake 

Valley are constrained by thickness variations of the synextensional Fish Lake Valley 

assemblage within the basin determined along Section D of the two-dimensional forward gravity 

models, and by geologic observations in the bounding highlands.  Section D stretches from the 

western Silver Peak Range across northeastern Fish Lake Valley to the foothills of the northern 

White Mountains.  The section crosses the southern sub-basin that houses the thickest 

accumulation of Fish Lake Valley assemblage deposits in northeastern Fish Lake Valley.  

Vertical offsets along faults in this section are estimated by the thickness the of Fish Lake Valley 

assemblage deposited along syndepositional structures bounding and within the basin, and by the 

thickness of Fish Lake Valley assemblage rocks synextensionally deposited farther southeast in 

the Silver Peak Range.  Of interest to this study are the vertical offsets along faults located to the 

west of the Volcanic Hills fault, which Section D crosses near the western extent of the line.  

Faults bounding the western Silver Peak Range and the eastern margin of the southern sub-basin 

beneath northeastern Fish Lake Valley strike N20E as they cross Section D, with modeled dips 

of 55-65 degrees to the northwest.  Faults bounding the northern margin of the sub-basin strike 

N75E and intersect Section D at shallow angles, with modeled apparent dips in between 60-65 

degrees southeast. Vertical offsets along faults bounding the southern sub-basin located in 

between the Volcanic Hills fault and the western Silver Peak Range front total 3.2 km of vertical 

displacement.  Not shown in Section D but mapped in the western Silver Peak Range to the 
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southeast, a northeast striking array of active and inactive faults steps the entire Cenozoic section 

up towards the central Silver Peak Range (Fig. 2.10), with the eastern most fault bounding a 425 

m thick stack of Fish Lake Valley assemblage rocks.  Adding the vertical offset from this 

syndepositional fault to the amount determined along Section D within the basin gives an 

aggregate vertical component of displacement of 3,625 m for faults bounding northeastern Fish 

Lake Valley. 

 Farther north, lower bounds of vertical displacement along faults bounding northeastern 

Fish Lake Valley are estimated using Section B of the two-dimensional forward gravity models.  

Section B stretches west-northwest from the western Silver Peak Range across the valley floor 

underlain by the northern sub-basin, and into the eastern margin of the southeastern Volcanic 

Hills.  As before, vertical offsets along faults bounding this part of northeastern Fish Lake Valley 

are constrained by thickness variations of the synextensional Fish Lake Valley assemblage.  

Along the profile, the entire Cenozoic section and underlying Paleozoic basement are stepped 

down into a keystone morphology along a series of 5 north-northeast striking extensional faults 

of the Emigrant Peak fault zone and 3 antithetic faults bounding the eastern border of the 

southeastern Volcanic Hills.  In the eastern parts of Section B, the 5 north-northeast striking 

faults of the Emigrant Peak fault zone have modeled dips ranging from 55-65 degrees northwest, 

and show a cumulative vertical offset of 1,420 m, with the greatest offset of 640 m occurring 

along the western-most strand of the Emigrant Peak fault zone.  On the western side of the sub-

basin, 3 antithetic faults bounding the southeastern Volcanic Hills are modeled striking north to 

north-northeast with dips of 70 degrees southeast, that show a cumulative vertical offset of 800 

m.  Combined vertical offsets along these faults amount to 2,220 m. 



 
 

114 

Timing Constraints 

 Although right-lateral deformation along the Fish Lake Valley fault zone is well 

documented to have initiated in the middle Miocene, the formation of modern day Fish Lake 

Valley did not begin until the contemporary episode of transtensional deformation began in the 

Pliocene.  Since then, the Fish Lake Valley fault zone has picked up a significant component of 

dip-slip motion and has been characterized by right-oblique displacement that, together with the 

inception of faulting along the kinematically linked Emigrant Peak fault zone, has resulted in the 

opening of Fish Lake Valley.  To determine long-term average slip rates along the Fish Lake 

Valley and Emigrant Peak fault zones, estimates of displacement, based on the offset of geologic 

markers discussed above, are combined with the best estimate for the age of inception of 

extensional faulting within Fish Lake Valley. 

