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Abstract

Geologic mapping provides structural and stratigraphic observations which lead to
new insights into the magnitude, timing, and rate of Cenozoic extensional tectonism
in the Death Valley region of the Basin and Range province in the western United
States. Detailed mapping of the Grapevine Mountains, in northeastern Death Valley,
yields new information on the structural evolution of the Titus Canyon anticline, a
west-vergent fold of the Cordilleran thrust belt. The Grapevine Mountains contain
the longest exposure of west-vergent folding in the Death Valley region, and detailed
mapping supports previous interpretation of this structure as a piece of a single, later-
ally continuous fold, whose extensionally dismembered fragments form a key marker
in reconstructions of Basin and Range extension. Such an interpretation suggests
>100 km of west-north-west translation of the Grapevine Mountains away from the
Sheep Range in late Cenozoic time. Correlation and re-interpretation of Cenozoic sed-
imentary and volcanic strata between the Sheep Range and the Grapevine Mountains
indicate that this extension occurred on two separate extensional systems, the Sheep
Range detachment system, and the Northeastern Death Valley detachment system.
The former was active from 16-14 Ma, while the latter was active from 12.5-8 Ma. In
contrast, stratigraphic and sedimentological data from the Eagle Mountain Formation
suggests that, although extension across the central Death Valley region accommo-
dated a similar magnitude of extension as the northern Death Valley region, ~100 km,
extension across this region occurred post-11 Ma, and largely between 8-6 Ma. New
geodetic and paleoseismic data are also presented from the eastern Basin and Range.
These data indicate that slow (~4 mm/yr), long term (100s ka) strain accumulation is
accommodated, geologically, by short (1000s yr) periods of fast (>1cm/yr) strain re-
lease, suggesting that the appearance of diffuse deformation across the eastern Basin

and Range is likely due to time-averaging of many temporally discrete high-strain re-
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lease earthquake clusters. These observations together suggest that the diffuse nature
of intra-continental extension in the Basin and Range province may be the result of

the summation of many spatially and temporally distinct extensional events, which,

when active, progress at very high rates.
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The Basin and Range province of the western United States (Fig. 1.1) is perhaps
the premier example of a diffuse continental orogen. Although continental extension
has been recognized since some of the earliest geologic surveys in this region, the
processes which led to the formation of modern basins and ranges were generally
ascribed to high angle block-faulting, and the total net extension, and hence crustal
thinning, across the region was assumed to be minor (e.g., Gilbert, 1875; Davis, 1925;
Stewart, 1971; Thompson and Burke, 1974). Recognition over the past few decades
of the extreme magnitude of crustal extension in the Basin and Range province (e.g.,
Armstrong, 1972; Stewart, 1983; Miller et al., 1983; Wernicke et al., 1988) has led to
new models for both the processes which govern extension in the Basin and Range
(e.g., Sonder and Jones, 1999), and the physical mechanisms by which this extension
is accommodated (Wernicke, 1981; Buck, 1988; Spencer and Chase, 1989; Yin, 1989;
Axen, 1992; Forsythe, 1992; Brady, 2000). The test of any of these models is their
ability to predict parameters of extensional tectonism observed in, or derived from,
the geologic record. Such parameters include the magnitude, absolute timing, and
rate of extension, as well as the spatial distribution of extensional tectonism in time
throughout the western United States.

This dissertation presents the results of my work, utilizing a variety of methods,
including geodesy, paleoseismology, sedimentology, stratigraphy, and structural geol-
ogy, to better characterize both the magnitude and timing of extension in the Basin
and Range province, and in the Death Valley region in particular, and to better con-
strain the time-space pattern of extensional tectonism, both at short (~100 kyrs)
and long (~10 Myrs) time scales. These observations bear strongly on the viability
of various models proposed for the processes responsible for, and mechanisms which
accommodate, large magnitude intra-continental extension.

As presented, this dissertation consists, informally, of three parts. The first two
parts consist of one chapter each, and are written as independent journal articles.
The first of these chapters, ‘BARGEN continuous GPS data across the eastern Basin

and Range province, and implications for fault system dynamics’ compares rates of
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extension from the first high-precision GPS network in the Basin and Range province
across a transect from the Wasatch Plateau to central Nevada (location 1 in Fig.
1.1) with rates of extension derived from paleoseismic methods across the same tran-
sect. The results indicate that, although geodetic strain is relatively well-distributed
across the transect, recent strain release, as derived from the geologic record, is con-
centrated on the eastern edge of the transect. Furthermore, the rate of Holocene
strain release on just the easternmost faults of the transect, determined using paleo-
seismic methods, exceeds the present day strain accumulation rate across the entire
transect. This result indicates that the distribution of strain release in time and space
is not necessarily coincident with the distribution of strain accumulation, and that
many Reidian-type earthquake models, which are predicated on a direct correlation
between strain accumulation and release, may not be applicable.

The second part of this dissertation is the chapter ‘Distribution and provenance
of the middle Miocene Eagle Mountain Formation, and implications for regional kine-
matic analysis of the Basin and Range province’. Here, a set of Cenozoic sedimentary
deposits on the eastern edge of Death Valley can be tied, through a unique clast
assemblage, to a source area presently more than 100 km away, on the western side
of Death Valley (location 2 in Fig. 1.1). Sedimentological arguments are made which
indicate that the clasts must originally have been deposited within ~20 km of the
source area, such that the remaining ~80 km between the sedimentary rocks and
the source is the result of extensional and strike-slip faulting. Geochronologic results
presented in this chapter constrain the age of the sedimentary rocks, and hence the
maximum age for the onset of extension, to the middle Miocene. These results are
consistent with previous estimations of the magnitude of extension across the central
Death Valley region (Stewart, 1983; Wernicke et al., 1988), and provide one of the
strongest constraints on the timing of this extension. These constraints together in-
dicate that extension across the central Death Valley region occurred between ~11
and ~5 Ma, at rates that exceeded 1 cm/yr.

The third part of this dissertation consists of Chapters 4-7, and pertains to the
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geology of the Grapevine Mountains in the northeastern portion of Death Valley Na-
tional Park (dark box in location 3 in Fig. 1.1). These chapters are based on ~250
km? of geologic mapping through the central portion of the Grapevine Mountains.
Chapters 4-6 are written to accompany the geologic map (Plate 1), and describe the
scope, stratigraphy, and structural geology of the map, respectively. The final chap-
ter, ‘Geology of the Grapevine Mountains: implications for the structural evolution of
the Death Valley thrust belt and the magnitude of Cenozoic extension in the north-
ern Death Valley region’, places the results of the geologic mapping in the Grapevine
Mountains in the context of regional tectonics of the northern Death Valley region (lo-
cation 3 in Fig. 1.1). Specific geologic structures in the Grapevine Mountains can be
used to constrain the magnitude of extensional tectonism across the northern Death
Valley region, from the Grapevine Mountains to the Nevada Test Site. The new map-
ping validates previous work, which used a west vergent fold pair, present throughout
the Death Valley region, as a passive marker in reconstructions of extensional tecton-
ism. Furthermore, the Cenozoic stratigraphy of the Grapevine Mountains places new
constraints on the timing and evolution of extensional tectonism across the northern
Death Valley region. These new constraints place extension in two phases, the first
from 16-14 Ma, the second from 12.5-8 Ma. The total magnitude of extension ac-
commodated by both phases is ~100 km, suggesting that extensional rates of order

2 cm/yr may have been required.
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Abstract

We collected data from a transect of continuous GPS sites across the eastern Basin
and Range province at latitude 39°N from 1997-2000. Intersite velocities define a
region ~350 km wide zone of broadly distributed strain accumulation at ~10 nstr/yr.
On the western margin of the region, site EGAN, ~10 km north of Ely, Nevada, is
moving 3.9 + 0.2 mm/yr to the west relative to site CAST, which is on the Colorado
Plateau. Velocities of most sites to the west of Ely are also moving at ~3-4 mm/yr
relative to the CAST, defining an area across central Nevada that does not appear to
be extending significantly. The late Quaternary geologic velocity field, derived using
seismic reflection and neotectonic data, indicates a maximum velocity of EGAN with
respect to the Colorado Plateau of ~4 mm/yr, also distributed relatively evenly across
the region. The geodetic and late Quaternary geologic velocity fields, therefore, are
consistent, but strain release on the Sevier Desert detachment and the Wasatch fault
appears to have been anomalously high in the Holocene. Previous models suggesting
horizontal displacement rates in the eastern Basin and Range near 3 mm/yr, focused
mainly along the Wasatch zone and Intermountain seismic belt, overestimate the
actual Wasatch rate by at least 50%, and perhaps by nearly an order of magnitude,

while ignoring potentially major seismogenic faults further to the west.

2.1 Introduction

Relative plate motion tends to be focused on discrete, rapidly moving faults, but,
where one or both plates are continental, a significant fraction is also accommo-
dated on complex, diffuse fault systems hundreds to thousands of kilometers wide.
For example, of the 48-51 mm/yr of relative motion between the Pacific and North
American plates in the southwestern United States, 35 mm/yr is accommodated in
a zone < 100 km wide along the San Andreas fault (Fig. 2.1). The remaining 13-16

mm/yr, or ~25-30% of the total, is distributed across a complex system of faults
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Figure 2.1. Map of the western United States showing major tectonic, geologic, and
physiographic features discussed in the text. IB, Idaho Batholith; SNB, Sierra Nevada
Batholith. Major earthquakes discussed in the text: BP, Borah Peak; DV, Dixie Valley;
FP, Fairview Peak; HL, Hebgen Lake.

more than 1000 km wide, which includes the Basin and Range province (Fig. 2.2;
e.g., Bennett et al., 1999).

Within the Basin and Range, faults with Quaternary (< 1.6 Ma) slip rates of order
0.1-1.0 mm/yr are developed over a broad region, but historical seismicity is clustered
on only a few of them. For example, the northern Basin and Range region contains
several hundred fault segments with significant late Quaternary (< 130 ka) slip, yet
contemporary seismicity and large (M > 6.5) historical earthquakes are concentrated
in two north-trending belts along or near the margins of the province, including the
Eastern California seismic belt and Central Nevada seismic belt on the west, and

the Intermountain seismic belt on the east (Fig. 2.2; Wallace, 1984; Smith and Sbar,
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1974). The pattern of seismicity must be much more diffuse at longer timescales,
since nearly every range-bounding fault has substantial Quaternary offset (Wallace,
1987).

These observations pose the question, Is contemporary strain accumulation fo-
cused in the seismically active belts, or is a significant fraction of it distributed across
areas that are now relatively aseismic? At one extreme, seismicity and strain ac-
cumulation migrate together, such that at any given time the crust is deforming as
a system of large, discrete ‘subplates’ or ‘microplates’ defined by seismicity, whose
configuration changes with time to produce the appearance of continuous strain. At
another, seismicity migrates across a region of spatially and temporally continuous
strain accumulation, such that a microplate description is not appropriate at any time
scale (e.g., Thatcher, 1995).

The predominance of one of these behaviors over the other may lie at the heart
of understanding the dynamics of fault interactions. In the latter case, where defor-
mation is evenly distributed, both spatially and temporally, conventional models of
continuum behavior of the lithosphere as a whole (e.g., England and McKenzie, 1982)
would be adequate for predicting the magnitude and location of interseismic strain
accumulation (e.g., Bourne et al., 1998), but predicting the next earthquake in the
system would be exceedingly difficult. In the former, seismic hazard would be highest
in the region of contemporary localized strain accumulation, but would migrate from
fault to fault within the system on relatively short time scales. In such a scenario,
probabilistic earthquake prediction would be rather straightforward, but the migra-
tion of localized strain accumulation in the lithosphere would be ill-explained by any
current dynamic and rheologic models of the earth.

Despite considerable effort, ‘campaign-mode’ geodetic surveys using triangula-
tion, trilateration, or GPS techniques have failed to adequately address this question,
largely because uncertainties in intersite velocities are in excess of 1-2 mm/yr (Savage
et al., 1992; Dixon et al., 1995; Savage et al., 1996; Thatcher et al., 1999), greater than

the horizontal displacement rates across most intraplate fault zones. To overcome this
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problem, we established a continuously monitored, 50-site GPS network covering the
northern and central Basin and Range province (Basin and Range Geodetic Network,
or BARGEN; Wernicke et al., 1998, 2000). The first 18 sites, in an east-west tran-
sect from central Utah to eastern California near latitude 40°, began recording site
positions in 1996 (Fig. 2.2; Bennett et al.,1998a, 1999, in prep.). Results, based on
the first two years of data, yielded velocity uncertainties of < 0.5 mm/yr (Davis et
al., 2001), and suggested significant strain accumulation outside of the three major
seismic belts. The strain field in the Basin and Range is partitioned into two com-
ponents, east-west dilation averaging 3 mm/yr in the eastern portion of the province
and north-northwest right-lateral shear at 9 mm/yr in the western part (Bennett et
al., 1998a, 1999, in prep.; Wernicke et al., 2000).

To fully exploit high precision geodetic data, we seek to place these geodetic veloci-
ties in context with geologic displacement rates. Geologically determined slip rates on
dip-slip faults are generally vertical displacement rates, but the highest precision GPS
velocities are the horizontal rates. Therefore, comparing the two velocities requires
deriving horizontal geologic displacement rates from geological data, which requires
knowledge of the dip of fault zones through the crust. In other words, knowing only
the position of the surface traces of Basin and Range faults, vertical geologic offsets,
and geodetic velocities is insufficient to compare the two velocity fields. This is espe-
cially true in the case of Basin and Range normal faults because their subsurface dips
appear to range from subhorizontal to greater than 60°, and therefore the horizontal
slip rate for any given vertical rate may be uncertain by an order of magnitude if
fault dip is not known.

In this paper, we illustrate an approach to investigating the dynamics of fault
systems by combining geologic data, including the subsurface geometry of faults and
their vertical slip rates at the surface, with high-precision geodetic data. We use the
BARGEN horizontal velocity field in a transect from the Colorado Plateau to central
Nevada, the only region in the Basin and Range where the deep subsurface geometry

of normal faults is known from seismic reflection profiling for a significant across-strike
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distance of the province (Figs. 2.3 and 2.4; Allmendinger et al., 1983, 1987). We use
maximum vertical fault slip rates and subsurface fault geometries to map the average
late Quaternary horizontal velocity field of the seismogenic crust, and then compare
the geologic velocity field with the geodetic velocity field, to evaluate whether strain
accumulation is localized within the Intermountain seismic belt (Dixon et al., 1995,
2000; Martinez et al., 1998; Thatcher et al., 1999), or distributed more evenly so as to
include the broad region of late Quaternary faults to the west (Bennett et al., 1999).

The transect includes the very low-angle Sevier Desert detachment, expressed as a
band of prominent multi-cyclic reflections, dipping ~10-12° W underneath the Sevier
Desert from the surface to a depth of 1215 km (Allmendinger et al., 1983; Planke and
Smith, 1991). Some geologists have suggested the reflection band is an unconformity
in its shallow reaches and a Mesozoic thrust fault at depth (Anders and Christie-Blick,
1995), casting doubt on whether the structure has ever had normal slip. Therefore,
our analysis also bears on the question of whether significant strain in extensional

regions can be accommodated along low-angle (0-30°) normal faults.

2.2 Tectonic Setting

The baseline CAST-SMEL lies astride the Intermountain seismic belt (Figs. 2.2
and 2.3), which coincides with three other major elements of the Cordilleran orogen,
collectively known as the Wasatch line or Wasatch zone. These elements have defined
the eastern margin of the orogen throughout most of its history, and include the hinge
zone of west- thickening shallow marine sediments of Proterozoic and Paleozoic age
(Cordilleran miogeocline), the east limit of east-directed decollement thrust faulting
and folding of Mesozoic age (Sevier thrust belt), and the eastern limit of Cenozoic
crustal extension in the Basin and Range province (Fig. 2.1). West of the Wasatch
zone, sites SMEL, FOOT , EGAN and MINE lie within the miogeocline, which has
been variably shortened by thrust faulting in the Late Paleozoic and Mesozoic, and

extended by normal faulting in the Late Mesozoic and Cenozoic. These events have
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been punctuated by magmatic episodes in Late Jurassic, Late Cretaceous and mid-
Tertiary time, with significant Quaternary basaltic volcanism in the Sevier Desert
region southeast of site SMEL (Hintze, 1988).

Large-magnitude extension along regional detachment faults began in early- Miocene
time along the east-dipping Snake Range detachment and associated faults to the
west (Lee, 1995; Lewis et al., 1999; Miller et al., 1999) and in Late Oligocene or Early
Miocene along the west-dipping Sevier Desert detachment to the east (Fig. 2.3; All-
mendinger et al., 1983; Von Tish et al., 1985; Allmendinger and Royse, 1995; Otton,
1995; Stockli et al., 2001).

The overall asymmetry of the early extensional faulting is maintained in the struc-
ture of the modern range-bounding fault zones. Faults along the eastern half of the
transect, including the Wasatch, Sevier Desert, and House Range faults, dip predom-
inantly to the west, and those along the western half of the transect, including the
Snake Range, Spring Valley, and Egan Range faults, dip to the east (Figs. 2.3 and
2.4).

2.3 Methods and Assumptions

2.3.1 GPS Data

GPS site velocities were determined using daily Global Positioning System (GPS)
position estimates for a worldwide network of GPS stations, including BARGEN
sites, from February 1997 through April 2000 (Fig. 2.2). At each BARGEN site, GPS
antennas are mounted on Wyatt-type monuments, generally considered the most
stable type of geodetic monument (Wyatt, 1982; Langbein et al., 1995; Wernicke et
al., 1998, 2000). GPS phase measurements are recorded every thirty seconds, and the
sites are downloaded daily. These data are processed, using the GAMIT/GLOBK
software (King and Bock, 1999; Herring, 1999), to yield a network velocity solution

in a global reference frame that includes several hundred sites in addition to the
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BARGEN sites, following procedures described in Bennett et al. (1999, in prep.).
Daily horizontal position estimates are repeatable at the 1-2 mm level. Velocity
solutions for the first three years of BARGEN data yield formal errors in velocity of
0.1-0.2 mm/yr (Davis et al., 2001; Bennett et al., 1999).

These formal errors, which are based on uncertainties in receiver timing, phase
measurement, satellite position, earth orientation, atmospheric effects, and other fac-
tors, may underestimate the true errors in velocity and position since monument sta-
bility (e.g., Langbein and Johnson, 1995) and other sources of error are not modeled.
Nonetheless, the formal errors are consistent with the observed scatter of 0.5 mm/yr
about a line regressed through the west velocity components of all the BARGEN
sites, while a much larger scatter would be expected if the true errors in measure-
ment substantially exceeded the formal errors (Davis et al., 2001). Conservatively,
we will assume an error in velocity at each site of < 0.5 mm/yr, while noting that

true errors may actually be as low as the formal errors (Davis et al., 2001).

2.3.2 Seismic Reflection Data

Subsurface fault geometries were obtained from published structural interpreta-
tions of seismic reflection profiles shot normal to the traces of major normal faults
(Figs. 2.3 and 2.4). There may be considerable uncertainty in fault dip for any given
plane imaged on reflection profiles due to migration, uncertainties in velocity, and
three-dimensional effects such as out-of-plane reflections. For faults under considera-
tion here, most of which are imaged throughout a substantial thickness of the crust,
uncertainties in fault position and dip are less than a few kilometers and a few de-
grees, respectively (e.g., McDonald, 1976; Allmendinger et al., 1983, 1987; Smith and
Bruhn, 1984; Gans et al., 1985; Hauser et al., 1987; Planke and Smith, 1991; Coogan
and DeCelles, 1996).
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2.3.3 Paleoseismological data

In addition to the constraints on horizontal motions from geodesy, we use vertical
offsets, or net vertical tectonic displacements (NVTDs, Fig. 2.5; Witkind, 1964; Crone
et al., 1987; Caskey, 1996) recorded across Basin and Range fault scarps, to estimate
the horizontal displacement rate of the seismogenic layer accommodated along the
faults, averaged over some fraction of late Quaternary or Neogene time. Except
for the Wasatch fault, these rates are generally known only to within an order of
magnitude. In general, the minimum slip rates for most structures are effectively
zero (< 0.1 mm/yr), and therefore their sum will contribute little to the geologic
velocity field. The more interesting question is whether the maxima, which can be
fairly well established (Table 2.1), sum to equal the geodetic rate.