 Several lines of evidence indicate that extensional deformation within the Fish Lake 

Valley region began contemporaneously in both the north and south at around 4 Ma.  Thick 

accumulations of the synextensional Fish Lake Valley assemblage began being deposited along 

the Fish Lake Valley and Emigrant Peak fault zones in the middle Pliocene.  In southern Fish 

Lake Valley, multiple tephra layers found interbedded within the late Cenozoic section have 

been directly correlated or dated within Willow Wash and are used to constrain the timing of 

deposition of this thick detrital sequence.  Here, over 700 meters of Fish Lake Valley assemblage 

deposits sit unconformably above Cucomungo Canyon assemblage rocks that contain tephra 

layers tentatively correlated to the ~5.2 Ma Pinole Tuff (Reheis et al., 1991).  The oldest tephra 

deposit interbedded within the overlying Fish Lake Valley assemblage that has thus far been 

directly dated in Willow Wash gives an age of 3.34 ± 0.01 Ma, but to the south, a tephra layer 
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found at the base of the section sitting directly above the unconformity with the underlying 

Cucomungo Canyon assemblage has been correlated to the ~4.2 Ma Tuff of Artist’s Drive (Knott 

et al., 1999, 2008).  Along the Emigrant Peak fault zone, basalt flows found interbedded with 

sedimentary deposits near the base of the Fish Lake Valley assemblage have been dated at 3.76 ± 

0.04 Ma (Oldow et al., 2009).  Along the eastern side of the White Mountains in northern Fish 

Lake Valley, the thickness and distribution of a sequence of basalt and rhyolite flows, dated at 

4.01 ± 0.03 Ma to 3.88 ± 0.02 Ma, are controlled by north to northwest trending faults of the Fish 

Lake Valley fault zone (Stockli et al., 2003).  These flows sit unconformably above a thick 

sequence of andesitic volcanic rocks dated at 5.05 ± 0.02 Ma to 4.60 ± 0.03 Ma.  Stockli et al. 

(2003) indicate that the inception of faulting postdates the deposition of the andesite unit, with 

individual fault displacements becoming greatly reduced upwards towards the overlying contact 

with the 3.0 Ma Davis Mountain Andesite.  Therefore, the preferred age of initiation for 

extensional faulting along structures bounding and within Fish Lake Valley is 4.01 Ma ± 0.03 

Ma, the oldest age of synextensional deposits that were controlled by right-oblique strands of the 

Fish Lake Valley fault zone. 

 

Long-term Average Slip Rates 

 Long-term average slip rates were calculated based upon the best estimates for the total 

magnitude of offset along the Fish Lake Valley and Emigrant Peak fault zones combined with 

the best estimate for the age of initiation of extension in the region of ~4 Ma.  For the part of the 

Fish Lake Valley fault zone from southern Fish Lake Valley to northern Death Valley, 23-28 km 

of right-lateral displacement has occurred since 4 Ma, yielding a long-term average right-lateral 
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slip rate of 5.75 – 7 mm/yr.  This long-term slip rate agrees remarkably well with the late 

Pleistocene slip rate of 6.1 + 1.3/-1.0 mm/yr measured along the same part of the fault zone at 

Cucomungo Canyon by Frankel et al. (2011).  Vertical offsets along faults bounding the southern 

and central parts of Fish Lake Valley occurred concurrently with right-lateral displacements 

since the middle Pliocene, and indicate 4.2 – 5.5 km of vertical displacement ensued since 4 Ma 

at a long-term average rate of 1.05 – 1.375 mm/yr.   

 Vertical offsets on faults bounding the northeastern margin of Fish Lake Valley within 

the past 4 Ma give estimates for the long-term average slip rate along the Emigrant Peak fault 

zone, which here includes faults along the northwestern margin of the Silver Peak Range and 

faults bounding the southeastern margin of the Volcanic Hills.  The total magnitude of vertical 

offset along these faults comes from a transect stretching from the western Silver Peak Range 

across the deepest part of the valley, and into the southeastern Volcanic Hills, parallel to Section 

D of the two-dimensional forward models, and indicates a total of 3,625 m.  Combining this 

offset with the 4 Ma initiation of extension yields a long-term average vertical slip rate of ~0.9 

mm/yr. 
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DISPLACEMENT TRANSFER FROM THE FISH LAKE VALLEY FAULT ZONE TO 

THE EMIGRANT PEAK FAULT ZONE 

 

 

 Right-oblique displacement along the Fish Lake Valley fault zone has, in part, been 

transferred to extensional faults bounding northeastern Fish Lake Valley in a releasing right-step 

since the middle Pliocene and has led to the opening of northeastern Fish Lake Valley as a pull-

apart basin.  The pull-apart basin is bounded on the east by the Emigrant Peak fault zone and on 

the west by synthetic faults bounding the southeastern Volcanic Hills.  The magnitude of right-

oblique displacement transferred from the Fish Lake Valley fault zone is directly proportional to 

the amount of horizontal extension accommodated along extensional faults bounding and within 

northeastern Fish Lake Valley (Oldow, 1992; Lee et al., 2009).  To calculate the total amount of 

horizontal extension accommodated by faults within northeastern Fish Lake Valley, the 

magnitude of displacement along faults bounding the deepest parts of the valley, determined 

above, were used. 