Even to within an order of magnitude, we would not necessarily expect vertical
slip rate estimates to agree with those based on fault dip and horizontal motion, for
several reasons. The first is that the time intervals sampled for geologic and geodetic
data differ by as much as 6 orders of magnitude. Nonlinear strain accumulation along
or near seismogenic faults is common in the interval following large earthquakes,
where strain rates may be a factor of 2-3 higher than the interseismic average (e.g.,
Thatcher, 1983; Wernicke et al., 2000). However, these strain transients appear to
have decay times on the order of years to decades, not centuries, and are thought to
result mainly from either stable sliding in unconsolidated materials near the earth’s
surface, or viscous relaxation near the base of the seismogenic part of the crust (e.g.,
Savage and Prescott, 1978; Scholz, 1990; Hager et al., 1999). In general, however,
geologically determined slip rates appear to be in agreement with slip rates modeled
geodetically in the interseismic period, at least for major plate boundary fault zones
where the two sets of data may be compared (e.g., Thatcher, 1990; Bennett et al.,
1996; Ward, 1998). In addition, there is remarkably good agreement between geodetic
and plate tectonic estimates of relative plate motion, despite the contrast in sampling

interval of 5 orders of magnitude (Ma et al., 1993; Larson et al., 1997). Since there
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Figure 2.5. Schematic diagram showing relationship of horizontal and vertical velocity
components of co-seismic slip on faults with horizontal GPS velocities and fault dips. Cross
section is not intended to be to scale. If a pair of GPS sites measure the far-field horizontal
strain across a fault, then the horizontal co-seismic strain release on that fault should equal
the average geodetic velocity multiplied by the co-seismic recurrence interval, if all of the
accumulated strain is released seismically. Additionally, the vertical component of slip on
the fault should be related to the horizontal component through the tangent of the fault
dip. Given that these assumptions are true, vertical slip rates determined from paleoseis-
mology can be related to horizontal GPS velocities. Cartoon of NVTD measurement is
representative of paleoseismological methods used to determine vertical slip rates on active
faults; however, a wide variety of methods are used to constrain vertical slip rates (Table
2.1, Appendix A).
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Table 2.1. Estimated Maximum Vertical Fault-Slip Rates for Faults in West-Central

Utah and Eastern Nevada

Fault Time scale
or Historic Holocene Latest Late to Mid- Plio-Miocene
Fault Pleistocene  Pleistocene
Segment 10%yrs 103yrs 10%yrs 10%yrs 105-107yrs
Wasatch

Nephi 1.9%5  1.3044 0.34 0.2§

Levan  2.03 4 0.45

Fayette 0.29h

Gunnison Late Holocenes
Pavant Range Late Holocenes
Sevier Desert

Black Rock 2.0g 1.4§ 0.2§ 0.1§

Clear Lake 0.3%3 0.2}
Drum Mountains 0.4%9 0.4} 0.2¢
House Range 0.28 11,12 0.2%;
Spring Valley 0.194.15 0.3% 0.1%; 0.31g
Egan Range 0.19%15,17 0.1ig

Maximum vertical slip rates were calculated for each order of magnitude time-scale (Appendix D).
Paleoseismological methods:

The vertical slip rate was calculted based on the net vertical tectonic displacement (NVTD) of the most
recent event (MRE) in a trench. The MRE is constrained by the youngest faulted deposit and the oldest
unfaulted deposit, but this age may not be closely limiting (e.g., McCalpin and Nishenko, 1996).

The vertical slip rate was calculated by linear regression through the rates of multiple events exposed in a
trench, but not extrapolated to present-day.

The vertical slip rate since the penultimate event is constrained by the oldest unfaulted deposit not related
to the MRE, and by assuming a NVTD similar to the MRE.

Geomorphic methods:

Nonlinear scarp-diffusion profile models were used to determine the age of the deposit and the offset from
which slip rates are calculated (Mattson and Bruhn, 2001).

The vertical fault slip rate is based on the offset of alluvial fans, shorelines, or basalt flows of known age
(e.g., Machette et al., 1992). Typically, only one age datum, so that the calculated slip rate has to be
extrapolated to the present-day.

The slip rate is based on the age of the alluvial fan cut by a fault, but faulting may be significantly younger
than the age of the fan, and the age of the faulted strata are not closely limiting (e.g., McCalpin and
Nishenko, 1996).

g The slip rate has been determined empirically by dePolo (1998) based on a relationship between slip rate
and facet height. The lack of active fault facets along the range-front implies a maximum fault slip of 0.1
mm/yr (dePolo, 1998).

The fault-scarp age is determined empirically by comparison of scarp height and slope angle with calibrated
fault scarps (e.g., Bucknam and Anderson, 1979).

Structural and seismic reflection data:

The vertical slip rate is based on marker units offset across the fault, visible in seismic reflection profiles;
the age of the offset marker is known from drill hole data.

J' The maximum fault offset is estimated from seismic reflection profiles (basin geometry and fill); the ap-
proximate age of basin fill is known from well data.

Thermochronology:

Apatite fission-track length modeling (Stockli et al., 2001). Fission-track data are obtained for an exhumed
crustal section, and converted to a vertical exhumation rate by assuming a geothermal gradient.

References: 1 Machette et al. (1992a); 2Jackson (1991); 3Mattson and Bruhn (2001); *Schwartz and Copper-
smith, (1984); SHecker (1993); SHoover (1974); 7Oviatt (1989); 8Crone and Harding (1984); ?Von Tish et
al. (1985); 1°Crone (1983); 1 Piekarski (1980); 12ErtecWestern (1981); 3Stockli et al. (2001); 4Friedrich
(unpub. data); ®Dohrenwend et al. (1992); '6Haller and Machette (unpub. data); 7dePolo (1998); ¥ Gans
et al. (1985)
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have not been any earthquakes in our study region which have ruptured most or all of
the seismogenic layer during at least the last 500 years (Hecker, 1993; McCalpin and
Nishenko, 1996), there is no phenomenological basis, at least at present, to expect
contemporary motions to differ from those averaged over late Quaternary time.

The second reason one might not expect geologic and geodetic determinations
of fault slip rates to agree relates to the problem of curviplanar or listric faults,
wherein the vertical offset along the steep, upper crustal portion of the fault may
significantly exceed the vertical component of motion on the more shallowly dipping
subsurface trace (Verrall, 1981; Wernicke and Burchfiel, 1982; White et al., 1986;
Jackson, 1987). In general this must be accounted for on a fault-by-fault basis, but
so long as the deflection from steeper dip to shallower dip is relatively modest (<20
30°) and geological slip estimates carefully differentiate between the total height of
the fault scarp and the NVTD accommodated by the fault, we would not expect a
significant contrast between vertical slip rates at depth and at the surface (Fig. 2.5).

Lastly, surface vertical offsets may underestimate offsets at depth to the extent
that surface deformation is accommodated by long-wavelength flexure or penetrative
strain that may be difficult to detect using paleoseismological methods (Thatcher and
Bonilla, 1989; Caskey, 1996). This is commonly the case for thrust or reverse faults,
where upper crustal layers, especially sediments, buckle in compression instead of
fracturing, resulting in a ‘blind’ fault geometry (e.g., Schneider et al., 1996). Normal
faults, on the other hand, typically fracture surficial layers. In the cases where data
are available, the NVTDs on normal fault scarps are in good agreement with wide-
aperture geodetic measurement of coseismic vertical motion (Table 2.2). Within error
(~10 to 50%), they also agree with estimates of the vertical component of mean fault
slip at depth derived from inversion of geodetic and seismic data (Table 2.2). This is
noteworthy in that we would not generally expect surface displacements for individual
earthquakes to reflect the pattern of slip at depth. For a series of earthquakes on the
same fault zone, then, the NVTD rate should reflect the vertical component of fault

slip at depth for relatively planar normal faults, providing that the rupture propagates
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to the surface.

The NVTD for fault scarps may be estimated over a broad range of timescales,
from those involving only the most recent earthquakes, to those based on offset mark-
ers which are millions of years old, including the unroofing of isotherms as constrained
by mineral cooling ages (Table 2.1). The ages of offset markers are not tightly con-
strained for most of the faults studied across our transect, making our objective to
only conservatively estimate an upper limit to the vertical slip rate on each fault in
late Quaternary time. For some faults (e.g., the Wasatch) these estimates are ob-
tained by determining the average rate of slip based on the timing and offset of the
last 2-3 earthquakes, which give relatively accurate NTVD rates over the last ~5-10
ka (Table 2.1). For others, maximum rates are derived via net offsets of relatively old
geomorphic surfaces tens or hundreds of thousands of years old, wherein we assume
the youngest possible age of the surface to estimate maximum slip rates (Table 2.1).
Therefore, in our analysis we use the upper limit of vertical slip rate to estimate the
maximum horizontal component of slip at depth, converted using the average dip of

the fault derived from seismic reflection data.

2.3.4 Strain Accumulation Models

A wide variety of models have been proposed that relate strain along the locked,
seismogenic parts of fault zones and strain patterns at depth. One of the most
commonly used assumes aseismic creep along the downdip segments of fault zones
(e.g., Savage and Hastie, 1966; Eyidogan and Jackson, 1985; Bruhn and Schultz,
1996). But are these models, which predict elastic strain resulting from slip on buried
edge dislocations, applicable to interseismic deformation on continental normal faults?
The simplest model for dip-slip faults assumes an infinitely long (two-dimensional)
edge dislocation that projects downward from some locking depth to infinity (e.g.,
Savage, 1980, 1983; Thatcher et al., 1999). In this model, the far-field components of
surface displacement result from slip on portions of the dislocation at great distances

along strike and at depth from the seismogenic portion of the fault.
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In the northern Basin and Range province, however, faults are of limited strike
length, from ~30 to 70 km long for individual segments (e.g., Machette et al., 1991),
with the total along-strike length of the active region ~500 km (Fig. 2.2). Further-
more, the faults probably do not project downward significantly below the seismogenic
crust (broadly, 10-20 km thick). Most workers believe the fault blocks rest on a rel-
atively weak substrate (e.g., Stewart, 1978), which is unlikely to support significant
elastic stresses on the millennial timescale of the Basin and Range seismic cycle.
Therefore, even for a locking depth as shallow as 10 km (the lower depth limit of 95%
of earthquakes in the transect area; Lowry and Smith, 1995), the downdip extent of
the faults below the locking depth is unlikely to exceed 20 km (say, a 30° fault from
10 to 20 km depth).

The effect of the finite size of potentially creeping fault segments at depth on
surface velocities, versus that of infinite faults, is significant. As illustrated in Figure
2.6, for a 30° fault locked above 10 km and creeping at a rate of 1 mm/yr, restricting
the depth of slip from infinity to a finite interval between 10 and 20 km depth reduces
the far-field velocity (aperture of ~200 km) from 0.8 mm/yr to 0.05 mm/yr. For
the same fault with the along-strike dimension reduced from infinity to 50 km, the
far-field velocity is effectively zero. With either infinite or finite along-strike length,
the total near-field anomaly is < 0.1 mm/yr for each millimeter per year of fault slip.

Clearly, the far-field velocity field in these models is generated by portions of
the dislocations that are unlikely to exist beneath the Basin and Range, while those
portions which do exist and may be creeping do not contribute significantly to the
velocity field. It therefore seems inappropriate to model the velocity field of the Basin
and Range using simple elastic dislocation models.

Alternative dislocation models to that discussed above have been proposed to
avoid infinite edge dislocations (e.g., Matsu’ura et al., 1986). These models can be
categorized as ‘block’ models; geodetic stations are used to define the velocities of
stable blocks relative to one another, and the discrepancy between velocities between

adjacent blocks is assumed to represent slip on a finite dislocation between the blocks.
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Figure 2.6. Comparison of displacements from elastic dislocation models for dip-slip faults
of infinite and finite dimensions (Okada, 1985). The along-strike length of the dislocation
was varied from infinity to 50 km and the down-dip extent from infinity to 20 km. In all
models, the dislocation dips 30°, is locked from the surface to 10 km depth, and creeps at
1 mm/yr. Note that reducing the down-dip extent of the dislocation from infinity to 20
km reduces the amount of horizontal displacement by ~90%. Shortening the along strike
length from infinity to 50 km reduces the horizontal displacement by ~20%.
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This type of model works well for near-vertical strike-slip faults, where all fault mo-
tions are horizontal (Matsu'ura et al., 1986); however, modeling dislocations in this
manner becomes more complicated with dip slip faults. To account for horizontal
motions between two blocks separated by a dipping dislocation, either vertical mo-
tions must be allowed between the two blocks, or the dislocation must open, in the
case of a normal fault, or close, in the case of a thrust fault, perpendicular to the
dislocation, to eliminate vertical motion. Since we don’t have the necessary geodetic
data to constrain vertical motions between blocks, nor in this particular case do we
have the requisite GPS station density to constrain even horizontal motions between
all of the mountain ranges in the study area, a block style dislocation model is also
inappropriate for our purposes.

We will assume, then, that far-field components in the velocity field result from
simple elongation (pure shear) of the seismogenic layer above an extending substrate,
that strain in the seismogenic crust is due solely to this elongation, and that this strain
is released through seismic events on the faults observed through seismic reflection
profiling along the transect. Horizontal geodetic velocities would therefore measure
the strain accumulated in the crust by this shear, and should be equivalent to the

sum of the average horizontal slip rates on the observed faults.

2.4 Fault Geometry and Late Quaternary Vertical
Slip Rates

2.4.1 Wasatch and Related Faults

The Wasatch fault zone, perhaps the best-studied normal fault in the world, is
approximately 350 km long and divisible into ten segments (Machette et al., 1991,
1992b). The baseline CAST-SMEL encompasses the three southernmost segments,
including, from north to south, the Nephi, Levan, and Fayette segments, which define

the western boundary of the Wasatch Range and San Pitch Mountains (Figs. 2.3 and
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2.4; Machette et al., 1991, 1992b). In addition to the Wasatch fault zone, two east-
dipping fault segments, the Gunnison and Pavant Range faults (Hecker, 1993), cross
this baseline. The Pavant Range fault defines the steep northeast margin of the Pavant
Range, and appears to represent a major right-step in the Wasatch system (Fig. 2.3),
forming a low-relief accommodation zone (Rosendahl, 1987). The Gunnison fault lies
along the east flank of the San Pitch Mountains, and, with the Levan segment, defines
the northern San Pitch Mountains as a structural horst (Fig. 2.3). These five fault
segments all have late Quaternary (< 130 ka) slip, including multiple Holocene (< 10
ka) offsets along the Levan and Nephi segments (Table 2.1).

To the east of these faults, on the Colorado Plateau, zones of Holocene fault-
ing define two narrow grabens, the most prominent forming the narrow Joes Valley
(Figs. 2.3 and 2.4A). These faults do not define a major range block, and are gener-
ally believed to accommodate collapse of post-Jurassic strata due to westward flow
of Jurassic evaporites toward the Basin and Range (Hecker, 1993), and hence it is
unlikely that they penetrate pre- Jurassic strata as significant faults.

For the Wasatch fault, dips in outcrop range from 35° to 70° (e.g., Bruhn et al.,
1992). The subsurface configuration of the range-bounding structures, however, is not
well known in the transect area, except for a reflection profile indicating a portion of
the Levan segment dips 34° W at 2 km depth (Fig. 2.4A; Smith and Bruhn, 1984).
Seismic reflection profiles and well data across the Sanpete Valley indicate continuity
of pre-Middle Jurassic (pre-Arapien Shale) strata between the San Pitch Mountains
and the Wasatch Plateau, suggesting that the Gunnison fault soles into the Arapien
at a depth of less than 4 km (Standlee, 1982).

Paleoseismological data for the Levan and Nephi segments indicate maximum late
Holocene (< 3 ka) vertical displacement rates of 2.0 and 1.9 mm/yr, respectively, by
simply extrapolating from the most recent earthquake to the present (Table 2.1).
This is probably a gross overestimate (Appendix A). Where best constrained, on the
Nephi segment, three events with total NVTD of < 7 m have occurred since > 4.8 ka,

yielding a maximum vertical rate of 1.3 mm/yr (Appendix A). On the Nephi segment,



29

a 30 m offset of a fan surface no younger than ~150 ka suggests a long term vertical
rate no greater than 0.2 mm/yr, and scarp diffusion modeling suggests vertical rates
of ~0.3 mm/yr from 35 to 70 ka (Table 2.1; Appendix A). On the Levan segment,

two events since 7.3 ka yield a vertical rate of only 0.4 mm/yr.

2.4.2 Sevier Desert Detachment and Related Faults

The Sevier Desert reflection, which has been interpreted as a low-angle detachment
fault, is a band of prominent multi-cyclic reflectors which dip 12° westward and can
be traced continuously in seismic sections from depths of 12 to 15 km to their surface
projection along the western margins of the Canyon and Pavant Ranges (Figs. 2.3,
2.4A and 2.4C; Allmendinger et al., 1983; Planke and Smith, 1991).

Anders and Christie-Blick (1994) analyzed the microfracture density of well cut-
tings recovered from a borehole that penetrates the reflection just west of the Pavant
Range and concluded that the density was lower than expected for a damage zone
adjacent to a fault. On this basis, they proposed that the reflection represents an
unconformity between Miocene and Cambrian strata, rather than a fault. This hy-
pothesis, however, is not generally accepted (Allmendinger and Royse, 1995; Otton,
1995; Wernicke, 1995; Coogan and DeCelles, 1996). The observations that (1) a ma-
jor exposed detachment fault (Cave Canyon detachment) projects beneath the Sevier
Desert basin along its south flank (Coleman and Walker, 1994; Coleman et al., 1997);
(2) rocks beneath the reflection yield Miocene cooling ages, while the basin began
subsiding in the Oligocene (Von Tish et al., 1985; Allmendinger and Royse, 1995;
Stockli et al., 2001); and (3) the overall reflection geometry is strongly analogous to
exposed detachment systems throughout the Basin and Range (Wernicke, 1981, 1995;
Allmendinger et al., 1983, 1987; Anderson, 1983; Smith and Bruhn, 1984; Planke and
Smith, 1991; Otton, 1995; Coogan and DeCelles, 1996), favor the interpretation that
the reflections represent a detachment fault. Hence for the purposes of our analysis,
we will consider only the possibility that the reflections represent a detachment fault,

which may be an active structure.
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A number of high-angle fault zones either sole into, or are truncated by, the
Sevier Desert detachment. The two most extensive are an antithetic (east-dipping)
fault zone running down the center of the Sevier Desert basin, and a west-dipping
fault zone running down the eastern edge. Although these fault zones have little
topographic expression, they appear in east-west reflection profiles at about 112.7°W
longitude (10-15 km east of SMEL), for a total along-strike distance of at least 70
km (McDonald, 1976; Planke and Smith, 1991). The fault zones merge southward,
such that they appear to define the margins of a north-trending graben which widens
northwards under the Sevier Desert basin. The western margin of the graben coincides
with the Clear Lake scarps, a 30 km-long zone of both east- and west-down Holocene
scarps (Oviatt, 1989). The eastern margin of the graben is defined by the Black Rock
fault zone, dominated by the west-dipping Devil’s Kitchen fault, which also shows
evidence of Holocene offset (Condie and Barsky, 1972; Hoover, 1974). These Holocene
offsets imply that the Sevier Desert detachment remains active, at a minimum, to the

west (downdip) of its intersection with these structures (Wernicke, 1981; Crone and

Harding, 1984).

2.4.3 Clear Lake Scarps

The most prominent of the Clear Lake scarps has a west-side-down NVTD of 3
m that is probably entirely post-Bonneville (< 17 ka), and may be entirely Holocene
(Oviatt, 1989), suggesting a maximum vertical slip rate of ~0.3 mm/yr (Table 2.1).
Although Holocene motion on the Clear Lake scarps implies the Sevier Desert de-
tachment is active, it is unclear how vertical slip rates on an antithetic fault which

soles into the detachment relate to the slip rate on the detachment at depth.

2.4.4 Black Rock Fault Zone

The Black Rock fault zone extends southward from Pavant Butte some 70 km (Fig.
2.3; Hoover, 1974) and is composed of multiple fault strands (Condie and Barsky,
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1972). The fault zone is developed predominantly in Quaternary basalts, thus pro-
viding some of the best constraints on the kinematics of late Quaternary faulting
along our transect (Hoover, 1974). The largest offset, 67 m, was measured in the 918
ka Beaver Ridge lava field, yielding an average Quaternary slip rate of ~0.1 mm/yr.
An 18.3 m offset was observed for the 128 ka Pavant volcanic field, on a fault scarp
that does not offset Lake Bonneville (~17 ka) shorelines, indicating a slip rate of ~0.2
mm/yr over the last ~100 ka. A 15.2 m offset across a fault scarp in the basalts of the
11 ka Tabernacle volcanic field yields a Holocene vertical slip rate of 1.4 mm/yr. A 6.1
m offset is observed in the youngest lava field in the region, the Ice Springs eruptive
center. The Ice Springs field has not been dated radiometrically, but stratigraphic
evidence suggests that it is 3-4 ka, yielding a maximum late Holocene vertical slip

rate of ~2.0 mm/yr (Hoover, 1974).

2.4.5 House Range Fault and Drum Mountains Scarps

The westernmost major west-dipping structure, the House Range fault, defines
the steep western escarpment of the House Range, Utah and has significant late
Quaternary slip (Fig. 2.3; Hecker, 1993). The fault runs sub-parallel to the eastern
flank of a regional antiform in Paleozoic miogeoclinal strata imaged in reflection
profiles, merging at depth either along or parallel to a major decollement thrust fault
that duplicates the section (Fig. 2.4C; Allmendinger et al., 1983). Regardless of its
exact position relative to the thrust, the dip of upper crustal layering on the west
flank of the antiform is only ~20-30°, and the continuity of the reflections beneath
the House Range and adjacent valley precludes the range front fault from having a
dip substantially different from the layering through the upper crust (Figs. 2.4A and
2.4C; Allmendinger et al., 1983). Bonneville deposits with a NVTD of up to 2.5 m
were offset prior to 12 ka, suggesting a maximum late Quaternary vertical rate near
0.25 mm/yr (Table 2.1).

Beneath and east of the House Range, a subhorizontal splay of the House Range

fault runs along the crest of the antiform, steepening upward and forming a small half
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graben in the vicinity of SMEL, involving only the upper 4-5 km of the crust (Figs.
2.4A and 2.4C; Reflector F of Allmendinger et al., 1983). The half graben underlies
the Drum Mountains scarps, a system of both east- and west-dipping Holocene fault
scarps that cut fan deposits along the western margin of the Sevier Desert basin, just
east of the Drum Mountains (Fig. 2.3; Crone and Harding, 1984; Hecker, 1993). As
in the case of the House Range fault, these faults cannot project steeply downward
with significant offset because of the continuity of reflections in Paleozoic strata in the
shallow crust beneath them (Fig. 2.4C). A NVTD of not more than 7 m since 18 ka
yields a late Quaternary vertical rate of 0.4 mm/yr (Table 2.1). The maximum late
Quaternary vertical slip rate of the House Range fault at depth, west of its junction
with Reflection F, is presumably the sum of motion on the Drum Mountains and

House Range scarps, or about 0.65 mm/yr.

2.4.6 Snake Range Detachment

East dipping structures in the transect include the Snake Range detachment
(Misch, 1960), the Spring Valley fault (Gans et al., 1985) and the Egan Range fault
(Figs. 2.3 and 2.4A). The subsurface projection of the Snake Range detachment is
imaged west of the Snake Range beneath Snake Valley, dipping about 30° E through
most of the upper crust, where it is interpreted to be truncated by west-dipping re-
flections parallel to the House Range fault (Allmendinger et al., 1983). Although
several relatively short Quaternary scarps are present in Snake Valley, they do not
define the eastern margin of the Snake Range, nor could they significantly offset the
detachment at depth. Thus it appears that the Snake Valley scarps join a still-active
reach of the detachment at depth that today functions as an antithetic, hanging wall
splay of the House Range fault (Fig. 2.4). Its late Quaternary slip rate is not known.
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2.4.7 Spring Valley and Egan Range Faults

In contrast to the Snake Range, the eastern flanks of the Schell Creek Range
and the Egan Range are defined by major late Quaternary fault scarps (Fig. 2.3;
Dohrenwend et al., 1996). The Schell Creek Range is one of the most impressive
range fronts in the Basin and Range, with net relief comparable to that of the Wasatch
Range. The range-bounding fault of the Schell Creek Range, the Spring Valley fault,
is well imaged in the subsurface, where it dips about 30° east to a depth of at least
20 km, and perhaps through nearly the entire thickness of the crust (30 km), where
its projection appears to truncate in a zone of bright subhorizontal reflections in its
footwall near the base of the crust (Figs. 2.4A and 2.4B; Hauser et al., 1987). The
Snake Range detachment, which was active principally in Oligocene through Middle
Miocene time (Lee, 1995; Miller et al., 1999), is cut and offset ~6 km by the Spring
Valley fault (Bartley and Wernicke, 1984; Gans et al., 1985). The Egan Range fault
is also well defined both at the surface and in the subsurface to mid- crustal depths,
where it dips about 30° (Hauser et al., 1987).

With the exception of a piedmont segment along the southern trace of the Spring
Valley fault, none of the faults in east-central Nevada appear to have Holocene offset,
and the Egan Range fault does not even appear to have been active in the late
Quaternary (since 130 ka; Dohrenwend et al., 1992). The Spring Valley fault offsets
alluvial terraces with a NVTD of 5 m, with the most recent earthquakes no younger
than ~17 ka, yielding a maximum late Quaternary rate of 0.25 mm/yr (Table 2.1).
Assuming 6 km of net vertical slip on the fault since the cessation of motion on the
Snake Range detachment as recently as ~15 Ma, an average slip rate of 0.25 mm/yr

is also obtained (Table 2.1).
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Table 2.3. BARGEN GPS Velocities from Western Utah
and Eastern Nevada

GPS Site Longitude Latitude West North
Velocity® Velocity®

(W) (°N)  (mm/yr) (mm/yr)
CAST -110.667 39.191  0.26+0.2 0.71+0.2
SMEL -112.845 39.426  2.52+£0.3 0.29£0.3
FOOT -113.805 39.369  2.91+0.2 0.43+0.3
EGAN -114.939 39.345 4.13+£0.3 0.36+0.4
NEWP -117.509 39.686  4.48+0.3 2.184+0.5
MINE -116.096 40.148  3.99£0.2 0.98+0.4
HEBE -111.373 40.514  0.16+0.2 0.61+0.2
COON -112.121 40.653  1.82+0.2 0.59+0.3
CEDA -112.860 40.681  2.60+£0.2 0.32£0.3
GOSH -114.180 40.640  3.02+0.2 0.27+0.3
RUBY -115.123 40.617  2.40+0.2 0.41+0.4
ELKO -115.817 40.915  4.09+0.2 0.59+0.4

2 Relative to a North America fixed reference frame (e.g., Bennett et al.,

1999). Errors are 1 std. dev. GPS solution as of April, 2000.

2.5 Geodetic and Geologic Velocity Fields

2.5.1 Geodetic Velocity Field

The contemporary horizontal strain field across the eastern Basin and Range is
dominantly east-west uniaxial extension (Bennett et al., 1999, in prep.; Wernicke et
al., 2000). Within the transect area, the west velocities of CAST, SMEL, FOOT and
EGAN increase monotonically westward to a value of 4.1 mm/yr relative to a fixed
North American reference frame (Table 2.3). The increase is linear with distance.
A least-squares regression of west velocity versus longitude through CAST, SMEL,
FOOT and EGAN, weighted by errors in individual site velocities, yields a slope of
~10 nstr/yr, with scatter of only 0.1 to 0.2 mm/yr (Fig. 2.7).

West of EGAN, the two sites nearest latitude 40°N, MINE and NEWP, have west
velocities nearly the same as EGAN, and define a baseline ~220 km long which is

straining negligibly. Although there may be considerable internal variation across this
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region, these data suggest that the central part of Nevada is not extending significantly
compared with the eastern Basin and Range in east-central Nevada and Utah. The
GPS baseline from CAST to SMEL, however, encompasses a significant portion of
(presumably) stable crust, as site CAST is situated well east of the edge of the
Colorado Plateau (Figs. 2.2 and 2.3). It is therefore possible that the eastern !/3 to
1/, of the baseline CAST-SMEL has zero strain rate. This inference is supported by
BARGEN data farther north, where the site HEBE (Fig. 2.2), located 30 km east of
the Wasatch fault, has nearly the same east velocity with respect to North America
as CAST (Bennett et al., 1999).

If we assume that the velocity of the upper crust is zero between CAST and a point
30 km east of the edge of the Colorado Plateau (analogous to the position of HEBE),
then a linear regression can be made between this point and the sites SMEL, FOOT,
and EGAN. This regression yields a linear strain rate of ~11 nstr/yr (Fig. 2.7). The
scatter about this fit is < 0.5 mm/yr; therefore, a model with a uniform strain rate
of 10 nstr/yr between CAST and EGAN, with essentially zero strain rate west of
EGAN, is consistent with the continuous GPS data in this area, and with regional
patterns in both campaign and continuous GPS data from the northern Basin and

Range (Thatcher et al., 1999; Wernicke et al., 2000; Bennett et al., in prep.).

2.5.2 Geologic Velocity Field

We use fault dips, fault positions and vertical displacement rates to constrain the
velocity field in late Quaternary time. As discussed earlier, it appears that slip rates
at the surface provide reasonable estimates for slip rates at depth for relatively planar
faults, and we therefore derive the horizontal slip rates for faults in the study area
by dividing vertical slip rates by the tangent of the fault dip (Fig. 2.5). Creating
a horizontal velocity field for a given fault and fault slip rate requires making an
assessment of where, spatially, slip on the fault occurs, and how this slip, if it occurs
at depth, is mapped upwards through the crust to create a velocity field at the
surface of the earth (Fig. 2.8). As discussed above, an approach using buried edge
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dislocations in an elastic half-space (Thatcher et al., 1999; Smith et al., 2000) is not
appropriate for Basin and Range faulting. We therefore consider three alternative
methods for deriving a horizontal velocity field at the surface from fault slip rates
on buried faults. The first is to plot slip rate as a step function, where the velocity
field increases by the magnitude of the horizontal fault slip rate at a specified point
along the fault plane, which can be anywhere from the surface trace of the fault to
the intersection of the fault with the base of the crust (Fig. 2.8A). A second method
would be to linearly distribute slip on the fault over the projection of the fault plane
on the earth’s surface (the distance between the surface trace of the fault and the
point on the surface of the earth vertically above the intersection of the fault plane
and the base of the seismogenic crust; Fig. 2.8B). A third method is to represent the
slip as a linear increase in horizontal velocity between the surface projections of its
intersection with the base of the seismogenic layer, and that of the next structurally
higher fault (i.e., slip is distributed over the projection on the earth’s surface of the
bottom of the hanging wall block; Fig. 2.8C).

The step-function representation would correspond to the case where all defor-
mation is accommodated by fault creep. Since significant fault creep has not been
observed in the Basin and Range, it may not be the appropriate method for compari-
son with geodetic data. The driving mechanism for interseismic strain accumulation,
whatever its kinematics, is unlikely to be localized on specific fault planes, and thus
surface strain is unlikely to be accurately represented by a series of step-functions.
For comparison with geodetic data, therefore, the second depiction is perhaps more
appropriate than the first. If, however, the system behaves roughly as prescribed by
Bourne et al. (1998), where the motions of geodetic sites correspond directly to the
strain applied by the substrate on the base of the seismogenic layer, the third depic-
tion may be most appropriate for comparison with geodetic data, because it reflects
the interseismic velocity field closest to its kinematic source. We note that the three
methods differ relatively little as regards comparison with sparse geodetic data, and

choose to depict the velocity field as two step functions, one at the surface trace of
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Figure 2.8. Methods of deriving a velocity field from fault locations and slip rates. (A)
The velocity field is created by plotting slip rates as a step function. The solid line is a step
function at the intersection of the fault with the surface of the earth. The dashed line is
a step function at the intersection of the fault with the base of the seismogenic crust. (B)
The velocity field is created by a linear distribution of slip over the projection of the fault
plane on the earth’s surface. (C) The velocity field is plotted as a linear distribution over
the base of each fault block, with slip distributed from the intersection of one fault with
the base of the crust to the intersection of the next fault with the base of the crust. (D)
Diagram of the position of faults used to make velocity fields (A)-(C).
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the fault, and another at the intercept of the fault with the base of the crust, thereby
enveloping all possible velocity fields produced by any one, or combination, of the
three above methods.

Since our dataset of vertical slip rates represents maximum slip rates, the hori-
zontal velocity field we derive must also be considered a maximum for seismogenic
slip expressed by surface faulting. For several faults, however, the magnitude of the
late Holocene slip rate on the fault is substantially greater than the rate estimated
for the late Quaternary. In Figure 2.9, we show two geologic velocity fields for the
Sevier Desert transect, one (Fig. 2.9A) based on maximum vertical slip rates for the
Holocene, the other (Fig. 2.9B) based on maximum vertical slip rates for the late
Quaternary. The components of slip on each fault in the transect for both velocity

fields are shown in Table 2.4.

2.6 Discussion

The principal issues in evaluating these data are, first, whether the extension rate
based on geodetic data are consistent with the geologic evidence of seismic strain
release, and second, whether either data set indicates that strain accumulation is
localized across the Intermountain seismic belt (Wasatch and related fault zones), or

is more evenly distributed across faults to the west.

2.6.1 Comparison of Geodetic, Holocene, and Late Quater-

nary Geologic Velocity Fields

We note that of the two geologic velocity fields, the late Quaternary maximum
velocity field agrees well with the geodetic velocity field, while the Holocene maxi-
mum velocity field across the region exceeds the geodetic velocities by more than a
factor of two (Fig. 2.9). As discussed above, the maximum rates generally reflect

the minimum amount of time over which relatively well constrained displacements
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occurred. Since the maximum amount of time, and hence minimum slip rates, permit
very low velocities, both Holocene and late Quaternary velocity fields are consistent
with the geodetic data. However, because the largest component of the Holocene field
is based on the 15.2 m offset of an 11 ka basalt flow across the Black Rock fault zone,
the minimum rate derived from this particular constraint is not substantially lower
than the maximum. The low dip of the Sevier Desert detachment amplifies vertical
displacement rates into large horizontal rates according to our assumptions (Fig. 2.5).
However, if the age of the flow and the assumptions of Figure 2.5 are not grossly in
error (> 10%), the Holocene slip rate across our transect significantly exceeds the
geodetic rate on the basis of this constraint alone.

An additional caveat regarding the Sevier Desert slip rate is that the main strand of
the Black Rock fault zone is aligned with a series of Quaternary basaltic cinder cones,
suggesting that fault displacement may in some way be related to local magmatic
processes rather than motion on the Sevier Desert detachment. Except for their
spatial association with the basalts, there is nothing unusual about the slip rates
or geometries of these faults relative to other Quaternary faults within or near the
Intermountain seismic belt. Although fault scarps are common within some of these
centers, they are not necessarily cospatial with fault scarps (e.g., Fig. 12 of Fridrich,
1999). The constructional nature of the basaltic cones and the resistance to erosion of
basalt likely results in the preferential preservation of fault scarps in basalt. Therefore,
we interpret the Black Rock fault zone as kinematically linked to the Sevier Desert
detachment, which at various times in the Quaternary was exploited as a conduit for
basaltic magma in the upper levels of the crust.

The discrepancy between the Holocene and late Quaternary velocity fields, al-
though tenuous on the basis of these observations, is in accord with discrepancies be-
tween Holocene and late Quaternary rates observed farther north along the Wasatch
fault (Machette et al., 1992a; Friedrich et al., 2000, in prep.) and the Hebgen Lake
fault (Zreda and Noller, 1998). The central Wasatch fault zone shows evidence for

highly episodic strain release, with recent paleoseismologic work indicating that ver-
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Figure 2.10. Slip displacement versus time for the Hebgen Lake scarp, Montana. Cluster-
ing of strain release is apparent in the paleoseismological record. Slip rates between 0 and
10 ka and between ~18 and 25 ka average ~1 mm/yr. Long term average slip rates over the
last 30-40 ka are much lower, on the order of 0.3 mm/yr. After Zreda and Noller (1998).

tical displacement rates vary from ~1.6 mm/yr since ~8 ka to ~0.7 mm/yr since ~19
ka.

Maximum long term (100s of ka) vertical displacement rates on the central Wasatch
fault, however, range from 0.2-0.4 mm/yr (Machette et al., 1992a). Similarly, the ex-
posure history of the Hebgen Lake scarp reveals a cluster of earthquakes since ~7 ka,
with an average vertical slip rate of 1.0 mm/yr. Between 7 ka and 20 ka there is no
recorded displacement, then two events with a total of ~7 m of vertical displacement
between ~20 and 25 ka, preceded by another hiatus of 11 ka with no slip. Hence, the
overall vertical slip rate on the Hebgen Lake fault is 0.3 mm/yr, while the apparent
rate during clusters is about 1.0 mm/yr (Fig. 2.10).

The Nephi segment of the Wasatch fault and the Black Rock fault zone each have
a maximum vertical slip rate of ~1.3 mm/yr over the last 10 ka and a maximum
long term (~100 ka) slip rate of ~0.3 mm/yr (Table 2.1). Although the constraints
on timing of strain release on these two faults are much more sparse than those on
the central Wasatch fault, the general pattern appears to be episodic strain release.

During such episodes, vertical slip rates may reach as high as ~1.6 mm/yr. Between
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episodes, there may be little or no vertical strain release, such that the long term
average vertical slip rate for the Wasatch fault over several of these episodes is on the
order of 0.3 mm/yr (Friedrich et al., in prep).

At issue is (1) whether seismic strain release represents interseismic strain accu-
mulation at the timescale of individual earthquakes (e.g., Reid, 1910; Shimazaki and
Nakata, 1980; Schwartz and Coppersmith, 1984) or whether earthquakes are tempo-
rally ‘clustered’, such that seismic strain release and interseimic strain accumulation
only match over many earthquake cycles, or ‘supercycles’ (Grant and Sieh, 1994;
Friedrich et al., in prep.) and (2) whether we might expect geodetic rates to match

either short term or long term geologic displacement rates.

2.6.2 Relationship Between Earthquake Clusters and Strain

Accumulation

Does such clustering of activity require elastic strain accumulation to fluctuate
with time? The total geodetic velocity across the eastern Basin and Range at the
latitude of our transect (3.5-4 mm/yr) divided by the number of faulted range blocks
on a transect from EGAN to CAST (~8 range blocks) yields a horizontal slip rate
for each range of ~0.5 mm/yr. This estimate is in good agreement with the rates on
the Egan Range, Spring Valley and Wasatch faults, but significantly lower than the
rates on the House Range fault and Sevier Desert detachment. However, as described
above, the latter two faults encompass a wider portion of the transect than the other
faults, carrying one or more additional faults in their hanging walls. Therefore, the
plot of maximum late Quaternary rates as a function of distance (Fig. 2.9) is consistent
with a model of uniformly distributed long-term strain accumulation.