 To calculate the amount of horizontal extension along a fault requires knowing several 

components of fault displacement.  Principle components include the fault strike, the dip of the 

fault, the primary extension direction, and at least one estimate of fault displacement, from which 

all other components of fault displacement can be calculated.  Strike information for faults 

bounding northeastern Fish Lake Valley are readily available from the geologic map.  Geologic 

cross sections and two-dimensional forward models provide the dips of the faults and estimates 

of vertical offset.  Combining this data with the regional direction of extension of N60-70°W, 

determined from Katopody (2018), allows for the derivation of the horizontal component of 

extension for each structure.  As a first step to calculating the horizontal extension, vertical offset 
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(V) along a fault must be converted to its horizontal component of movement normal to the 

strike (DHC; heave) using the equation: 

 

DHC = V/tan(Θ).  (1) 

 

where Θ = the dip of the fault.  Once the heave of the fault is known, the horizontal extension 

can be calculated using the amount of heave and the acute angle between the strike of the fault 

and the azimuth of the regional extension direction (Φ) using the equation: 

 

HE = DHC/sin(Φ).  (2) 

 

 Utilizing equations 1 and 2, horizontal extension across the deepest transtensional sub-

basin was estimated using vertical offsets determined in Section D and farther east in the Silver 

Peak Range to determine the amount of displacement transferred from the Fish Lake Valley fault 

zone to the Emigrant Peak fault zone and faults underlying northeastern Fish Lake Valley.  

Faults along the eastern side of the transect strike on average N20°E and have dips ranging from 

55°- 65°, and faults on the west strike on average N75°E with dips ranging from 60°- 65°, that 

record a cumulative vertical offset of 3,625 m.  Upper and lower bounds for horizontal extension 

were calculated for each fault, that when summed together give the total magnitude of 

displacement transferred from the western side of Fish Lake Valley to the northeast.  The 

maximum cumulative amount of horizontal extension obtained was 2,967 m that occurred when 

the fault dips were 55°-60° and the angle between the strike of the fault and the extension 
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direction was minimalized.  The minimum amount of cumulative horizontal extension obtained 

was 1,945 m that occurred when faults dipped 65° and the angle between the strikes of the faults 

and the extension direction were maximized.  These results indicate that at least 2 -3 km of right-

lateral displacement have been transferred off the Fish Lake Valley fault zone to faults bounding 

and within northeastern Fish Lake Valley since contemporary transtensional deformation began 

in the mid-Pliocene. 
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DISCUSSION AND CONCLUSIONS 

 

 This study presents estimates of the three-dimensional geometry of basins underlying 

Fish Lake Valley, the stratigraphy of the basin filling units, and the geometry and displacement 

history of faults bounding and dissecting Fish Lake Valley.  More importantly, it places 

constraints on the Pliocene to Recent displacement budget along the Fish Lake Valley fault zone 

and kinematically linked structures which accommodate displacement transfer from the northern 

Eastern California Shear Zone to structures in the central Walker Lane.  

 

Pliocene to Recent Displacement History Along the Fish Lake Valley Fault Zone 

 The late Quaternary displacement history for the Fish Lake Valley fault zone and its 

southern continuation, the Furnace Creek fault system (FC-FLV), has been well studied over the 

past several decades (Sawyer, 1990; Brogan et al., 1991; Reheis and Dixon, 1996; Reheis and 

Sawyer, 1997; Frankel et al., 2007a, 2007b, 2011; Ganev et al., 2010; Renik and Christie-Blick, 

2013) but studies of the longer term (millions of years) faulting history of the region are scarce 

(Reheis and McKee, 1991; Reheis and Sawyer, 1997).  Results from this study, together with 

ongoing research in the area, place new constraints on the Pliocene to Recent faulting history 

along the Fish Lake Valley fault zone and explores some of the implications pertaining to how 

displacement is transferred amongst fault systems in the northern Eastern California Shear Zone 

and ultimately onto structures underlying the central Walker Lane. 

 Exposures within the Cucomungo Canyon restraining bend reveal that two generations of 

faulting along the FC-FLV fault system record a protracted history of right-lateral and vertical 

deformation that began in the middle Miocene and continues into the present and provide the 
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means to assess the long-term slip-rates along the FC-FLV fault system (Mueller et al., 2016a).  