If the discrepancy between Holocene and late Quaternary rates is real, then
the agreement between the geodetic rate and the late Quaternary rate suggests the
Holocene represents a ‘supercycle’ or cluster, barring the improbability that a tran-

sient period of rapid strain accumulation ended within the last few thousand years.
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Even if this were the case, the paleoseismic evidence for earthquake clustering would
require a model capable of explaining large, short-period fluctuations in strain accu-
mulation rate. However, it is difficult to envisage a mechanism rooted in variations
in large-scale driving forces, such as plate motions or lithospheric buoyancy, that
might operate on the 10,000 yr timescale. Rather, strongly variable strain release
patterns more likely result from relatively local phenomena related to rheological
effects or dynamic fault interactions during steady-state large-scale strain accumula-
tion. Therefore, we interpret strain release rates for relatively long (~100 ka) time

scales as representative of large-scale strain accumulation rates (Friedrich et al., in

prep).

2.6.3 Distribution of Strain Accumulation in the Eastern

Basin and Range

Our interpretation that strain accumulation is broadly distributed across the ~350
km width of the eastern Great Basin, from the Wasatch fault to the Egan Range in
eastern Nevada (Fig. 2.9), contrasts with those based on previous geodetic surveys
across the Intermountain Seismic Belt and eastern Great Basin, which have ascribed
most or all of the deformation to the Wasatch fault zone (Dixon et al., 1995, 2000;
Martinez et al., 1998; Thatcher et al., 1999). The latter interpretation was reasonable
on the basis of geodetic data available, but is difficult to reconcile with the contin-
uous GPS data across the region. As demonstrated in a comparison of continuous
and campaign GPS data across the Great Basin region, the campaign data overlap
the continuous data at the 20 level, and are consistent with either strongly focused
strain near the Wasatch fault or a monotonic increase in velocity between the Col-
orado Plateau and EGAN (Fig. 2C of Wernicke et al., 2000). Addressing why strain
accumulation in the Basin and Range appears to be broadly distributed within the
eastern portion of the province, and whether this distribution of strain is similar at

other latitudes, may be fundamental to understanding the dynamics of extension in
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the western United States.

BARGEN data from a northern GPS transect (~40°N) yields a similar strain ac-
cumulation distribution to the transect discussed above, but differs in detail (Bennett
et al., 1999, in prep.; Friedrich, in prep.). Sites CEDA and GOSH, which are located
at roughly the same longitude as sites SMEL and FOOT, respectively, have similar
velocities (Table 2.3). However, the west velocities of RUBY and EGAN, which also
lie at nearly the same longitude, are ~2.4 and ~4.1 mm/yr, respectively, with the
baseline GOSH-RUBY showing contraction of ~0.6 mm/yr (~10 nstr/yr), although
within error their velocities may be nearly the same. In addition, the baseline HEBE—
COON indicates an extensional strain rate of ~20-25 nstr/yr, more than double the
average eastern Great Basin rate. We cannot rule out a similar localization of exten-
sional strain across the southernmost Wasatch fault zone, but the contractile strain
suggested by the baseline GOSH-RUBY in easternmost Nevada is not apparent in the
southern transect. The apparent contractile (7) or negligible strain and possibly the
rapid extension in the northern transect would be most simply explained as transient
effects due to viscoelastic relaxation following one or more earthquakes in the last
few centuries (e.g., Wernicke et al., 2000). For example, a large earthquake may have
occurred within the last few hundred years on the East Great Salt Lake fault (Dinter
and Pechmann, 2000, oral commun.), which is located at about the longitude of site
COON (Fig. 2.2). Viscoelastic effects following an earthquake as recent as 200-400
years ago would result in measurable extension near the rupture (between CEDA and
HEBE) and shortening 100-200 km to the west (between GOSH and RUBY), accord-
ing to a simple one-dimensional model of an elastic layer on a viscous substrate (for
example, Fig. 5C in Wernicke et al., 2000; Friedrich et al., in prep.). With the excep-
tion of an event on the Nephi segment, which occurred sometime between 500 and
1000 years ago (Machette et al., 1992a), the southern transect has not experienced
a significant earthquake for perhaps several millennia (Hecker, 1993; McCalpin and
Nishenko, 1996). The effects of any viscoelastic waves generated by seismic events in

this region therefore should be relatively modest.
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Regardless of these details, the geodetic data indicate that modern strain accu-
mulation in the eastern Basin and Range is not limited to the Wasatch fault, or to
the Intermountain seismic belt, at 39°N. Strain distribution across this region is es-
sentially linear with distance, given the station density, while the northern transect

displays two regions that appear to deviate somewhat from an overall linear trend.

2.7 Conclusions

Both geodetic and geologic data appear to define a ~350 km wide belt of uniform
strain accumulation of ~10 nstr/yr east-west extension in the eastern Basin and
Range. Velocities of two sites to the west of Ely, Nevada, at this same latitude appear
to define an area across central Nevada with little net internal strain rate, moving
at 3.5-4.0 mm/yr relative to the Colorado Plateau. Paleoseismological data, while
also sparse over this western region, suggest a large part of it may have been inactive
over the last 130 ka or more (Wallace, 1984; Dohrenwend et al., 1996). The late
Quaternary geologic velocity field east of EGAN, derived using seismic reflection and
neotectonic data, indicate a maximum velocity of Ely with respect to the Colorado
Plateau of 4 mm/yr, evenly distributed across the region. Although the geodetic and
late Quaternary geologic velocity fields are consistent, the apparent lack of agreement
with the relatively rapid Holocene velocity field suggests fault slip clustering may be a
standard mechanism of seismic strain release. Our GPS results are broadly consistent
with those of Bennett et al. (1998a) based on just the first nine months of continuous
GPS data. Using an approach combining a high-accuracy geodetic velocity field with
a geologic velocity field, we have shown that the Intermountain seismic belt does not
appear to be a locus of strain accumulation within the plate interior. This result
precludes earlier suggestions that most or all of the 3.5-4.0 mm/yr of displacement
between Ely, Nevada and the Colorado Plateau is accommodated along the Wasatch
fault zone (Dixon et al., 1995, 2000; Martinez et al., 1998; Thatcher et al., 1999). Our

geodetic results limit the horizontal velocity across the southern Wasatch fault to ~2.5
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mm/yr, assuming no slip on the Sevier Desert detachment. However, the geologic
velocity field suggests a maximum horizontal rate on the Wasatch fault of ~0.5 mm/yr
over the late Quaternary, with most of the remaining deformation accommodated on

the Sevier Desert detachment and related faults.
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Abstract

Conglomeratic strata from middle Miocene sections in the central Resting Spring
Range and nearby Eagle Mountain, California, contain a clast assemblage including
marble, orthoquartzite, fusulinid grainstone, and coarse (~1 m) monzogabbro, in-
terstratified with tephras yielding laser-fusion “°Ar/3°Ar ages of 11.6, 13.4, and 15.0
Ma. Petrographic and geochronologic evidence ties the clast assemblage to a source
area in the southern Cottonwood Mountains, California, > 100 km west-northwest
of their present location. In the upper 100 m of the Resting Spring Range section,
conglomerates are derived almost exclusively from the southern Cottonwood Moun-
tains source, and sandstone modes are as much as 50% angular plagioclase derived
from the monzogabbro. The lack of dilution of this detritus by other sources, and
sedimentary features in both sections, indicate (1) that deposition occurred on an al-
luvial fan with a north-northeast paleoslope and (2) that transport of the gravels by
sedimentary processes was probably < 20 km north-northeast, in a direction normal
to the present azimuth to their source. Therefore, we interpret most or all of the
net east-southeast transport to be the result of extensional and strike-slip faulting
between the Cottonwood Mountains and the Resting Spring Range since 11-12 Ma.
Restoration of these deposits to a position 10-20 km north-northeast of the eastern
margin of the monzogabbro source (east margin of the Hunter Mountain batholith)
yields a net tectonic displacement of the Cottonwood Mountains relative to the Rest-
ing Spring Range of 104 km N67°W. This result confirms previous reconstructions
based on the restoration of isopachs in the Cordilleran miogeocline, pre-Cenozoic

structural features, and other proximal Tertiary deposits in the region.

3.1 Introduction

Evolving debate over the magnitude, style, and timing of Cenozoic extensional

tectonics in the Basin and Range province centers on the identification, correlation,
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and reconstruction of pre-extensional markers, such as isopachs, facies trends, thrust
faults, and paleoisothermal surfaces (e.g., Snow, 1992). The extreme extension sug-
gested by many of these reconstructions is a starting assumption for physical models
bearing on the bulk constitutive properties of the deep continental crust (e.g., Kruse
et al., 1991; Wdowinski and Axen, 1992). In addition, a large fraction of Pacific-North
America plate motion is absorbed within the Basin and Range, and therefore regional
kinematic analysis is fundamental to the problem of how plate motion influences con-
tinental deformation (e.g., Atwater and Stock, 1998; Wernicke and Snow, 1998). This
type of analysis is particularly germane to the central Basin and Range (near the
latitude of Las Vegas; Wernicke, 1992), where determination of the Neogene motion
of the Sierran-Great Valley ‘subplate’ relative to the Colorado Plateau is possible via
reconstruction of a wealth of stratigraphic and structural markers spanning the whole
province (Wernicke et al., 1988; Dickinson and Wernicke, 1997).

One reconstruction of such an array of regional markers in the central Basin and
Range suggests 250 km of WNW motion of the southern Sierra Nevada relative to
the Colorado Plateau since ca. 16 Ma (Wernicke et al., 1988; Snow, 1992). The
largest proposed offset of a specific geologic feature in that reconstruction, and to
our knowledge, anywhere in the Basin and Range, is based on the correlation of the
Panamint thrust at Tucki Mountain with the Chicago Pass thrust in the Nopah-
Resting Spring Range area, indicating about 92 km of west-northwest separation of
the two ranges (Fig. 3.1). The Panamint-Chicago Pass correlation (Wernicke et al.,
1988, 1993) was initially implied by Stewart’s (1983) reconstruction of isopachs and
facies trends of pre-Mesozoic formations in the region, which closely juxtaposed Tucki
Mountain and the Resting Spring Range. This reconstruction was later supported
by correlations of a suite of three contractile structures immediately to the west in
the Cottonwood and Funeral Mountains, respectively (Fig. 3.1; Snow and Wernicke,
1989; Snow, 1992).

The main issues arising from these studies are (1) the accuracy of the reconstruc-

tion based on isopachs (Prave and Wright, 1986; Snow and Prave, 1994), (2) the
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validity of the structural correlations (e.g., Corbett, 1990; Stevens et al., 1991, 1992;
Stone and Stevens, 1993; Serpa and Pavlis, 1996), and (3) the timing of extension.
The age and distribution of Neogene sedimentary rocks between Tucki Mountain and
the Resting Spring Range suggests that any extreme extension across much of this
area was pre-8 Ma and possibly much older (Wright et al., 1991, 1999).

Because the Tertiary strata in the region are discontinuously exposed and change
facies and thickness over short distances, opportunities to use them as structural
markers in large-scale reconstructions are comparatively rare. However, because of
this variability, the identification of key elements in widely separated areas may con-
strain the geometry and kinematics of Cenozoic deformation (e.g., Reynolds and
Spencer, 1985; Rowland et al., 1990; Topping, 1993). For example, in the Death Val-
ley region, stratigraphic details of ca. 10 Ma volcanic successions in the Panamint and
Black Mountains suggest at least 25 km of west-northwest extension between these
two ranges since that time (Fig. 3.1; McKenna and Hodges, 1990). Fragments of a
middle to late Miocene (ca. 12-7 Ma) basin discontinuously exposed across the south-
ern Black Mountains area contains coarse detritus, including landslide megabreccias,
apparently derived from both the northern Kingston Range and the southernmost
Panamint Mountains (Fig. 1), suggesting some 70 km of separation between the two
ranges since ca. 8 Ma (Topping, 1993).

Here we describe Tertiary strata that unconformably overlie Cambrian strata on
the east side of the Resting Spring Range and on the southern end of Eagle Moun-
tain. These strata are herein correlated and named the Eagle Mountain Formation
(Figs. 3.1 and 3.2). These strata contain conglomerates derived in part from the
Hunter Mountain area in the southern Cottonwood Mountains, more than 100 km
west-northwest of Chicago Pass (Fig. 3.1). As elaborated below, if deposition prox-
imal to source could be demonstrated, it would bear strongly on the isopach-based
reconstruction, correlation of the Panamint and Chicago Pass thrusts, and the timing

of extension.
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3.2 Stratigraphic Description

3.2.1 Eagle Mountain

Eagle Mountain is composed mainly of Cambrian miogeoclinal strata including
the Bonanza King, Carrara, Zabriskie and Wood Canyon Formations, that dip east
at ~50°—60° (Stewart, 1970; Troxel, 1989). The Tertiary section is located on the
southeast corner of Eagle Mountain (Fig. 3.1). There, the Bonanza King Formation
is unconformably overlain by approximately 300 m of late Tertiary conglomerate,
sandstone, siltstone, limestone, and tephra dipping ~45° east (Figs. 3.2 and 3.3;
Appendix B). Due to the good exposure and ease of accessibility (< 1 km north of
California State Highway 127), we designate this section as the type locality of the
Eagle Mountain Formation.

The section comprises two main units, a lower unit of monolithic, locally derived
conglomerate and breccia, and an upper unit of mainly sandstone and conglomerate
containing a wide variety of clast types that are exotic to the local bedrock. The
lower unit is 106 m thick and composed almost entirely of angular to subrounded
clasts of the underlying Bonanza King Formation (Figs. 3.2 and 3.3; Map unit Tel,
Appendix B, Eagle Mountain section, unit 1). It is poorly sorted, structureless, and
generally clast supported. Clast imbrication was not observed. At one locality, a lens
of tephra deposited within the conglomerate is present.

The 200 m thick upper succession includes, in order of decreasing abundance,
sandstone, conglomerate, siltstone, silicic tephra, and limestone (Figs. 3.2 and 3.3;
Map unit Te2, Appendix B, Eagle Mountain section, units 2-32). The sandstones are
feldspathic wackes that form resistant ledges (Fig. 3.4A) and weather a distinctive
grayish orange to moderate yellowish brown (10YR 5-7/4). Detrital components in
sandstone near the base of unit Te2 include 40% quartz with the remainder being
subequal amounts of feldspar and carbonate lithic grains. The matrix composes 15—
20% of the rock and includes both clay and carbonate cement. The sandstones form

planar beds 0.5 to 1 m thick. The bases of many of the sand beds are channelled
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(Fig. 3.4B), but in general individual beds can be traced laterally for tens to hundreds
of meters. In the lower part of the section, below a thick conglomerate (unit 17,
Fig. 3.2 and Appendix A), the sandstones are generally granular, whereas above the
conglomerate they are finer grained. Commonly, a single sandstone bed may contain
multiple horizons of angular to subrounded pebbles.

Cross-stratification in the sandstones is common but subordinate to parallel lam-
inae. In the lower part of the section, below unit 17, local sets of 10-30 cm thick,
mostly planar, steep (10°-30°) cross laminae occur within conglomeratic and granular
sandstones. Some of these sets terminate laterally with trough-like erosional bases
into parallel-laminated sand. Above unit 17 numerous broad troughs with erosional
bases are present that also contain relatively steep (10°-30°) planar laminae. In both
cross-laminated and planar-laminated sands, small-scale ripple laminae commonly
occur in the uppermost parts of a given bed (Fig. 3.4A), and in some cases the entire
bed is ripple laminated.

Massive-, parallel- and locally cross-bedded conglomerate occurs throughout the
section (Figs. 3.4C and 3.4D), and is variably clast or matrix supported. Bedding
ranges from < 1 m up to 20 m thick (Fig. 3.4E; unit 17, Fig. 3.2 and Appendix B).
Clasts range from angular to well rounded, and the beds are usually poorly sorted
and contain a moderate to large fraction of sand (Fig. 3.4C). Sandy portions of
the conglomerate show alternating cycles of coarse, massive to parallel- laminated
sandstone and pebble/cobble conglomerate, with each cycle about 20-30 cm thick
(Fig. 3.4C). The coarsest clasts are predominantly leucomonzogabbro (Fig. 3.4D),
which have a mean clast diameter of ~15 c¢m, with the largest clasts over 50 cm. Clast
imbrication is locally present, especially near the top of conglomerate beds (Figs. 3.4B
and 3.4C), but in general the conglomerates are not well imbricated (Figs. 3.4D and
3.4E).

Parallel-laminated siltstones (Fig. 3.4F) are common in the lower two-thirds of
map unit Te2. A number of thin, discontinuous laminated limestones are found in

the upper third.
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Figure 3.4. Eagle Mountain Formation at Eagle Mountain. Top of all photos is strati-
graphic top, scale shows cm and inch subdivisions. A) Typical sandstone bed at Eagle
Mountain, showing low-angle cross stratification at bottom and ripple lamination at top. B)
Base of sandstone interval above conglomerate, Eagle Mountain, showing imbricated cobbles
in uppermost part of underlying conglomerate (below and right of scale) and channelization
of sandstone into conglomerate. C) Conglomerate-sandstone couplets ~20 cm thick, from
unit 15, typical of sheetflood deposits on modern alluvial fans (Blair and McPherson, 1994).
D) Typical leucomonzogabbro clast, ~25 cm in maximum dimension, in a non-cohesive de-
bris flow deposit. E) Thick, massive conglomerate from upper part of section (unit 17). F)
Parallel-laminated siltstone, indicative, with freshwater limestones, of lacustrine conditions
throughout the stratigraphic section.
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3.2.2 Resting Spring Range

Moderately to steeply east-dipping sandstones and conglomerates similar to those
at Eagle Mountain, also disconformably overlying Cambrian strata, are exposed in
patches along the eastern flank of the Resting Spring Range for an along-strike dis-
tance of at least 12 km (Burchfiel et al., 1983). They were previously referred to
informally as the Chicago Valley beds (Burchfiel et al., 1982, 1983), and on the ba-
sis of the stratigraphic descriptions and radiometric ages provided below are here
correlated with the Eagle Mountain Formation.

The best-exposed sections are east of Baxter Mine, where steeply east-dipping
Neoproterozoic and Cambrian strata are overlain unconformably by Tertiary strata
that dip 50°-60° east, nearly the same as the underlying Cambrian rocks (Fig. 3.5).
They are poorly resistant and not well exposed, except in a few isolated gullies in-
cised through Quaternary deposits along the eastern piedmont of the range (Fig. 3.5).
Predominant rock types, in order of decreasing abundance, are conglomerate, sand-
stone, limestone, silicic tephras, and siltstone (Fig. 3.2; Appendix B; Wilhelms, 1962;
Burchfiel et al., 1982).

In the two most complete exposures, a southern section along the Baxter Mine
Road and a northern section 0.8 km to the north (Fig. 3.5), the sandstone and con-
glomerate are in depositional contact with adjacent Lower Cambrian strata, but differ
markedly. The southern section (Map unit Tel, Figs. 3.2 and 3.5; Appendix B, strati-
graphic units 1-4) is at least 140 m thick, and consists almost entirely of conglomerate
with a prominent tephra halfway up the section. The northern section (Fig. 3.5; Map
unit Te2, Appendix B, units 1-25) consists of 100 m of grayish orange-weathering
sandstone, pebbly sandstone, and siltstone, with prominent boulder conglomerate
beds and several thin tephra horizons. Isolated exposures of unit Te2 to the east of
unit Tel suggest the northern section is younger, erosionally truncating the southern
section from south to north (Fig. 3.5).

Basal strata of the southern section appear to be locally derived, and include clasts
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of Cambrian miogeoclinal clastic and carbonate strata. However, above the tephra
horizon it contains a substantial percentage of younger clasts, including Ordovician
orthoquartzite, Devonian limestone and Tertiary conglomerate. Clasts are poorly
sorted, with the coarsest clasts in any given bed ranging from 20 cm (Fig. 3.6A) to as
much as 70 cm. Rounding varies from subangular to rounded. Most of the deposit is
either massive or poorly stratified, alternating between bouldery and pebbly horizons
at a scale of 20-30 cm (Fig. 3.6A). Clast imbrication is locally observed (Fig. 3.6A),
but not pervasive.

The northern section (Fig. 3.5; Map unit Te2) includes a lower, sand-rich part
(stratigraphic units 1-10, Appendix B) about 30 m thick, and an upper part con-
taining boulder conglomerates. Throughout the northern section, sandstones form
ledges 0.5-2.0 m thick, and weather a distinctive grayish orange to pale yellowish or-
ange (L0YR 7/4 to 8/6). They are medium- to coarse-grained, angular to subrounded,
feldspathic wackes, commonly containing subangular to subrounded pebbles. Detrital
components from unit 2 (Appendix B) include 50% angular plagioclase and 25% each
quartz and carbonate grains (Fig. 3.6B). The matrix comprises 15-25% of the rock,
and contains both clay and carbonate cement. Bedding is generally either massive
or parallel laminated, with local ripple laminae near the tops of some beds. In the
lower part, pebbles are derived from the local bedrock. Although the area of outcrop
is not large enough to determine the lateral persistence of individual sand beds for
more than 10-20 m, no terminations or truncations of individual beds were observed.

At about 46 m up from the base of the section, a bed of very coarse boulder
conglomerate and four higher coarse-boulder beds are composed of abundant mon-
zogabbro and other clast types exotic to the local bedrock and devoid of Cambrian
clasts. Clasts generally range from 30 to 70 cm in diameter, but are locally > 1 m
in maximum dimension (Fig. 3.6C). The conglomerates are clast supported, poorly
sorted, contain a substantial portion of sand, and are generally more rounded than
those in the southern section (subrounded to well rounded, versus subangular to

rounded). Limestones and tephras (Fig. 3.6D) are found throughout the section.



Figure 3.6. Eagle Mountain Formation in the Resting Spring Range. Hammer in all photos
is ~30 cm long. A) Pebble- and cobble/boulder-conglomerate couplets (unit 3 of southern
section, Appendix B). Although local imbrication of clasts is observed, this conglomerate
displays no distinct beds or bedding planes and shows no consistent direction of grading.
Top of photo is stratigraphic top. B) Photomicrograph of typical arkosic wacke (sample
from unit Te2, Fig. 3.5, in the Resting Spring Range), showing high proportions of angular
plagioclase clasts. Horizontal field of view is 1 mm. C) Lag boulder of leucomonzogabbro, >
1 m in maximum dimension, in modern wash at the northern section. D) Parallel-laminated
pyroclastic fall from northernmost outcrop of unit Te2 in Fig. 3.5, from which sample 1893
(Fig. 3.12) was collected. Pyroclastic fall shows no evidence of reworking. Top of photo is
stratigraphic top. E) Leucomonzogabbro clast from modern Cottonwood fan, adjacent to
Hunter Mountain batholith. F) Leucomonzogabbro clast from Eagle Mountain Formation
in the Resting Spring Range. Field of view in E) and F) is 10 cm.
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3.3 Depositional Environment and Facies Associ-

ations

3.3.1 Eagle Mountain

We interpret the Eagle Mountain Formation at the type locality to be divisi-
ble into six main facies: (1) massive, locally derived conglomerate and breccia; (2)
thick, sand-rich, massively bedded pebble to boulder conglomerate (Figs. 3.4B, 3.4D,
and 3.4E); (3) parallel-bedded granular sandstone and conglomerate (Fig. 3.4C); (4)
planar and cross-bedded sandstone and pebbly sandstone (Fig. 3.4A); (5) parallel-
laminated siltstone and fine sandstone (Fig. 3.4F); and (6) limestone. Below we infer
depositional environments by examining each facies and their possible associations.

The conglomerate and breccia facies composes unit Tel (Fig. 3.3). On the basis
of the angularity of clasts, local provenance, lack of bedding, and lack of matrix we
interpret these as rock avalanche deposits.

The massive conglomerate facies occurs in the lower part of unit Te2 (Fig. 3.3),
and is predominantly clast-supported pebble to boulder conglomerate. We interpret
these deposits as non-cohesive debris flows (e.g., Blair and McPherson, 1994) on the
basis of the lateral continuity of individual units, coarseness, poor sorting, thick,
massive bedding, angularity of clasts, and lack of a clay-rich matrix.

The granular sandstone and conglomerate facies also occurs in the lower part of
unit Te2, and consists of vertically alternating pebble to cobble conglomerate and
granular sandstone. On the basis of the regularity of the vertical cycles, thickness
of each cycle in the 20 cm range, grain size alternating between granular sand and
pebbly to cobbly gravel, parallel bedding, and unimodal, upper flow regime sedimen-
tary structures (discussed below), we interpret these deposits as sheetflood couplets
(compare Fig. 3.4C with Fig. 11A of Blair, 1987 or with Figs. 18A-E of Blair and
McPherson, 1994).

The sandstone and pebbly sandstone facies occurs as relatively gravelly deposits
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below unit 17, and as predominantly sandy deposits above. We interpret this facies
as either a sandskirt facies of sheetflood deposits, or as relatively tabular fluvial
braidplain deposits, on the basis of lateral continuity of bedding, alternation between
pebbly sandstone and sandstone deposition within individual beds, and planar and
trough cross bedding. As elaborated below on the basis of paleoflow directions, the
lower deposits are most likely the former, and the upper deposits the latter.

The siltstone and fine sandstone facies occurs as a relatively thick unit at the
bottom of unit Te2 (Fig. 3.3) and as a relatively thin horizon about two-thirds of
the way upsection. On the basis of fine grain size, lack of mudcracks or evaporitic
horizons, and a lack of current-derived sedimentary structures, we interpret this facies
as lacustrine.

The limestone facies occurs in a number of thin, discontinuous beds in the upper-
most part of the section. The limestones are micrites with algal laminae, and locally
contain lenses of rippled fine sandstone. A lack of mud and organic material, as might
be expected in a paludal environment, suggests they are lacustrine.

The association of facies 1-3 suggests that most of the Eagle Mountain Formation
was deposited on an alluvial fan (e.g., Rust and Koster, 1984; Blair and McPherson,
1994; Dorsey and Roberts, 1996). The upward progression from rockfall /rockslide to
debris flow, sheet flood and sandskirt facies is consistent with a depositional system
that evolved from a relatively small drainage area to a larger one, and is consistent
with upward change in clast derivation from local bedrock to a more distal source.
Facies 4 is more likely the result of braidplain deposition by ephemeral streams. This
facies may represent a transition from locally derived rock avalanche and alluvial fan
deposits to more distally derived alluvial fan or fluvial deposits as the local drainage
basin was integrated into a larger and more organized depositional system. The
observation that the siltstone and limestone facies occur throughout the upper part
of the section suggests that the depositional system fed into a lake for much of its

later history.
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3.3.2 Resting Spring Range

The facies associations in the Resting Spring Range are less well defined than those
at Eagle Mountain, owing to the relatively limited outcrop. Overall, the rock types in
the two sections are similar, and the progression from a locally derived conglomerate
to a sand-rich succession containing a similar set of exotic clasts is well defined in
both areas. However, the facies within each of these subdivisions differ, as might be
expected. We recognize five principal facies in the Resting Spring Range, including
(1) locally derived conglomerate (Fig. 3.6A), (2) sandstone and pebbly sandstone
(Fig. 3.6B), (3) leucomonzogabbro conglomerate (Fig. 3.6C); (4) laminated siltstone,
and (5) limestone.

The locally derived conglomerate facies composes the entire southern section (Map
unit Tel, Fig. 3.5) except for the tephra horizon midway upsection. In units both
above and below the tephra, vertical cycles of cobbly to bouldery conglomerate and
pebbly conglomerate occur in couplets 20-50 cm thick (Fig. 3.6A), whereas other
parts of the section are massively bedded. Although the conglomerates show local
imbrication, it is not a hallmark of this facies association. This characteristic, com-
bined with a lack of definable bedding surfaces, the gradational alternation between
pebble and boulder size material, and the lack of sandstone or finer materials, suggest
deposition as either non-cohesive debris flows or coarse sheetfloods.

The sandstone and pebbly sandstone facies is predominant in the northern section
(Map unit Te2, Fig. 3.5), and resembles facies association 4 at Eagle Mountain. Hence
we interpret them as sandskirt deposits related to sheet flooding or fluvial deposition.

The monzogabbro conglomerate facies comprises mainly clast-supported boulder
conglomerate occurring in 1 to 3 m thick, massive, structureless beds with little evi-
dence of imbrication or other internal structure. In contrast with the two conglomer-
ate facies in the upper part of the section at Eagle Mountain, no well-defined sheet-
flood couplets are present (although exposure is generally not sufficient to demon-

strate it). Coarse monzogabbro clasts (30 to 100 cm) compose approximately half
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the deposit, but no single bed is as thick as 20 m as at Eagle Mountain. Based on
the poor sorting, very coarse grain size, lack of internal structure, and clast-support,
we interpret these conglomerates as a result of non-cohesive debris flows.

The siltstone facies occurs as thin interbeds with the sandstone and monzogabbro
conglomerate facies in the middle third of the northern section. Although thin and
generally not well exposed, we interpret them as lacustrine.

The limestone facies does not occur in the measured sections, but limestone beds
are prominent in quarries exposed along strike a few hundred meters to the south
of the southern section. They are similar to the limestones in the Eagle Mountain
section, and we similarly interpret them as lacustrine.

As in the case of the Eagle Mountain section, when viewed as a whole we interpret
facies 1-4 to represent deposition on an alluvial fan, and units 5 and 6 to represent

deposition in an adjacent lake that existed in late Te2 time.

3.4 Depositional Paleoslope

Although the sandstones and conglomerates throughout both sections generally
exhibit parallel or very low-angle cross lamination and the conglomerates are gener-
ally not well imbricated, both high-angle cross stratification and imbrication occur
locally. We measured the orientations of 18 well-defined a-b plane fabrics from con-
glomerates in the lower and middle parts of unit Te2 on Eagle Mountain, from 18
localities evenly distributed across the area of exposure. The orientations define a
unimodal population that dips to the southwest (Fig. 3.7A). We also measured the
orientations of high-angle cross laminae in strata assigned to facies 4, which yielded
two contrasting populations. The first is recorded in the coarser sandstones below the
unit 17 conglomerate. With few exceptions, they define a unimodal population with
cross laminae dipping southwestward (Fig. 3.7B). The second, recorded in the finer
grained sandstones above unit 17, is bimodal, with one population dipping northeast-

ward, and a slightly smaller population dipping southwestward (Fig. 3.7C). There
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is no systematic relation between stratigraphic position and the orientation of cross
laminae within the upper portion of unit Te2. Examples were observed where both
dip directions were recorded in the same bed (Fig. 3.8A).

Paleocurrent directions in the lower portion of unit Te2 can be determined from
two separate paleocurrent indicators. The south-southwest dip of imbricated clasts
indicates north-northeastward paleoflow (Fig. 3.7A). The southwest-dipping cross
laminae in sandstones interstratified with the conglomerates are difficult to inter-
pret as foreset laminae, because it would require oscillating depositional paleoslope
in units 3 through 17. Cross stratification resulting from antidune migration is gener-
ally thought to be low-angle (< 10°) and difficult to preserve (e.g., Middleton, 1965;
Blair and McPherson, 1994), but compelling flume-generated and natural examples
of high-angle (20-25°) backset laminae have been described (Jopling and Richardson,
1966; Power, 1961; Hand et al., 1969). These natural examples of upstream-dipping
cross laminae generally occur in much coarser material than in flume experiments
(e.g., granular sandstone and conglomerate), and share sedimentologic characteristics
similar to those observed at Eagle Mountain, including coarse, wedge-shaped backset
laminae that fine upward, and imbricated clasts dipping the same direction as the
backset laminae (Hand et al., 1969; compare Fig. D in Power, 1961 with Fig. 3.8B).
We therefore interpret the paleoflow of the lower Te2 sandstones at Eagle Mountain
to be north-northeast directed.

The bimodal distribution in the upper sandstones, above the unit 17 conglomerate
(Fig. 3.2), contrasts markedly with the lower sandstones. Since the two sets are
cospatial, and in several places both orientations were observed within the same set
of laminae, we interpret them as trough cross strata. A method for determining the
trough axis from bimodal trough cross laminae (DeCelles et al., 1983) indicates that
the trough axes at Eagle Mountain generally trend east-west (Fig. 3.7C). The trough
axis plunges shallowly to the east-southeast (~3°) suggesting easterly flow, but this
depends critically upon the accuracy of our rotation of the data to paleo-horizontal.

However, an easterly flow direction is far more likely than a westerly direction because
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Figure 3.7. Orientations of paleocurrent indicators from the upper part of the Eagle
Mountain Formation (unit Te2), Eagle Mountain, after backtilting local bedding to hori-
zontal about the strike direction at each outcrop. In A and B each data set is shown as
a stereographic plot of dip vectors (trend and plunge of vector raking 90°) and a rose dia-
gram of dip directions. In C, the data set is shown as a stereographic plot of poles to cross
bedding and a rose diagram of dip directions. Large filled symbols on stereonets show mean
vector of each population. N indicates number of observations. Arrows on rose diagrams
indicate inferred paleocurrent direction, with arc showing 95% confidence limits. A) a-b
plane fabric in imbricated conglomerates. B) Planar cross laminae in granular sandstones,
lower part of section. C) Trough cross laminae in sandstones, upper part of section, divided
into northerly (circles) and southerly (squares) dipping populations. Best fit great circle is
shown on the plot of poles to bedding. The pole to the best fit great circle (gray square) is
interpreted as the trough axis.
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Figure 3.8. Cross-stratification in the Eagle Mountain Formation, Eagle Mountain. A)
Trough cross-stratification in sandstones, upper part of unit Te2. B) Planar crossbeds in
conglomerate, lower part of unit Te2. Horizontal dark gravel layer below scale is parallel to
bedding. Note strong upface fining (right to left), with cobbles of light colored intraforma-
tional (?) Tertiary limestone toward the bottom fining upward to granular sand at the top,
suggesting flow from right to left (northward).
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the source region for Te2 conglomerates lies to the west.

The apparent 90° change in paleoflow direction from north-northeast to east-
southeast coincides stratigraphically with an overall change in depositional environ-
ment from an alluvial fan setting in Tel and the lower part of Te2, to a braidplain
setting in the upper part of Te2. Such a change would be expected as localized
depocenters dominated by transverse depositional systems (fans) evolve into an in-
tegrated drainage system dominated by longitudinal transport (e.g., Bachman and

Menhert, 1978; Fig 4. in Leeder and Gawthorpe, 1987).

3.5 Age

10Ar/39Ar dating was attempted on seven tephra samples, four of which yielded
interpretable age information (Table 3.1), including two samples from Eagle Mountain
(EM-0 and EM-4) and two samples from the Resting Spring Range (1593 and 1893,;
Tables C.1-C.13). Sample 1893 yielded information relevant only to the provenance
of the tephra and will be discussed in the next section. The stratigraphic positions of
the other three samples are shown in Figure 3.2. Complete analytical data are listed
in Tables C.2-C.10, and analytical methods are described in Appendix C.

The results of the *°Ar/3Ar analyses are summarized in Table 3.1 and illustrated
in Figure 3.9. The samples from Eagle Mountain yielded highly reproducible laser
fusion ages averaging about 13.1 Ma (EM-0, from the lower unit; Table C.2) and
11.6 Ma (EM-4, near the top of the upper unit; Table C.5). Isochron ages for these
two samples are 13.4 Ma and 11.6 Ma (Fig. 3.9), concordant with two-step resistance
furnace analyses of the bulk separates (Table 3.1; Tables C.3 and C.6). We interpret
the isochron ages as the best estimate of the eruption ages of these two samples.

Sample 1593, from the Resting Spring Range (from the middle of unit Tel), yielded
slightly more scattered laser fusion ages averaging 15.2 Ma (Table C.8). Inverse
isochron analysis of sample 1593 (Fig. 3.9) indicates that the laser fusion increments

define two distinct linear arrays, each of approximately the same age, with different
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Figure 3.9. Inverse isochron correlation diagrams of “°Ar/3?Ar data for tephras from the
Eagle Mountain Formation at Eagle Mountain (EM-0 and EM-4) and in the Resting Spring
Range (1593). Filled square represents a mixture of two gas components defined by unfilled
symbols, and was excluded from the regression analysis (see text for discussion). Error bars
are shown at 20 where they are larger than the circle representing the point.
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initial “°Ar/*Ar. The first array yields a model isochron age of 15.04 + 0.24 Ma
with an initial “°Ar/30Ar of 299 + 89. The second array indicates a model isochron
age of 13.58 + 1.21 Ma, with an initial “°Ar/36Ar of 1900 + 954. These results
suggest that sample 1593 may consist of two separate diffusion domains. The first
domain consists of a mixture between a radiogenic component of “°Ar and a non-
radiogenic component of approximately modern atmospheric value. A mixture of
the same radiogenic component as found in the first domain with a non-radiogenic
component containing excess “°Ar is found in the second domain.

The model total gas age of sample 1593 is calculated to be 21.5 Ma (Table 3.1;
Table C.9). The discrepancy between model isochron and total gas ages for this
sample is best attributed to the unsupported component of “°Ar in the sample. The
assumed initial “*Ar /3¢ Ar used to calculate the model total gas age (295.5, the modern
atmospheric value) probably underestimates the true intial “°Ar/3¢Ar of the bulk
separate (Table 3.1, Fig. 3.9, Table C.8). An initial *°Ar/36Ar in the range of 990,
within the uncertainty of the measured initial “°Ar/36Ar of sample 1593 (Fig. 3.9,
Table 3.1), would result in a total gas model age in agreement with the isochron age.

Although the isochron ages for both non-radiogenic end members found in sample
1593 are equivalent within uncertainty, we have chosen the isochron age corresponding
to an initial °Ar/36Ar of 299 as the best estimate of the eruption age. We therefore
interpret the age of sample 1593 to be 15.0 Ma.

A younger limit on the age of the Eagle Mountain Formation in the Resting Spring
Range is provided by gently dipping ash flow tuffs that lie in angular unconformity
on the steeply dipping Cambrian strata (Burchfiel et al., 1982). A K-Ar age of 9.6 Ma
for these units was reported by Wright et al. (1991). We conclude from this data that
the Eagle Mountain Formation is middle Miocene, with relatively slow, continuous

deposition from 15 to 11 Ma.
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3.6 Provenance

3.6.1 Sedimentological Evidence

Although the lower portions of both the Resting Spring Range and Eagle Mountain
sections appear to be derived from the local bedrock of the Resting Spring Range and
Eagle Mountain, respectively, the upper portions of both sections contain a more
diverse clast assemblage that in some cases excludes rock types from the underlying
bedrock (Table 3.2).

The most distinctive of the exotic clasts, a coarse leucomonzogabbro, does not
have a source anywhere in the eastern Death Valley region. Most of these clasts
are a plagioclase porphyry with phenocrysts 4-8 mm long in a fine-grained ground-
mass of anhedral (secondary?) potassium feldspar and plagioclase with minor quartz.
Mafic minerals vary in abundance from 11-18%, and occur in distinctive clusters of
clinopyroxene and biotite, with lesser hornblende and olivine (Fig. 3.6F).

Other distinctive clast types found at both localities include wackestones, pack-
stones and grainstones composed of large (3-6 mm) fusulinids of Permian age (C.A.
Stevens, oral communication, 1994), crinoidal grainstones of probable Carbonifer-
ous age, white orthoquartzite, marble, altered intermediate (7) volcanic rocks, and
gray sucrosic dolostones (Table 3.2). The Resting Springs Range section also con-
tains clasts of micrite with large spririferid brachiopods of probable Devonian age,
calc-silicate hornfels, and basalt (Table 3.2).