The total magnitude of right-lateral displacement along the northern FC-FLV fault system is well 

constrained at 45-50 km by offset of the Jurassic quartz monzonite of Beer Creek, from southern 

Fish Lake Valley to northern Death Valley (McKee, 1968; Reheis and McKee, 1991; Renik and 

Christie-Blick, 2013).  First-generation faults of the FC-FLV fault system were dominated by 

strike-slip deformation that accommodated 22 km of right-lateral displacement from ~11.6 Ma to 

~4 Ma at a long-term average slip rate of ~2.9 mm/yr (Mueller et al., 2016a).  Presently active 

second-generation strands of the FC-FLV fault system initiated in the middle Pliocene during the 

current episode of transtensional deformation and controlled the deposition of the Fish Lake 

Valley assemblage (C3) that completely seal first-generation faults.  Since this time, the FC-FLV 

fault system has been dominated by right-oblique displacement and has accrued the remaining 

23-28 km of right-lateral offset at a long-term average slip-rate of 5.75 – 7 mm/yr (Mueller et al., 

2016a). 

 The right-oblique displacement that began in the middle Pliocene continues north into 

Fish Lake Valley.  Gravity modeling indicates that vertical displacements of 4.2 to 5.5 km along 

observed and inferred faults bounding and within the southern and central parts of the valley 

have taken place at a long-term average post-Pliocene vertical slip rate of 1.05 – 1.375 mm/yr, 

nearly an order of magnitude greater than the 0.1 -0.3 mm/yr post-late Miocene vertical slip rate 

determined by Reheis and Sawyer (1997) along the same part of the fault zone.  These results 

indicate that for the last ~4 Ma, displacement along the Fish Lake Valley fault zone may be 

partitioned into strike-slip and dip-slip components of displacement with ratios of ~4:1 to 7:1, 

consistent with previous studies of late Quaternary fault offsets undertaken along the Fish Lake 
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Valley fault zone that indicate strike-slip to dip-slip ratios ranging from 3:1 up to 13:1 (Sawyer, 

1990; Reheis and Sawyer, 1997; Ganev et al., 2010).  The well-organized Fish Lake Valley fault 

zone that bounds the southern and central parts of the valley gradually loses its strong 

geomorphic expression to the north where displacement is instead distributed onto a fanned array 

of west-northwest, northwest, north-south, and north-northeast trending faults that form a horse-

tail array of structures underlying northern Fish Lake Valley (Sawyer, 1990; Reheis and Sawyer, 

1997).  Some of this displacement is taken up by the Emigrant Peak fault zone and structures that 

bound and internally dissect a series of deep sub-basins underlying northeastern Fish Lake 

Valley.  Gravity modeling has revealed that 3,625 m of vertical offset has accrued along these 

faults since deposition of the Fish Lake Valley assemblage began ~4 Ma at a long-term average 

vertical slip rate of ~0.9 mm/yr, which is nearly twice as fast as those determined by Reheis and 

Sawyer (1997) of 0.2-0.5 mm/yr along the Emigrant Peak fault zone since the mid-Pliocene. 

 Along strike variations in late Pleistocene slip-rates are well documented along the trace 

of the FC-FLV fault system from central Death Valley to northern Fish Lake Valley. Taking into 

consideration the great number of kinematically linked fault systems mapped to the west and east 

of the FC-FLV fault system, these along strike variations in slip-rate are to be expected and 

depending upon the history of slip of adjacent fault systems, may vary with time.  Along the FC-

FLV fault zone in central Death Valley, workers have noted that the magnitude of northwest-

directed extension is far more pronounced on the western side of the fault system than on the 

eastern side (Wright and Troxel, 1970).  Unlike the relatively coherent structural block forming 

the highlands to the east of the Furnace Creek fault system, the highlands to the west are 

dissected by a distributed array of north-northeast trending extensional faults that initiated with 
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the modern regime of transtensional deformation beginning ~4 Ma. The north-northeast 

extensional faults transfer displacement from the Panamint Valley – Hunter Mountain – Saline 

Valley and Owens Valley – White Mountains faults systems across the intervening valleys and 

mountain ranges to the FC-FLV fault system.  Late Pleistocene slip rates are highest along the 

central segment of the fault (Fig. 2.1), stretching from Furnace Creek, California to southern Fish 

Lake Valley, Nevada.  In the central Death Valley area, the fault has a slip rate of 2.1 +0.5/-0.4 

mm/yr at South Mud Canyon that increases to the north to 4.3 +0.5/-0.6 mm/yr at Red Wall 

Canyon (Frankel et al., 2007a).  Farther north the slip-rate increases to the highest estimate of 6.1 