The Cottonwood Mountains were recognized as a possible source terrain for these
conglomerates by Wilhelms (1962, p. 117) based on the occurrence of monzonitic
plutons there, but he indicated that a precise locale had not been found. A specific
area with the requisite characteristics to be the source region is the eastern edge of
the Hunter Mountain batholith in the southern part of the Cottonwood Mountains
(Figs. 3.1 and 3.10).

The interior of the batholith is a fine- to medium-grained leuco-quartz monzonite

(Table 3.3) with an intrusive age between about 165 Ma (K/Ar hornblende, Burchfiel
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et al., 1970) and 156 Ma (K/Ar biotite and hornblende, Burchfiel et al., 1970; U/Pb
zircon, J. Chen, oral communication; Fig. 3.10). East of the Hunter Mountain fault
zone, the batholith is rimmed by a fine- to medium-grained monzogabbro phase dated
at 175 Ma (U/Pb zircon, G. Dunne and J. D. Walker, oral communication, 1997; Fig.
3.10; Table 3.3). The outermost rind of the batholith, best developed on the south-
eastern margin, is a third phase consisting of coarse leucomonzogabbro, dated at
178-180 Ma (*9Ar/39Ar biotite, J. F. Sutter, oral communication, 1997; U/Pb badde-
leyite, this report; Fig. 3.10; Table 3.3). The phase along the southeastern margin is
most similar to the distinctive texture and modal mineralogy of the Eagle Mountain
clasts including porphyritic texture; plagioclase phenocrysts in the 4-8 mm range;
fine-grained groundmass composed mainly of (secondary?) potassium feldspar with
minor quartz; clustered mafic phases which include clinopyroxene, biotite and olivine;
and monzogabbroic modal mineralogy. Clasts of this type are abundant in Holocene
fan deposits along the eastern margin of the batholith, and are indistinguishable from
the clasts in the Eagle Mountain Formation (cf. Figs. 3.6E and 3.6F).

The batholith is surrounded by a 1-2 km wide contact aureole of fine to coarse
grained marble and calc-silicate hornfels, which grade laterally away from the batholith
into unmetamorphosed strata ranging in age from Ordovician to Permian. Paleozoic
strata widely exposed along the northern and eastern margins of the batholith include
white orthoquartzite (Eureka Quartzite) and the Permian Owens Valley Group, which
is rich in fusulinid grainstone.

The combination of (1) a monzogabbroic phase of the batholith similar to leu-
comonzogabbro clasts found in the Tertiary sections; (2) a wide, largely carbonate
contact aureole; (3) Ordovician through Permian miogeoclinal strata as country rock,
including fusulinid grainstones; and (4) the absence of the Neoproterozoic clastic
wedge, is unique to the eastern margin of the Hunter Mountain batholith in the
southern Cottonwood Mountains. This area thus appears to be the only tenable ex-
posed source area for the clast assemblage in the upper part of the Eagle Mountain

Formation in the Resting Spring Range, and for a large component of clast types in
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the upper part of the section at Eagle Mountain (Table 3.2).

An alternative source terrain could be a hypothetical region closer to Eagle Moun-
tain that has simply been buried under the modern valleys. Such a hypothetical
terrain is difficult to rule out absolutely, but such an occurrence seems unlikely. The
leucomonzogabbroic mineralogy of the Hunter Mountain batholith is distinctive, as
compared to the more typical modes in the region, which are rich in quartz and
potassium feldspar, and rarely contain the combination of clinopyroxene, biotite and
olivine as mafic phases. If another intrusion with mineralogy similar to the Hunter
Mountain batholith did exist in the Death Valley area, it would also have to share the
same crystallization age, as discussed below. The intrusion would also have to share
a drainage basin with abundant fusulinid grainstones. These grainstones are only
abundant in Permian strata, which are omitted by the basal Tertiary unconformity

in all ranges between the Panamint and Spring Mountains.

3.6.2 Geochronologic Evidence

The interpretation that the leucomonzogabbro clasts at Eagle Mountain and in
the Resting Spring Range are from the Hunter Mountain Batholith is consistent with
U/Pb geochronology of the clasts and the batholith. One clast from Eagle Mountain
(LMG-EM, Table 3.4), one clast from the Resting Spring Range (LMG-CV) and one
bedrock sample from the eastern margin of the batholith in Cottonwood Canyon
(LMG-CC; Fig. 10) were collected for U/Pb analysis. Analytical data are presented
in Table 3.4 and Figure 3.11, analytical methods and sample locations in Appendix
C.

The three analyses are internally concordant and appear to define a lead-loss
trajectory, with discordance increasing with uranium concentration (Fig. 3.11; Table
3.4). We therefore interpret the discordance to be the result of minor lead loss due to
metamictization. Although inheritance could also lead to the discordance, inheritance
of baddeleyite is rare, due to its paucity in most crustal rocks. Discordance due to a

prolonged thermal history is unlikely, because the U/Pb ages are similar to °Ar/39Ar
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Figure 3.11. Concordia plot of U/Pb data (Tera and Wasserburg, 1972) of baddeleyite
from leucomonzogabbros from the eastern margin of the Hunter Mountain batholith (Fig.
3.10) and leucomonzogabbro clasts from the Eagle Mountain Formation at Eagle Mountain
and in the Resting Spring Range. Uncertainties shown are 20. Note internal concordance
of data on the 2°"Pb/2%6Pb axis and minor dispersion along the 238U /206Pb axis, which
increases with increasing U concentration (Table 3.4), suggesting minor lead loss due to

crystal damage.
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Figure 3.12. Plot of °Ar/3? Ar laser fusion analyses of feldspar grains from tephra horizon
in map unit Te2, Resting Spring Range (Fig. 3.5) shown in Fig. 3.6D.

ages from the leucomonzogabbroic phase (Fig. 3.10). We interpret the data to indicate
a crystallization of the leucomonzogabbroic phase of the Hunter Mountain batholith,
and of both leucomonzogabbro clasts, at ~180 Ma.

10Ar/39Ar ages were determined on potassium feldspar grains from a ~2 m-thick
tephra in the Eagle Mountain Formation in the Resting Spring Range (sample 1893;
Tables C.11-C.13). The tephra is parallel-laminated throughout (Fig. 3.6D) and shows
no evidence of reworking. In thin section, ash fragments are angular and include
cuspate L- and C-shaped grains. Two feldspar grain populations were separated, one
largely transparent, the other translucent (samples A and B, respectively), and four
laser-fusion analyses were performed on each. As is typical of many of the sampled ash
beds in the Eagle Mountain Formation, the ages in sample B are spread relatively
evenly between mid-Tertiary and Middle Jurassic (38-170 Ma), but the ages from
sample A are well clustered between 163 and 168 Ma (Fig. 3.12).
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We interpret these ages as indicating that the feldspar grains were entrained by as-
cending Miocene magma as it passed through late Middle Jurassic plutonic or volcanic
rock. Because the depositional age of the tephra is middle Miocene, possible source
regions for the tephra are presumably restricted to where middle Miocene and Middle
Jurassic magmatic centers coincide. Middle Jurassic plutons and volcanic rocks are
not found in the eastern Death Valley region, but occur in a semi-continuous belt
to the west and north of Death Valley (Saleeby and Busby-Spera, 1992). Although
middle Miocene volcanism is well developed in the Nevada Test Site region, it does
not coincide with the known belt of Jurassic magmatism. The closest possible source
region for the tephra lies in the southernmost Panamint Range. However, middle
Miocene volcanism overlaps the Jurassic magmatic belt throughout much of the Mo-
jave Desert region. Tephras in the range of a few meters thick can easily be many tens
of kilometers from source. Therefore, although suggestive of proximity to the Jurassic
arc well to the west of Eagle Mountain, the Jurassic xenocryst population does not
provide a precise constraint on the position of the Eagle Mountain Formation at the

time of eruption.

3.7 Discussion

3.7.1 Sedimentary versus Tectonic Transport

Our interpretations of (1) a middle Miocene depositional age, (2) a predomi-
nantly alluvial fan depositional environment and (3) a southern Cottonwood Moun-
tains source region for much of the detritus in the lower portion of unit Te2 at Eagle
Mountain, and nearly all of unit Te2 in the Resting Spring Range, impose severe
constraints on the position of the Resting Spring Range and Eagle Mountain with
respect to the southern Cottonwood Mountains in middle Miocene time. Empirical
observations of modern alluvial fans, including their restricted radial length, expo-

nential downstream fining of maximum clast size, and the ratio of drainage area to
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fan area, suggest that sedimentary transport of more than about ~20 km from source
is unlikely. The lack of dilution from other sources of sand through boulder-sized
detritus in unit Te2 in the Resting Spring Range would be especially fortuitous given
the present distance from source. We infer, then, that much of the transport of the
lower unit Te2 gravels away from source was tectonic.

Paleocurrent data suggest a more precise positioning of depocenter and source.
Most modern alluvial fans have radii less than 10 km, and radii of more than 20
km are virtually unknown. Studies of the depositional mechanisms on fans suggest
that these processes are largely ineffective at creating fan radii that exceed 10 km
(e.g., Anstey, 1965, 1966; Blair and McPherson, 1994). Clasts larger than 1-2 m
in diameter are uncommon more than 10 km from their source and are relatively
uncommon even where found close to source (Beaty, 1989). Downstream fining data
from modern fans compiled by Rust and Koster (1984) and Smith (1987) show that
clasts with mean diameters larger than 50 cm are rarely deposited more than 10
km from source, and diameters greater than 1 m are rarely transported more than
5 km. Brierly et al. (1993) found that most clasts larger than 1 m were deposited
within 3 km of source. For the largest fans, the drainage area above the fan apex is
roughly the same as the area of the fan, and the distance upstream from the apex to
the drainage divide is generally of the same order as fan radius (e.g., Denny, 1965).
Given these considerations, the Eagle Mountain fan deposits probably lay just east
of the southern Cottonwood Mountains during middle Miocene time (Fig. 3.13). The
evidence for north-northeastward paleoslope in the alluvial fan deposits that comprise
the lower portion of unit Te2 at Eagle Mountain may suggest that a position northeast
of the batholith is more likely than a position to the east or southeast. However, the
precise dimensions of the ancient fan and the trajectory of streams draining the source
region are unknown, so we regard a position anywhere within about 10-20 km of the
eastern margin of the batholith as tenable.

As indicated by the downstream fining data of Smith (1987), a large river system

could conceivably transport meter-sized clasts many tens of km from its source. The
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general lack of environmental indicators of fluvial deposition in the lower part of unit
Te2 notwithstanding, it is difficult to envisage a drainage system on the order of 100
km long that would consistently deliver coarse detritus from the southern Cottonwood
Mountains to the Resting Spring Range without contamination from other parts of
the drainage system. This lack of contamination applies to the clast composition of
the gravels and to the angular, plagioclase-rich arkosic wackes (Fig. 3.6B), both of
which would be diluted by mixing with source terrains that did not include the coarse

monzogabbro after only small amounts of downstream transport.

3.7.2 Implications for Tectonic Reconstructions

Proximity of the Cottonwood Mountains to the Resting Spring Range and Eagle
Mountain at ca. 12 Ma has a number of tectonic implications for the development of
the central Basin and Range. It is consistent with previous reconstructions suggesting
large-magnitude extension between the Panamint and Resting Spring Ranges based
on correlation of pre-Tertiary features in the region (Stewart, 1983; Wernicke et al.,
1988; Snow and Wernicke, 1989; Snow, 1992) and reconstructions of Tertiary basins
immediately to the south (McKenna and Hodges, 1990; Topping, 1993; Davis et al.,
1993).

Structural correlations of Wernicke et al. (1988, 1993) suggest juxtaposition of
exposures of the Chicago Pass and related thrusts in the northern Nopah Range,
where Cambrian strata are thrust over Carboniferous (Fig. 3.1; point D1, Fig. 3.13),
with the corresponding stratigraphic cutoff by the Panamint thrust fault in the Tucki
Mountain area (Fig. 3.13, point D2). In Figure 3.13, the cutoff along the Panamint
thrust that matches point D1 must be restored northwestward to take into account
extension apparent in the bedrock geology between Tucki Mountain and the southern
Cottonwood Mountains, limiting the cutoff to a position between points D2 and D3
(Wernicke et al., 1988). The restored position of the Panamint-Chicago Valley thrust
relative to the southern Cottonwood Mountains lies near the center of the region of

uncertainty defined by the reconstruction of the Eagle Mountain Formation, in close
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accord with the previous structural correlations.

The ~100 km of post-middle Miocene separation of the Cottonwood Mountains
and the Resting Spring Range lead to two testable hypotheses: (1) correlatives of the
Eagle Mountain Formation may be present in the intervening area, which includes
the Greenwater Range and the Black Mountains; and (2) the Greenwater Range and
Black Mountains should contain a record of late Miocene (ca. 11-5 Ma) large-scale
extensional tectonism, if it is assumed that the northwestward motion of the Panamint
and Cottonwood Mountains occurred at a relatively constant velocity. These two

hypotheses are evaluated below.

3.7.3 Regional Correlation of Miocene Stratigraphy

Middle Miocene strata are widespread in the Death Valley region, and on a
palinspastic base occur in two major depocenters, one to the north of the Resting
Spring Range and another to the south. To the north, middle Miocene sections are
dominated by thick pyroclastic successions from the southwestern Nevada volcanic
field in the Nevada Test Site area (Byers et al., 1976). Silicic tuffs range in age from
15.3 Ma (Redrock Valley Tuff) to 11.5 Ma (Timber Mountain Group) and have an
aggregate thickness of several thousand meters (Frizzell and Shulters, 1990; Sawyer
et al., 1994). The southwestern Nevada volcanic field developed at roughly the same
time as rapid extension migrated westward across the region (Hoisch et al., 1997).
To the south, ~3000 m of predominantly alluvial fan and lacustrine strata ranging in
age from ~13-11 Ma compose the lower part of the Shadow Valley basin (Davis et
al., 1993; Friedmann, 1999). The Shadow Valley basin appears to have developed in
response to the onset of detachment faulting and tilting in the Kingston Range and
areas to the south (Davis et al., 1993; Fowler et al., 1995; Freidman, 1999; Fowler
and Calzia, 1999).

In the area between these depocenters, the middle Miocene is represented by
relatively thin, predominantly epiclastic strata exposed along a northwest-trending

axis extending from the central Resting Spring Range to the southern Cottonwood
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Mountains (Fig. 3.1). The four principal exposures include the two areas described
in this report, the lower part of the Artist Drive Formation as defined by McAllister
(1970, 1973) in the Ryan Mine area (Cemen et al., 1985; Cemen and Wright, 1988,;
Wright et al., 1999), and the Entrance Narrows Member of the Navadu Formation
in the central Cottonwood Mountains (Snow and Lux, 1999; Figs. 3.1 and 3.2). All
of these successions appear to be quite similar in thickness, lithostratigraphy, and
provenance. They contrast strongly with the middle Miocene deposits to the north
and south in that they are much thinner, contain far less volcanic and volcanogenic
material, and share a source region that includes the southern Cottonwood Mountains
(Snow and Lux, 1999; Wright et al., 1999; this report). These successions may
therefore represent an originally small, independent basin or set of basins.
Lithostratigraphy, clast composition of conglomerates, paleoslope indicators and
age of the Eagle Mountain Formation at the type locality and the lower part of the
Artist Drive Formation at Ryan are all quite similar (Figs. 3.2 and 3.14). Both sections
(1) lie unconformably on the Bonanza King Formation; (2) have a basal monolithic
conglomerate or breccia composed of the Bonanza King Formation, giving way up-
ward to siltstone; (3) are predominantly yellowish-brown to grayish orange-weathering
arkosic sandstones and siltstones with calcareous cement and thin limestone interbeds;
and (4) contain conglomerates composed predominantly of Eocambrian and Cambrian
miogeoclinal strata mixed with clasts derived from the southern Cottonwood Moun-
tains (Wright et al., 1999). Clast imbrication data from gravels in the lower part of
the section at Ryan indicate a northward paleoslope (Fig. 4 of Cemen and Wright,
1988, p. 83), similar to the lower part of unit Te2 in the Eagle Mountain section.
Cross-stratified sands above the conglomerate contain north-dipping cross-laminae
(preliminary data and Fig. 9 of Wright et al., 1999, p. 103), also in accord with our
observations in the lower part of unit Te2. Tephras at the base of the section at Ryan
yielded K-Ar ages of 13.7 £ 0.4 Ma and 12.7 £ 0.4 Ma (Cemen et al., 1985), well
within error of the 13.4 4 0.5 Ma %9Ar/3Ar isochron age from ash in the lower part

of the section at Eagle Mountain (Fig. 3.14). An ash flow tuff lying unconformably



101

above the clastic section at Ryan yielded a K-Ar age of 10.6 + 0.2 Ma (Cemen et al.,
1985), consistent with the 11.6 + 0.3 Ma *°Ar/39Ar isochron age from the uppermost
part of the section at Eagle Mountain (Fig. 3.14).

On the basis of these similarities, we follow Wright et al. (1999) and correlate the
Eagle Mountain Formation with the pre-10.6 Ma siliciclastic section at Ryan (unit
Trsl of Greene, 1997; ‘lower sedimentary member’ of the Artist Drive of McAllister,
1970). We note, however, that this section is clearly older than the oldest known
strata in the type section of the Artist Drive Formation in the northern Black Moun-
tains, which are probably < 8.4 4+ 0.4 Ma (Greene, 1997). On this basis, Greene
(1997) informally proposed the name Ryan Formation for both the Eagle Mountain-
correlatives near Ryan and volcanic units that unconformably overlie it. Wright et
al. (1999) proposed the section at Ryan constitute a ‘reference section’ of the Artist
Drive, partly on the basis of correlation between lowest type Artist Drive (unit Tal
of Greene, 1997) and the section at Ryan (unit Trsl of Greene, 1997). As noted by
both Greene (1997) and Wright et al. (1999), and we concur, this correlation is tenta-
tive and awaits further geochronological work. In comparison, the correlation of the
pre-10.6 Ma strata at Ryan with the type Eagle Mountain is now firm. We therefore
designate the prevolcanic strata at Ryan as Eagle Mountain Formation, and restrict
the Artist Drive designation to the volcanic-rich, post 10.6- Ma section in both areas.

This nomenclature allows unit Tal in the northern Black Mountains to eventually
be assigned to either the Artist Drive or Eagle Mountain, depending on age. It also
recognizes both the onset of volcanism in the central Death Valley region, and the
~15° angular unconformity between Eagle Mountain correlatives and the ~10.6 Ma
ash flow tuff (basal upper Miocene) at Ryan as a formational boundary (Plate 1 of
Greene, 1997; McAllister, 1970).

In the Cottonwood Mountains, the Entrance Narrows Member of the Navadu
Formation is composed predominantly of pale yellowish brown (10 YR 7/2), gray-
ish orange-weathering (10 YR 8/4) conglomerate with local thin interbeds of arkosic
wacke, with 50-80% of the clasts derived from the Hunter Mountain batholith (Fig.



102

(L66T) Yoo PUR 2ULRIY) pUR (RKGT) SN\ PUR UaUId)) ‘(GRET) ‘T 10 UaWd)) wol] pajdepe UOIDes SUIJN URAY 'GI'¢ pue
I'¢ "SSI] WO UMOTS 9Ie SUOIIRIO] ‘(LE6T) FO[] PUR SUSRIL) WOIJ 9Ie,5)-r) Pue ‘ J-H ‘ g-g Soul] uooeg -oguey Jurrdg 3ursey o)
pue urejunojy d[Ses] ‘OUI[N URA}Y o) ‘SUIRIUNOJN MOe[ UISY}IOU d1[} WOIJ SUOI}IdS JO UOIpe[alIod orydeidijeris-owil], “FI°¢ 2anSrq

/ -0
Ajwiojuooun e | - = oor
uolleulwlielep abe ollawolpey ° / N, \ B
SISE[O Uy Jajuny Jeseq rot O /@ L o002
< ry
Bulurejuoo ayesawo|buod | A v — oo
- A<, A< T A
ayjo0Ay. @ m%ﬁm&:@ wmop < | . - L oor
\ v 13
o = ANS 7 A
2 L 00g
Em__wc_o_mcoom mcoﬁmucmm_ _ aleys / ——
L - | —+——]
| " ] - 009
L —+—
/ — - o0z
.
/ A—
— Lel . 008
/ L — w
¢ — ] 006 &
| — 2
T i— — _ — 000}
¢ | ENove A
; ~— Mad 001+
oo q BENVEl @ =01 A \ >»A BN 7'8>
° = / 5 D0, \ b —] / L L - =
Lo / BN 901 -@— == I - \ & ]
i é v v N ¢ v » vl 00EL
¢ _7/ RPN I— / MY
A E—— A z
; ENOLL /I\A|¢ \ L 00V}
—t— — — &= A_U, Vv oA F
mree b AA: ‘T e A V/ M“ A> L”OOm._‘
A
< A /
) ‘ L 0091
L s IR A
C 00t
BN G'G
L 008l
Bundg Bunsey urejunoly e|6eg SuIN ueky D-H uondes J-3q uondeg  g-g uonoes

SUIBJUNOIA YoB|g UJBULION



103

3.2; Snow and Lux, 1999). An interval of monolithic breccia composed of fusulinid
grainstone from the Darwin Canyon Formation of the Owens Valley Group is also
present. A tephra in the middle of the unit was dated at 12.1 & 0.5 Ma (*°Ar/3°Ar
sanidine). On the basis of age and provenance we correlate the Entrance Narrows
Member of the Navadu Formation with the upper part of the Eagle Mountain For-
mation. Based on their current physical separation, contrasting lithostratigraphy,
and the possibility that the Navadu may have been deposited in a separate basin, we
suggest the Navadu nomenclature be retained for sections now to the west of Death
Valley.

The compositions of the conglomerates in the Entrance Narrows Member, now
positioned just north of the Hunter Mountain batholith in Marble Canyon, are simi-
lar to those in the upper part of the Eagle Mountain Formation in the Resting Spring
Range, which was derived almost exclusively from a Cottonwood Mountains source
(Table 3.2). In contrast, unit Te2 of the type Eagle Mountain and the middle Miocene
conglomerates at Ryan are predominantly from an Eocambrian-Cambrian source (Ta-
ble 3.2). We speculate that the Entrance Narrows represents a proximal (western or
southern) facies of an alluvial fan system that fed eastward or northward into a lake.
Early in the system’s history, the three sections now east of Death Valley, all of which
are deposited on a Cambrian substrate, were fed by a drainage area to the south
underlain by Eocambrian-Cambrian strata. As the system matured, the relatively
proximal Entrance Narrows and Resting Springs Range sections were fed exclusively
by an expanding Cottonwood Mountains source, while the more distal type Eagle
Mountain and Ryan sections retained a southerly Eocambrian-Cambrian source that

became well-mixed with a component of the Cottonwood Mountains source.

3.7.4 Implications for the Furnace Creek Basin

The Furnace Creek basin (Cemen et al., 1985) has been defined as a ~50 km long
middle to late Miocene (ca. 14-6 Ma) depositional trough occupying the northern
Black Mountains and the northern Greenwater Range (Cemen et al., 1985; Wright et
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al., 1999). It is delimited on the northeast by the Furnace Creek fault zone and on
the west by the central Death Valley fault zone. The Furnace Creek basinal deposits
interfinger southward with predominantly upper Miocene (ca. 10.5-5.0 Ma) volcanic
strata of the central Death Valley volcanic field (Fig. 3.15; Wright et al., 1991, 1999;
Greene, 1997).

As mentioned earlier, translation of the Cottonwood Mountains some 100 km
northwestward away from the Resting Spring Range after 11-12 Ma implies that the
area now occupied by the Furnace Creek basin was a locus of extreme extension after
that time. However, Cemen et al. (1985), Cemen and Wright (1988), and Wright
et al. (1991, 1999), hypothesize that deposition occurred more-or-less conformably
throughout the preserved extent of the basin between 14 and 6 Ma, and so regard the
basin as a long-lived, areally extensive depocenter. Cemen et al. (1985, p. 129) sug-
gested that because the northern Black Mountains and Greenwater Range ‘are now
extensively underlain by an autochthonous sedimentary and volcanic cover, of which
the formations of the Furnace Creek Basin are a part, ....most of the movement on
the Furnace Creek segment of the [Furnace Creek| fault zone would predate the oldest
basinal units.” Cemen et al. (1985) and Wright et al. (1999) favored an interpretation
where northwestward translation of the basin following the onset of deposition at ca.
14 Ma was no more than 10 km (Cemen et al., 1985, p. 129), and noted that this
interpretation was incompatible with translation of the Panamint Range and Cot-
tonwood Mountains northeastward away from the Resting Spring Range and Funeral
Mountains in the interval 11-5 Ma (Cemen et al., 1985, p. 128-129; Wright et al.,
1999, p. 88).

In contrast, Snow and Lux (1999) interpret the Furnace Creek basin as a syn-
to late-extensional basin, the development of which is largely controlled by north-
westward translation of the Cottonwood Mountains away from the Resting Spring
Range between 11 and 5 Ma. Our interpretation of a proximal source in the south-
ern Cottonwood Mountains for the Eagle Mountain Formation in the Resting Spring

Range, as well as recent mapping by Greene (1997), support the Furnace Creek basin
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106

evolution model of Snow and Lux (1999), and refine the timing and mode of basin

subsidence.

Evidence Favoring Significant Late Miocene Extension

A syn- to late-extensional origin for the Furnace Creek basin is suggested by
(1) sparse preservation of middle Miocene units relative to upper Miocene units; (2)
angular unconformity between middle Miocene and younger units; (3) angular uncon-
formities and growth fault relations within the upper Miocene units; (4) truncation of
the growth-faulted basin downward against a detachment fault; and (5) late Miocene
unroofing ages of the sub-detachment metamorphic infrastructure.

Following Greene (1997), we leave open the possibility that the depositional age
of the oldest Tertiary unit exposed in the northern Black Mountains (unit Tal) is
ca. 8 Ma (Fig. 3.14). For example, unit Tal could be correlative with post-10.6 Ma
yellowish brown sandstones and conglomerates at Ryan (unit Trs3 of Greene, 1997).
If so, then the only exposure of middle Miocene strata between Eagle Mountain
and the southern Cottonwood Mountains is the section at Ryan, and possibly one
additional small exposure about 5 km SE of Ryan, previously mapped as lower Artist
Drive Formation (unit Tal of McAllister, 1973). Thus, middle Miocene strata may
not be co-extensive with more widely exposed late upper Miocene (ca. 6—5 Ma) units
that define the areal extent of the basin. A possible reason that the Eagle Mountain
Formation is not co-extensive with the Artist Drive Formation is that the Eagle
Mountain Formation may have been strongly extended in earliest late Miocene time
(ca. 11-8 Ma). This inference is consistent with map relations at Ryan mentioned
above indicating a 15° angular unconformity between Eagle Mountain strata and
the overlying 10.6 Ma ash flow tuff (Greene, 1997). These strata are, in turn, in
~25° angular unconformity below ~4 Ma basalts (McAllister, 1970). These relations
suggest that the Eagle Mountain Formation at Ryan was already a tilted fault block
in earliest late Miocene time, and that tilting continued through the late Miocene

(Snow and Lux, 1999).
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The upper Miocene units of the Furnace Creek basin include the Artist Drive (as
defined above) in the Greenwater Range, and the Artist Drive and Furnace Creek
Formations in the northern Black Mountains (Fig. 3.15). The oldest units of the
Artist Drive are of relatively constant thickness, and show no clear evidence of growth
fault relations (Fig. 3.15; units Tal-Ta6 of Greene, 1997). Units within the middle
part of the Artist Drive (Fig. 3.15; units Ta7-Tal3), however, thicken dramatically
toward the southeast (Figs. 3.14 and 3.15), and appear to have been rapidly deposited
between ca. 7 and 6 Ma (Fig. 3.14). In addition to the southward thickening of these
units, the map pattern in Figure 3.15 shows four prominent repetitions of the section,
expressed by the geometry of marker unit Ta7, offset along three normal faults, each
with map-view separations of 0.5 to 1.0 km. These imbricate normal faults and fault
blocks are truncated by Artist Drive units Tal4—Ta30. We interpret units Tal-Ta6
as being deposited during the early stages of an episode of extension of the basinal
sediments, units Ta7-Tal3 as being deposited during extension and fragmentation of
the basin, and units Tal4-Ta30 and the Furnace Creek Formation as late-rift deposits
that have experienced relatively little extensional fragmentation.

The thickest sections of the syn-extensional portions of the Artist Drive (section
G-G’, Fig. 3.14) are ~1500 m thick, and are truncated downward against the Bad-
water turtleback fault, part of a major low-angle normal fault that served to unroof
an amphibolite facies metamorphic complex in middle (?) and late Miocene time
(ca. 15-5 Ma; Holm and Wernicke, 1990; Holm et al., 1992; Holm and Dokka, 1993).
The thick G-G'section in the Black Mountains markedly contrasts with nearby age-
equivalent strata at Ryan, which are ~200 m thick (Fig. 3.14). Thus, a splay of the
detachment that defined the growth basin apparently lay somewhere near or along
the trace of the Grandview fault, which separates the Ryan Mine area and northern

Black Mountains sections (Fig. 3.15).
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Interpretation

In interpreting the tectonic setting of the Furnace Creek basin, Wright et al.
(1991, 1999) emphasized apparent conformity of Eagle Mountain and Artist Drive
strata from 14-6 Ma as problematic for models requiring major extension in the
area at that time. Notwithstanding the angular unconformities and other features
described above, we point out that thick, conformable sedimentation is the norm
in fault-proximal extensional basins during extension (e.g., Fig. 15 in Wernicke and
Burchfiel, 1982; Snow and Lux, 1999). Hence we do not consider the criterion of con-
formability or near conformability of middle and upper Miocene strata as diagnostic
of the tectonic context of the Furnace Creek basin.

Rather, following Snow and Lux (1999), we interpret these structural and strati-
graphic relations to indicate that the Furnace Creek basin is a rather striking example
of a supradetachment basin (see review in Friedmann and Burbank, 1995), and see
little evidence in support of the hypothesis that it represents an area of tectonic
quiescence in the 14-6 Ma interval.

We concur with earlier workers (Snow and Lux, 1999; Wright et al., 1999; Fig. 13
of Cemen et al., 1999) that prior to Eagle Mountain deposition, the substrate of the
basin was an extension- generated, erosional upland cut mainly on Cambrian strata.
In early Miocene time, this upland shed detritus northward and westward onto a
lowland comprising what are now the Cottonwood and Funeral Mountains, floored
mainly by middle and upper Paleozoic strata. We believe that one of the structures
responsible for the upland is the Tucki Wash normal fault, as described by Wernicke
et al. (1993, p. 463-466).

We interpret deposition of the Eagle Mountain Formation as heralding the onset
of rapid extension in the region at ca. 15 Ma, which inverted the upland into a
shallow early-rift basin. Initial deposition of the Artist Drive Formation occurred after
significant tilting and fragmentation of the Eagle Mountain strata into at least three

fault blocks (Resting Spring Range, Eagle Mountain, and the northern Greenwater
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Range) as early as 10.6 Ma.

As the basin widened and grew westward away from the Resting Spring Range
and Funeral Mountains from ca. 11-7 Ma, supradetachment Artist Drive deposition
was for the most part conformable. From ca. 7-6 Ma, however, western parts of the
basin internally fragmented above a shoaling detachment, imbricating units Tal-Ta7.
After 5 Ma, limited slip may have continued along the detachment (e.g., Holm et al.,
1994), but relatively intact, widespread sediments of the Furnace Creek and Funeral
Formations, and the cooling ages in the footwall metamorphic complex, suggest that
the most active segment of the detachment lay to the west.

The topographic depression created by the detachment was locally filled with as
much as 2500 m of late-tectonic strata from ca. 6-4 Ma, including units Tal4-Ta30 of
the Artist Drive Formation and the Furnace Creek and Funeral Formations. Although
the age control on these late- extensional units is sparse, interfingering relationships
of the Furnace Creek Formation southward with the Greenwater Volcanics constrains
the age of the lower Furnace Creek Formation to approximately 5.5 Ma (Fig. 3.14;
Greene, 1997). These units were tilted steeply eastward along the west flank of the
range, and eroded as a result of northeast-trending shortening and coeval right-oblique
normal slip on faults related to the formation of modern Death Valley from ca. 4-5

Ma to the present (e.g., Holm et al., 1994; Mancktelow and Pavlis, 1994).

3.7.5 Westward Migration of Tectonism and the Rolling Hinge
Model

The interpretation of the development of the Furnace Creek basin described above
can be integrated with other constraints in the region to address the question of the
‘rolling hinge” model of extensional tectonism previously hypothesized for the Death
Valley region (e.g., Hamilton, 1988; Wernicke, 1992; Holm et al., 1992; Hoisch et
al., 1997; Snow and Lux, 1999). One of the predictions of the model is that fault

block tilting, rather than occurring synchronously as in the case of a toppling set
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of domino fault blocks, occurs sequentially as individual fault blocks are detached
from a migrating headwall and flexurally tilted along with the abandoned fault (e.g.,
Wernicke and Axen, 1988; Buck, 1988; Axen and Bartley, 1997).

Deciphering any patterns in the age of tilting in the region is complicated by
the fact that regional northeast-southwest compression may have resulted in steep
tilts of Tertiary strata that would be unrelated to the flexural rotation process. For
example, the Furnace Creek and Funeral Formations, which we interpret as being
deposited after the Cottonwood Mountains had been translated out of the northern
Black Mountains area, were subsequently folded about NW-trending axes to dips in
excess of 60° and are overlain by flat-lying 4 Ma basalts (e.g., McAllister, 1970, 1973,;
Greene, 1997). The angular unconformity resulting from this folding would therefore
be unrelated to any flexural rotation that may have resulted from the passage of a
rolling hinge through the area.

With this caveat in mind, we recognize at least three subregions between the
Nopah Range and the southern Cottonwood Mountains with contrasting ages of
extension-related tilting, including (1) the Nopah-Resting Spring Range, (2) the
northernmost Black Mountains and Greenwater Range, and (3) the west-central Black
Mountains and the Panamint Mountains.

As discussed above, in the Resting Spring Range the Eagle Mountain Formation
dips eastward at approximately the same angle as the underlying Cambrian bedrock,
and flat-lying to gently dipping ash flow tuffs with a reported age of 9.6 Ma uncon-
formably overlie steeply tilted Cambrian strata (Wright et al., 1991). Therefore any
flexural rotation of the range would have occurred before 9.6 Ma and after deposition
of the Eagle Mountain Formation (11-12 Ma, assuming the upper part in the Resting
Spring Range is time-correlative with the upper part at Eagle Mountain).

In the Greenwater Range and northernmost Black Mountains, extension-related
tilting appears to have occurred mainly in the interval 9-6 Ma. Volcanic strata as-
signed to the Shoshone Volcanics, which range in age from ca. 7-8 Ma show internal

growth relations, and are generally overlain in angular unconformity by the Green-
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water Volcanics and Funeral Formation basalts, which range in age from 4-6 Ma
(Wright et al., 1991). These relations suggest imbricate normal faulting occurred at
about the same time as that observed in the Artist Drive Formation, as discussed in
the previous section. These relationships are consistent with an age of 6-8 Ma for
the flexural rotation of the Black Mountains based on the exhumation history of the
crystalline core (Holm et al., 1992; Holm and Dokka, 1993).

In the west-central Black Mountains, the 7-3 Ma Copper Canyon Formation,
which is fairly uniformly tilted about 35°, is truncated by the turtleback fault surface
(Holm et al., 1994). Along the entire western flank of the Panamint Mountains, the
Miocene and Pliocene Nova Formation (ca. 6-3 Ma) is tilted eastward 15-30° and
is truncated by the Emigrant detachment, suggesting substantial unroofing of the
Panamint Mountains in latest Miocene and Pliocene time (Hodges et al., 1989; Snow
and Lux, 1999).

These timing constraints indicate tilting is of middle Miocene in the Resting Spring
Range, late Miocene in the Greenwater Range, and late Miocene-Pliocene in the
westernmost Black and Panamint Mountains, broadly consistent with a ‘rolling hinge’
mechanism progressing from east to west (e.g., Snow and Lux, 1999).

The total amount of motion of ~100 km since 11-12 Ma yields an average dis-
placement rate of 9 mm/yr. The contemporary rate of motion of the Cottonwood
Mountains with respect to the eastern Death Valley region is <5 mm/yr (Bennett et
al., 1997). Depending on how far back in time this rate is extrapolated, the earlier
average rate becomes higher. For example, if an average maximum rate of 5 mm/yr
corresponds to the development of the modern Death Valley fault zone since 5 Ma
(25 km of total motion), then the average rate from 11-5 Ma would have been 12.5

mm/yr.
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3.8 Conclusions

The middle Miocene Eagle Mountain Formation was mainly deposited on a northerly
or northeasterly sloping portion of an alluvial fan whose source region included the
southern Cottonwood Mountains. “°Ar/3°Ar geochronology indicates that the Eagle
Mountain Formation is older than most or all of the type Artist Drive Formation,
which we herein restrict to upper Miocene strata. We interpret the Eagle Mountain
Formation to be a pre- to- early-extensional deposit, whose current outcrop distribu-
tion is the result of the tectonic dismemberment of its original relatively limited areal
extent.

Transport of coarse fan gravels in the lower part of the Eagle Mountain section via
sedimentary processes was unlikely to have exceeded 20 km. Because the paleoslope
direction of the fan is orthogonal to the transport direction, the amount of tectonic
motion is insensitive to the hypothesized fan radius. If the Resting Spring Range
section originally occupied a position 10-20 km north-northeast of the eastern margin
of the southern Cottonwoods source region, most or all of the current separation
between the eastern flank of the southern Cottonwood Mountains and the section in
the Resting Spring Range (~104 km, oriented N67°W) is tectonic.

This conclusion is consistent with previous reconstructions based on isopachs and
structural markers, and with the timing and amount of offset of Tertiary basins in
the southern Death Valley region. In addition, it indicates that the two ranges were
adjacent to one another until 11-12 Ma. The locus of extension traced a path from
the SE to the NW at an average rate of ~9 mm /yr, which, in light of the much slower
rate of contemporary deformation, was probably substantially higher during the early

phases of displacement.
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4.1 Introduction

As discussed in Chapter 3 (and later in Chapter 7), attempts to ascertain the
magnitude and timing of extensional tectonism in the Death Valley region rely on
the identification and correlation of pre-extensional markers, such as thrust faults,
isopachs, facies trends, and syn-extensional markers such as sedimentary and vol-
canic deposits (e.g., Snow and Wernicke, 2000). Prior reconstructions of Basin and
Range extension based on pre-extensional thrust faults have utilized a west vergent
fold pair which appears to be widespread in the Death Valley region, and a key el-
ement of these reconstructions (e.g., Snow and Wernicke, 1989, 2000; Snow, 1992).
The greatest along-strike exposure of this west vergent fold pair in the Death Valley
region is in the Grapevine Mountains, which lie on the California—Nevada border, in
the northeastern corner of Death Valley National Park (Fig. 4.1). Here, the Titus
Canyon anticline— Corkscrew Peak syncline fold pair extend for ~30 km through the
core of the range (Plate 1; Reynolds, 1969, 1974), and offer the best opportunity to de-
lineate the geometry and structural history of west vergent deformation in the Death
Valley region. Such information may then be used to address the validity of tectonic
reconstructions in the Death Valley region which use this west vergent fold pair as a
pre-extensional marker, a correlation which has been recently debated (Caskey and
Schweickert, 1992; Snow, 1992; Cole and Cashman, 1999; Snow and Wernicke, 2000).