+1.3/-1.0 at Cucomungo Canyon within the Sylvania Mountains (Frankel et al., 2011).  The 

south to north increase in late Pleistocene right-lateral slip rate from ~2.1 mm/yr to ~6.1 mm/yr 

along this part of the fault system (Frankel et al., 2007a, 2011) is consistent with a progressive 

increase in cumulative extension within the structural block located to the west of the FC-FLV 

fault system.  Along the Fish Lake Valley part of the fault zone, the rate decreases to 3.1 +0.5/-

0.4 mm/yr at Furnace Creek (Frankel et al., 2007b) and to 3.3 +0.7/-0.1 mm/yr and Perry Aiken 

Creek (Ganev et al., 2010).  Farther north at Indian Creek, a late Pleistocene slip rate of 2.5 

+0.4/-0.3 mm/yr is provided by Frankel et al. (2007b) and a Holocene slip rate of 2.2 +0.8/-0.6 

mm/yr is determined by Frankel et al. (2011).  Although there is a pronounced spatial 

discrepancy in late Pleistocene slip rates along strike of the Fish Lake Valley fault zone from 

south to north, right-lateral slip rates appear to have remained temporally constant along certain 

segments of the Fish Lake Valley fault zone where determined over differing time scales.  Along 

the Cucomungo Canyon section of the Fish Lake Valley fault zone, the post-4 Ma long-term 

average right-lateral slip rate of 5.75 -7 mm/yr is in remarkable agreement with the 6.1 +1.3-1.0 
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mm/yr short-term slip rate averaged over the last 40 ka (Frankel et al., 2011; Mueller et al., 

2016a).  Along the far northern segment of the Fish Lake Valley fault zone at Indian Creek, the 

late Pleistocene slip rate of 2.5 +0.4/-0.3 mm/yr averaged over the last ~70 ka is almost identical 

to the Holocene slip rate of 2.2 +0.8/-0.6 mm/yr averaged over the last ~6 ka (Frankel et al., 

2007b, 2011).  These observations suggest that strain accumulation and release may have 

remained temporally constant along individual segments of the Fish Lake Valley fault zone from 

the mid-Pliocene to the Holocene.  Decreases in late Pleistocene to Holocene slip rate at the 

northern extent of the Fish Lake Valley fault system would therefore reflect active transfer of 

displacement to adjacent structures (Oldow, 1992; Oldow et al., 1994, 2008; Reheis and Sawyer, 

1997; Frankel et al., 2011; Foy et al. ,2012; Dunn et al., 2015). 

 

Displacement Transfer Along the Fish Lake Valley Fault Zone 

 As the FC-FLV fault system terminates in northern Fish Lake Valley, displacement on 

the Fish Lake Valley fault zone is transferred to a system of northwest striking transcurrent faults 

in the central Walker Lane.  Consequently, the total magnitude of right-lateral displacement, as 

well as the corresponding right-lateral slip rate, decreases from south to north as displacement is 

incrementally transferred off the Fish Lake Valley fault zone.  The manner in which 

displacement has been transferred off of the Fish Lake Valley fault zone has changed over time 

(Oldow et al., 2008).  From the mid-Miocene to the Pliocene, displacement transfer from the 

Fish Lake Valley fault zone to northwest striking faults of the central Walker Lane was 

accommodated via a shallowly northwest dipping detachment fault that underlies the Silver Peak 

– Lone Mountain extensional complex (Oldow et al., 1994, 2008, 2009).  Northwest directed 
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transport on the detachment created extensional and transcurrent faults that soled into the 

detachment and controlled the deposition of Coyote Hole Group rocks in spatially restricted 

basins.  Activity on the Silver Peak – Lone Mountain extensional complex ceased in the mid-

Pliocene when younger faults related to contemporary transtensional deformation cut across the 

detachment.  Therefore, the south to north decrease seen in late Quaternary right-lateral slip rates 

along the Fish Lake Valley fault zone must be accommodated by younger structures.   

 Several workers have postulated that modern-day displacement along the Fish Lake 

Valley fault zone is taken up by a series of northeast striking extensional structures underlying 

Lida Valley and Clayton Valley to the east of Fish Lake Valley (Figs. 2.2 and 2.16; Hoeft and 

Frankel, 2010; Frankel et al., 2011; Foy et al., 2012; Dunn et al., 2015), but a kinematic 

connection between these structures and the Fish Lake Valley fault zone was not established 

until now.  Recent geologic mapping and gravity analysis have identified new structural links 

between the Fish Lake Valley fault zone and major west-northwest trending left-oblique fault 

systems exposed in the ranges to the east that accommodate active displacement transfer to faults 

of the central Walker Lane (Oldow and Geissman, 2013; Katopody et al., 2013; Kerstetter et al., 

2013; Mueller et al., 2014; Dunn et al., 2015).  These left-oblique transcurrent faults, called the 

Sylvania Mountain fault system in the south (Dunn et al., 2015) and the Palmetto Mountain fault 

system in the north (Katopody, 2018), transfer displacement east for up to 70 km and then 

northward to the central Walker Lane along several kinematically linked north-northeast 

extensional faults that bound and dissect a number of transtensional basins.   

 The Sylvania Mountain fault system forms the structural link between the southern Fish 

Lake Valley fault zone and northeast-trending extensional structures within Lida Valley.  The 
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Sylvania Mountain fault system marks the southern boundary of Lida Valley and trends west-

northwest through the Sylvania Mountains to where it enters southern Fish Lake Valley from the 

east.  Within southern Fish Lake Valley, the Sylvania Mountains fault system curves to the 

northwest where it bounds the western margin of the 1.75 km deep sub-basin determined from 

the gravity modeling and merges with the eastern strand of the Fish Lake Valley fault zone.  

Horizontal extension determined along faults within Lida Valley indicates that ~1.5 km of right-

lateral displacement has been transferred from the Fish Lake Valley fault zone via the Sylvania 

Mountain fault system (Fig. 2.16; Dunn et al., 2015).   

 To the north, the west-northwest Palmetto Mountain fault system forms the structural link 

between the central Fish Lake Valley fault zone and northeast trending structures bounding and 

within Clayton Valley and Jackson Wash to the east.  The left-oblique Palmetto Mountain fault 

system trends west-northwest within the Palmetto Mountains and marks the southern boundary 

from which the northeast-striking normal faults bounding Clayton Valley and Jackson Wash 

emanate.  Within Fish Lake Valley, gravity modeling from this study indicates that the Palmetto 

Mountain fault system continues west and bounds the southern and northern margins of the 1.9 

km deep sub-basin underlying central Fish Lake Valley.  Left-steps in the trace of the western 

strand of the Fish Lake Valley fault zone correspond to the intersections of the west-northwest 

strands of the Palmetto Mountains fault system as they impinge upon the western basin 

boundary, that are named from south to north, the Palmetto Mountains fault zone and the 

Earthquake Dome fault zone (Katopody, 2018; Mueller et al., 2014).  Minor restraining bends 

that are expressed as thrust faults within basement rocks (Reheis et al., 1995) formed in response 

to kinematically coordinated deformation along both the Fish Lake Valley fault zone and 
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Palmetto Mountains fault system at their intersections.  Horizontal extension determined along 

the Palmetto Mountains fault system and kinematically linked northeast striking faults indicates 

that ~5 km of right-lateral displacement has been transferred from the Fish Lake Valley fault 

zone to faults of the central Walker Lane in the last 3-5 Ma (Fig. 2.16; Katopody, 2018). 

 In addition to displacement transfer on structures mapped to the east of the Fish Lake 

Valley fault zone, a significant component of displacement is accommodated by the horse-tail 

array of structures underlying northern Fish Lake Valley.  Within the western domain of northern 

Fish Lake Valley, some of the displacement is distributed onto an active array of west-northwest 

and east-northeast trending faults that pass into and bound the southern and northern margins of 

the topographically subdued northern White Mountains (Fig. 2.10).  The southern west-

northwest fault system separates pre-Cenozoic basement rocks to the south from late Cenozoic 

volcanic rocks to the north, stretches along strike for 20 km to where it intersects the north-

northeast striking Queen Valley fault at high-angle, and corresponds with a 2 km right-step in the 

active range-front of the northwestern White Mountains.  The northern west-northwest fault 

system is traced along strike for 20 km forming the northern boundary between the White 

Mountains and the Volcanic Hills and intersects the Coaldale fault system at high-angle.    

Farther east, a series of north-northeast to east-northeast faults cutting alluvium splay from the 

Fish Lake Valley fault zone and connect with the north-northwest Volcanic Hills fault.  The 

Volcanic Hills fault continues to the north where it cuts Quaternary alluvium and Pliocene basalt 

flows and merges with the Coaldale fault system, transferring some of the displacement to 

central Walker Lane via the Mina deflection.  Within the eastern domain of northern Fish Lake 

Valley, displacement is relayed from the Fish Lake Valley fault zone in the southwest to 
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structures bounding northeastern Fish Lake Valley via a releasing right-step.  West-northwest 

directed extension on east-northeast and northeast striking faults resulted in the formation of 

deep extensional basins within the hanging wall of the Emigrant Peak fault system.  Estimates of 

horizontal extension accommodated by faults underlying northeastern Fish Lake Valley indicate 

that ~3 km of right-lateral displacement has been transferred from the Fish Lake Valley fault 

zone in the last ~4 Ma (Fig. 2.16).  Displacement along the Emigrant Peak fault zone and 

structures bounding northeastern Fish Lake Valley is then passed north and east into the Mina 

deflection along a horse-tail array of structures in the northern Silver Peak Range and eastern 

Volcanic Hills. 

 The progressive south to north transfer of right-lateral displacement away from the Fish 

Lake Valley fault zone onto kinematically linked structures is attendant by a decrease in the rate 

of right-lateral slip along the Fish Lake Valley fault zone, and is reflected in the late Pleistocene 

slip-rates determined within Fish Lake Valley (Fig. 2.16; Frankel et al., 2007b; Ganev et al., 

2010; Frankel et al., 2011).  A decrease in right-lateral slip rate of ~3 mm/yr is indicated along 

the Fish Lake valley fault zone from Cucomungo Canyon (~6 mm/yr) in southern Fish Lake 

Valley to the alluvial fan at the mouth of Furnace Creek (~3 mm/yr) in central Fish Lake Valley.  

However, the only presently defined fault system intervening between these two locations that 

transfers displacement away from the Fish Lake Valley fault zone is the Sylvania Mountain fault 

system.  As the Sylvania Mountain fault system intersects the Fish Lake Valley fault zone from 

the east in southern Fish Lake Valley, it carries away 1.5 km of right-lateral displacement (Fig. 

2.16).  If displacement transfer along the Sylvania Mountain fault system started concurrently 

with the onset of contemporary transtensional deformation ~4 Ma, then this would indicate a 
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decrease in right-lateral slip rate of only <.4 mm/yr.  Several factors may account for this 

apparent discrepancy of ~2.6 mm/yr in the slip-rate budget between the southern to central parts 

of the Fish Lake Valley fault zone.  The magnitude of horizontal extension calculated from 

gravity modeling along northeast-trending faults that bound and dissect Lida Valley may 

underestimate the total amount of displacement that has been transferred along the Sylvania 

Mountain fault system.  Presently unidentified fault systems located in between the Sylvania 

Mountain fault system and the Palmetto Mountain fault system could potentially transfer some of 

the right-lateral displacement off the Fish Lake Valley fault zone, which would help to decrease 

the slip-rate discrepancy between the two locations.  An even more feasible explanation may lie 

in the fact that the late Quaternary slip-rates reported along the Fish Lake Valley fault zone may 

have been drastically underestimated at their respective locations (Frankel et al., 2007b; Ganev et 

al., 2010; Frankel et al., 2011, and references therein), perhaps even by a factor of two, as it is 

unlikely that all of the right-lateral slip was captured in their analysis, with the possible exception 

of the Cucomungo Canyon site where most right-lateral displacement along the Fish Lake Valley 

fault zone is concentrated onto a single strand.  Therefore, of the 23-28 km of right-lateral 

displacement that enters southern Fish Lake Valley, a total combined estimate of slightly less 

than 10 km of right-lateral displacement has been transferred off the Fish Lake Valley fault zone 

and onto the Sylvania Mountain fault system, the Palmetto Mountain fault system, and the 

Emigrant Peak fault system in the last 4 Ma (Fig. 2.16).  This would contribute to a decrease in 

the right-lateral slip rate of ~2.5 mm/yr along the Fish Lake Valley fault zone, from Cucomungo 

Canyon to ~6 km north of Perry Aiken Creek.  This leaves a remaining 13-18 km of right-lateral 
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displacement to be accommodated by the horse-tail array of structures underlying northwestern 

Fish Lake Valley (Fig. 2.16). 
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APPENDIX 

 

 

Figure 2.1.  Physiographic map of the northern Eastern California Shear Zone.  Black lines are 

late Cenozoic high-angle faults.  Green circles are late Pleistocene slip-rate locations along the 

Furnace Creek – Fish Lake Valley fault system (Frankel et al., 2007a, b; 2011; Ganev et al., 

2010) and numbers in white are right-lateral slip-rates.  Inset map shows tectonic domains of the 

western Great Basin and Sierra Nevada. 
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Figure 2.2.  Shaded relief map of the Fish Lake Valley region.  Physiographic provinces are 

named in white and major fault systems are named in yellow.  Black lines are late Cenozoic 

high-angle fault systems.  CV, Clayton Valley; DSV, Deep Springs Valley; DV, Death Valley; 

EPFZ, Emigrant Peak Fault Zone; EV, Eureka Valley; FCFS, Furnace Creek Fault System; FLV, 

Fish Lake Valley; FLVFZ, Fish Lake Valley Fault Zone; HTH, Horse Thief Hills; LV, Lida 

Valley; PM, Palmetto Mountains; PMFS, Palmetto Mountains Fault System; SM, Sylvania 

Mountains; SMFS, Sylvania Mountains Fault System; VH, Volcanic Hills; VHF, Volcanic Hills; 

WM, White Mountains.  
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Figure 2.3.  Geologic Map of the Fish Lake Valley region. 
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Figure 2.4.  Stratigraphic correlation diagram for the Fish Lake Valley region depicting south to 

north differences in lithology and timing relationships. 
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Figure 2.5.  Locations of boreholes in northern Fish Lake Valley depicting correlated 

stratigraphic units in the subsurface. 
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Figure 2.6.  Gravity Station map of Fish Lake Valley and surrounding regions.  Stations shown 

in red are from the University of Texas at Dallas.  Stations shown in yellow are proprietary data 

provided by Fish Lake Valley Power.  Stations shown in black are from the Pan American 

Center for Earth & Environmental Studies.  
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Figure 2.7.  Bouguer Anomaly map of the Fish Lake Valley area showing major gravity 

gradients contoured at 5 mGal intervals.  Black lines depict late Cenozoic high-angle faults, and 

red lines depict low-angle detachment faults.  
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Figure 2.8.  Residual complete Bouguer anomaly map of the Fish Lake Valley region contoured 

at 2 mGal intervals.  Black lines depict late Cenozoic high-angle faults, and red lines depict low-

angle detachment faults.  
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Figure 2.9.  Depth to basement map of the Fish Lake Valley region contoured at 250 m intervals.  

Black lines depict late Cenozoic high-angle faults, and red lines depict low-angle detachment 

faults.  
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Figure 2.10.  Geologic map of northern Fish Lake Valley. 
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Figure 2.11.  Residual complete Bouguer anomaly map of northern Fish Lake Valley contoured 

at 2 mGal intervals.  Black lines depict late Cenozoic high-angle faults, and red lines depict low-

angle detachment faults. 
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Figure 2.12.  Depth to basement map of northern Fish Lake Valley.  Black lines depict late 

Cenozoic high-angle faults, and red lines depict low-angle detachment faults. 
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Figure 2.13.  Geologic map of northern Fish Lake Valley showing locations of 2-Dimensional 

forward gravity models. 
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Figure 2.14.  Table of densities used for 2-dimensional forward modeling of gravity data, with 

generalized description of lithologic units. 
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Figure 2.15.  Two-dimensional forward gravity models along sections A - I in northern Fish 

Lake Valley.  Unit colors and densities from Figure 2.14.  Profile name shown at top of section 

correspond to naming convention used in Figure 2.13.  Block dots and solid black line show the 

correspondence between the observed and calculated gravity along the section line.  Black dots 

are observed gravity values, solid black line corresponds to calculated gravity response.  Letters 

correspond to where section line cross each and are used as a check on the internal consistency 

of the models.  Black squares correspond to well control from Figure 2.5. 
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Figure 2.15 Continued. 

 

Figure 2.15 Continued. 

 

Figure 2.15 Continued.  
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Figure 2.15 Continued. 

 

Figure 2.15 Continued. 
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Figure 2.15 Continued. 

 

Figure 2.15 Continued. 
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Figure 2.15 Continued. 
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Figure 2.16.  Geologic Map of the Fish Lake Valley region illustrating the south to north 

decrease in both the total magnitude of Pliocene to Recent right-lateral displacement and late 

Pleistocene slip rates along the Fish Lake Valley fault zone.  Shown in yellow is the total 

magnitude of right-lateral displacement that enters Fish Lake Valley since the middle Pliocene.  

Shown in white are the locations where late Pleistocene slip rates have been determined (Frankel 

et al., 2007b, 2011; Ganev et al., 2010).  Shown in blue are the best estimates of displacement 

transferred away from the Fish Lake Valley fault zone to the east on the (from south to north) 

Sylvania Mountain, Palmetto Mountain, and Emigrant Peak fault systems.  Shown in peach is the 

total amount of right-lateral displacement that remains on the Fish Lake Valley fault zone north 

of documented displacement transfer systems.  CC, Cucomungo Canyon; FC, Furnace Creek; IC, 

Indian Creek; PAC, Perry Aiken Creek. 
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