In addition to the substantial exposure of such a key element in regional tectonic
reconstructions, the Grapevine Mountains contain one of the most complete Cenozoic
sedimentary and volcanic sequences in the Death Valley region, with over 2500 m of
strata which range in age from Oligocene (the Titus Canyon Formation; Stock and
Bode, 1935) to Pliocene (volcanic strata near Scotty’s Castle; C. J. Fridrich, unpub.
data). A detailed understanding of the stratigraphy and sedimentology of these strata
are likely to lead to better constraints on the timing of extensional tectonism in the

Grapevine Mountains and the Death Valley region.
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Figure 4.1. Location of Grapevine Mountains study area in the Basin and Range. Gray
regions are ranges, dominantly composed of pre-Cenozoic rocks; white regions underlain
largely by Tertiary strata.
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4.2 Geologic Mapping

Detailed geologic studies were conducted in the central Grapevine Mountains to
address both the structural geology and the stratigraphy of the Grapevine Mountains.
The mapped region (Fig. 4.1) extends from Titus Canyon northward to Scotty’s Castle
(Fig. 4.2), in an area where previous geologic mapping is largely non-existent (Fig.
4.3). Mapping was conducted at scales of 1:12,000 and 1:24,000 on both topo bases
and on conventional and digital aerial photographs. This mapping was compiled with
unpublished mapping from the Titus Canyon and Lost Valley areas (Plate 1, Figs.
4.2 and 4.3; Reynolds, 1969; C. J. Fridrich, unpub. mapping) at a scale of 1:48,000
(Plate 1). Chapters 5 and 6 discuss the stratigraphy and the structural geology of
the Grapevine Mountains, respectively, and are written to accompany Plate 1, while
Chapter 7 places the geology of the Grapevine Mountains into the context of the
regional tectonics of the Death Valley area.

Few place names exist in the Grapevine Mountains, and we here introduce several
informal names to make discussion of the geology in the Grapevine Mountains simpler.
Two major east—west trending canyons bisect the central portion of the Grapevine
Mountains. The southern canyon is called ‘Moonlight Canyon’, after previous infor-
mal usage (Fig. 4.2; Gebhardt and Willis, 1996). The northern of these canyons is
herein named ‘Backthrust Canyon’ (Fig. 4.2) for exposures of a west-vergent thrust
system on the northern wall of the canyon. At the northern end of the range, a
long canyon which cuts through several important outcrops is named ‘Question Mark

Canyon’ for its shape in map view (Fig. 4.2).
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5.1 Introduction

Approximately 26,000 ft (8 km) of strata are present in the Grapevine Mountains.
These strata can be divided into two packages; the first, which accounts for 18,000
ft (5.5 km) ranges in age from Proterozoic Z to Mississippian. It consists mainly
of conformably deposited marine clastic and carbonate rocks of the Paleozoic mio-
geocline. All strata of Pennsylvanian through Lower Oligocene age are absent from
the Grapevine Mountains, with the exception of a Mesozoic (?) granitoid at the
northern end of the range. Strata ranging from Lower Oligocene to Recent are de-
posited discontinuously around, and within, the Grapevine Mountains. A composite
section of these strata is ~8000 ft (2.5 km) thick, yet in no one place are all Tertiary
strata present in continuous stratigraphic succession. Tertiary rock types range from
continental clastic and carbonate rocks to volcanic and volcaniclastic rocks of the

southwest Nevada volcanic field.

5.2 Proterozoic and Paleozoic Strata

Proterozoic Z and Paleozoic strata of the Cordilleran miogeocline constitute the
core of the Grapevine Mountains (Fig. 5.1). Structurally, the Grapevine Mountains
appear to be a north tilted fault block, such that, as a general rule, miogeoclinal
strata young from south to north. The oldest strata in the Grapevine Mountains
are exposed along the southern edge of the range in Boundary Canyon, while the
youngest Paleozoic strata are exposed at the northern end of the range, near Scotty’s
Castle. Proterozoic Z strata are exposed throughout the southern Grapevine Moun-
tains (Reynolds, 1969). The lowest Proterozoic Z strata in the range are best exposed,
and most accessible, just to the north of the Daylight Pass Road, east of Daylight
Pass (Fig. 5.2; Wright and Troxel, 1993; C. J. Fridrich, unpub. mapping). Upper
Proterozoic Z strata and Lower to Middle Cambrian strata are exposed along the

Titus Canyon Road, beginning ~2 miles south of Leadfield, although the strata are



134

inverted at this locale (Fig. 5.2; Reynolds, 1969). Exposures of Middle and Upper
Cambrian strata are well exposed on both the west and east sides of the ridge south
of Mt. Palmer; however, they are largely inaccessible. Sections of Ordovician and
Devonian strata are also exposed in the Grapevine Mountains, particularly in upper
Red Wall Canyon; however, access to these sections requires a 4 mile hike from the
top of Phinney Canyon. Mississippian strata are exposed in the northwestern portion

of the range, and are reached only on foot via a ~7 mile hike (Fig. 5.2).

5.2.1 Depositional Environment

Proterozoic Z and Cambrian rocks in the Grapevine Mountains are mainly shallow
water shelf facies strata, deposited on the passive margin of western North America.
These shelf deposits are divisible into three sequences. From stratigraphically highest
to lowest these are (1) a sequence of mudstone, sandstone, diamictite, conglomerate,
and volcanic rocks of Proterozoic Y and Z age, (2) a west-thickening wedge of shallow-
water clastic strata of late Proterozoic Z and early Cambrian age, and (3) shallow
water carbonates of Middle and Upper Cambrian age (e.g., Stewart and Suczek,
1977). Shallow water deposition of carbonates continued through most of Ordovician,
Silurian, and Devonian time (e.g., Ross, 1977; Poole et al., 1977). In Late Devonian
to Early Mississippian time, deformation associated with the Antler Orogeny caused a
reorganization of depositional systems across the western U. S., resulting in significant
lateral facies changes from west to east across the continental margin (e.g., Poole
and Sandberg, 1977). An understanding of these facies changes is important for
paleogeographic reconstructions in the Death Valley region; however, stratigraphic
complexities resulting from these facies changes make correlation of Mississippian

sections challenging (e.g., Stone, 1984; Stevens, 1986; Trexler et al., 1996).



135

Rest Spring Shale (?)

[] | [ : I ‘ Lost Burro Formation

Hidden Valley Dolomite

] Ely Springs Dolomite
770 Eureka Quartzite

Antelope Valley Limestone

dnoin
diuobod

i Ninemile Formation

Ordovician | Silurian |Devonian | Miss.

Goodwin Limestone

Nopah Formation

Bonanza King Formation

Cambrian

Carrara Formation

Zabriskie Quartzite

4000

Wood Canyon Formation 1000

3000

193}

meters

2000

500

1000

Proterozoic Z

Stirling Quartzite
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5.2.2 Proterozoic Z
Stirling Quartzite

The Stirling Quartzite was named by Nolan (1929) for exposures at Mt. Stirling,
in the Spring Mountains. It has subsequently been described throughout the Death
Valley region by Stewart (1970), who divided the unit into five informal members,
designated, stratigraphically lowest to highest, A through E. Members C and D are
present in the southwestern Grapevine Mountains (Wright and Troxel, 1993; C. J.
Fridrich, unpub. mapping), while unit E is present is several localities throughout the
southern and central Grapevine Mountains. Members A and B are not present in the
Grapevine Mountains, but are exposed in the Funeral Mountains, the next mountain
range to the south.

The lowest member of the Stirling Quartzite exposed in the Grapevine Mountains,
the C member, comprises siltstone in its lower part and quartzite in the upper part.
The siltstone is commonly greenish-gray or light-olive-gray to grayish-red, while the
quartzite is pale-red, grayish-red or yellowish-gray (Stewart, 1970). The base of the
Stirling C member is nowhere exposed, while the top is marked by the transition from
quartzite of the C member to the dolostone and limestone of the D member.

The D member of the Stirling Quartzite consists of finely crystalline laminated
dolostone and limestone in the lower half and siltstone, fine quartzite, and dolostone
in the upper half (Stewart, 1970). The upper contact of the D member is taken at
the base of a large, cliff-forming quartzite.

The E member of the Stirling Quartzite is composed of pinkish-gray to yellowish-
gray medium- to coarse-grained quartzite. The unit is tightly cemented, weathers a
rusty brown, and is a cliff former in many locations (Reynolds, 1969; Stewart, 1970;
Snow, 1990).

At its type section, 3700 ft (1128 m) of Stirling Quartzite is reported (Nolan, 1929).
A lesser thickness, 2593 ft (790 m), is reported for the Nopah Range (Hazzard, 1937).

Incomplete sections of the Stirling Quartzite closer to the Grapevine Mountains, at
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Bare Mountain, and at Lees Camp in the Funeral Mountains, yield thicknesses of
1929 and 2511 ft (588 and 765 m), respectively, while a complete section at Echo
Canyon in the Funeral Mountains measured 4761 ft (1451 m; Stewart, 1970).

The Stirling Quartzite is presumed to be Proterozoic Z in age (Stewart, 1970).

5.2.3 Cambrian—Proterozoic Z
Wood Canyon Formation

The Wood Canyon Formation comprises strata which are bounded by the un-
derlying E member of the Stirling Quartzite and the overlying Zabriskie Quartzite
(Nolan, 1929). Three informal members of the Wood Canyon Formation, the lower,
middle, and upper, were defined for exposures throughout the Death Valley region by
Stewart (1970). Subsequently, these informal members were further divided within
the southern Grapevine Mountains into six mappable units (Reynolds, 1969). For
this report, we will maintain the informal divisions of Stewart (1970).

The lower member of the Wood Canyon Formation is composed of interbedded silt-
stone, quartzite, and dolostone. The lower half of the unit (lower carbonate member of
Reynolds, 1969) contains three repetitions of olive-gray to brownish-gray siltstone and
quartzite and light-gray dolostone beds, which weather a distinctive orangish-brown.
Overlying the carbonate-siltstone repetitions is greenish-gray to brownish-black fine-
grained quartzite and siltstone (lower clastic unit of Reynolds, 1969). The quartzites
are cross-laminated and contain occassional annelid burrows (Reynolds, 1969).

The middle member of the Wood Canyon Formation is a distinctive unit which
contains both quartzites and conglomeratic quartzites (conglomeratic quartzite mem-
ber of Reynolds, 1969; Stewart, 1970). The base of the unit is mapped below a light-
gray to white conglomerate bed which contains pebbles as large as 11/, inches across.
The top of the unit is marked by the highest, stratigraphically continuous, conglom-
eratic quartzite (Reynolds, 1969). The conglomeratic units range from dusky-red to

grayish-purple-red and are separated by thin purple to greenish-gray siltstone and
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phyllitic laminae (Reynolds, 1969; Stewart, 1970; Snow, 1990). An unconformity be-
tween the base of the middle member and the lower member is propsed by Reynolds
(1969).

The upper member of the Wood Canyon Formation is lithologically similar to the
lower member, and consists of siltstone, quartzite, and in the upper part, dolostone
and limestone. A concentration of dolostone and limestone in the middle of the upper
member led Reynolds (1969) to divide this member into a middle clastic unit, upper
carbonate unit, and upper clastic unit.

The total thickness of the Wood Canyon Formation in the Grapevine Mountains
is calculated to be 3450 ft (1051 m) in Titanothere Canyon (Reynolds, 1969), but this
measurement attempts to account for section cut out across faults and measured at
other localities. Similar thicknesses are reported nearby, however, at Bare Mountain
(3747 ft, 1142 m), at Echo Canyon in the Funeral Mountains (3950 ft, 1204 m), and
in the Belted Range (3750 ft, 1143 m; for locations see Fig. 7.2; Stewart, 1970).

The upper member of the Wood Canyon Formation contains trilobite debris be-
lieved to be earliest Cambrian. Therefore, the lower two members of the Wood Canyon
Formation are considered to be Proterozoic Z in age, while the upper member is con-

sidered to be Early Cambrian (Stewart, 1970).

5.2.4 Cambrian
Zabriskie Quartzite

The Zabriskie Quartzite was named for exposures in the Resting Springs Range
by Hazzard (1937). The unit is a distinctive thickly- to massively-bedded quartzite.
It ranges in color from grayish-pink to a purplish-red. The unit is cross-bedded and
is composed of well-rounded grains. The basal contact is transitional and is mapped
where the percentage of quartzite exceeds the percentage of siltstone and thin bedded
quartzites of the underlying Wood Canyon Formation.

In the Grapevine Mountains, the Zabriskie Quartzite is 930 to 1020 ft (283 to 311
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m) thick (Reynolds, 1969). Similar thickness have been reported at Bare Mountain
(1140 ft, 347 m; Cornwall and Kleinhampl, 1964) and in the southern Last Chance
Range (1364 ft, 416 m; Stewart, 1970).

The age of the Zabriskie Quartzite is Early Cambrian (Stewart, 1970).

Carrara Formation

The Carrara Formation was named for exposures at Bare Mountain, to the east
of the Grapevine Mountains (Cornwall and Kleinhampl, 1961), and were subdivided
further into 9 members (Palmer and Halley, 1979). Strata in the southern Grapevine
Mountains, as mapped by Reynolds (1969), are similar to those described by Stewart
(1970) in the southern Last Chance Range, where the section is divided into three in-
formal subunits of siltstone and shale, separated by two limestone units, the Gold Ace
and Red Pass members. The same basic subdivisions are recognizable in the southern
Grapevine Mountains, where Reynolds mapped the three shale members divided by
two limestones called Girvanella and Red Pass members. In the northern Grapevine
Mountains the Carrara Formation is exposed in a structurally higher thrust plate
than in the southern Grapevine Mountains, and more closely resembles the forma-
tion as mapped at Bare Mountain (Monsen et al., 1992), where two shale units are
divided by a single limestone unit. This tripartite division of the Carrara formation
yielded the informal member names lower, middle, and upper (Monsen et al., 1992).
For the purposes of this report, the three part division of the Carrara Formation is
maintained. Comparisons of strata at Bare Mountain and in the southern Grapevine
Mountains indicate that the Girvanella limestone of Reynolds (1969) is equivalent to
the middle member of the Carrara Formation of Monsen et al. (1992). In simplifying
Reynolds’ (1969) mapping for this report, contacts for his Girvanella limestone were
retained, but the unit was renamed the middle member of the Carrara Formation.
The middle and upper shales, as well as the Red Pass member, of Reynolds’ (1969)
division of the Carrara Formation were grouped into the upper member of the Carrara

Formation. However, the real differences in stratigraphy between the upper and lower
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plates of the Last Chance thrust in the Grapevine Mountains may hold important
clues about facies changes in the Carrara Formation.

The lower member of the Carrara Formation is transitional from the Zabriskie
Quartzite, and is mapped where siltstones of the Carrara Formation dominate over
quartzite of the Zabriskie Quartzite. These siltstones are predominantly olive-green
or olive-gray in color and are platy or phyllitic where deformed. Limestones and
calcareous sandstones are interbedded throughout the lower member of the Carrara
Formation.

The middle member of the Carrara Formation is a prominent, thick, dark gray,
massive limestone which is mottled with reddish-orange to orange claystone partings.
As mentioned above, this unit was informally called the Girvanella limestone mem-
ber because of abundant Girvanella algae within the unit (Reynolds, 1969). The
limestone is composed largely of carbonate pellets, ooids, and bioclastic debris.

The upper member of the Carrara Formation is comprised of interbedded siltstone
and limestone, as well as thin quartzites and calcareous limestones. The lithology of
the siltstones is similar to that of the siltstones in the lower member. Likewise, the
lithology of the limestones is similar to that of the middle member of the formation.
A prominent limestone with a white top, found approximately halfway through the
upper section, is the Red Pass member of Reynolds (1969).

The thickness of the Carrara Formation in the southern Grapevine Mountains is
1527 ft (465 m; Reynolds, 1969). At the type locality at Bare Mountain, the unit
measures 1785 ft thick (544 m; Cornwall and Kleinhampl, 1961), while sections at
Echo Canyon in the Funeral Mountains, and in the southern Last Chance Range
measure 1260 ft (384 m) and 1643 ft (501 m) thick, respectively (Hunt and Mabey,
1966; Stewart, 1970).

Biostratigraphy indicates that the Carrara Formation ranges in age from Early
Cambrian to Middle Cambrian (Reynolds, 1969; Palmer and Halley, 1979). The
boundary between Early and Middle Cambrian occurs in the middle of the upper

member.
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Bonanza King Formation

The Bonanza King Formation was defined by Hazzard and Mason (1936) and
later redefined by Palmer and Hazzard (1956). Two informal subdivisions of the
Bonanza King Formation, the lower Papoose Lake Member and the upper Banded
Mountain Member, were defined by Barnes and Palmer (1961) for exposures in the
Nevada Test Site area. In the Grapevine Mountains, Reynolds (1969) divided the
Bonanza King Formation into two units, equivalent to those defined by Barnes and
Palmer (1961), but does not follow their nomenclature. The Papoose Lake Member
of Reynolds (1969) is the lower member, while the Banded Mountain Member is
the upper member. The upper member was further subdivided into the striped and
banded units. The subdivisions of Reynolds were recognized in the stratigraphy
of the Bonanza King Formation at Bare Mountain, as were the formal divisions of
Barnes and Palmer (1961; Monsen et al., 1992). This report will follow the usage of
Monsen et al. (1992) and refer to the lower portion of the Bonanza King Formation as
the Papoose Lake Member, while the Banded Mountain Member will be informally
divided into upper and lower units (striped and banded members, respectively, of
Reynolds, 1969).

The base of the Papoose Lake Member is mapped at the transition from silty lime-
stone and siltstone of the Carrara Formation to medium-gray limestone. This gray
limestone comprises only the lowest 200-300 ft (60-90 m) of the Papoose Lake Mem-
ber (Snow, 1990). The majority of the Papoose Lake member is massive, medium-
to dark-gray dolostone, which is frequently mottled with yellow- to yellowish-gray
claystone. This member of the Bonanza King Formation is prominent through the
Grapevine Mounains, and forms the bulk of the central part of the range.

The base of the Banded Mountain Member of the Bonanza King Formation is
marked by a conspicuous silty dolomite interval. This interval comprises thinly bed-
ded to laminated dolostone, moderate- to light-brown in color (Reynolds, 1969; Snow,

1990). Strata above this unit can be divided further into the upper and lower units
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of the Banded Mountain Member.

The lower unit is characterized by alternating beds of medium gray to dark gray
dolostone, each 1-3 ft (0.3—1 m) thick, which give the unit a striped appearance.

The upper unit begins at the base of a prominent bed of thick, massive, dark-gray
to black dolostone which overlies the thin bedded dolostones of the lower unit. The
unit contains three distinct color bands, a lower dark-gray to black band, a middle
light-gray to white band, and an upper brownish-gray to medium-gray band.

In the southern Grapevine Mountains, the Bonanza King Formation is ~3600
ft (1097 m) thick (Reynolds, 1969). At Bare Mountain, it is 3800 ft (1158 m) thick
(Cornwall and Kleinhampl, 1961), while 3600 ft (1097 m) is reported at Dry Mountain,
in the Cottonwood Mountains (Burchfiel, 1969).

The age of the Bonanza King Formation is Middle Cambrian to early Late Cam-
brian, based on fossils found in the underlying Carrara and overlying Nopah Forma-

tions (Hazzard, 1937; Palmer and Hazzard, 1956; Barnes and Palmer, 1961).

Nopah Formation

The Nopah Formation, named for exposures in the Nopah Range (Hazzard,1937),
is divided into three formal subdivisions, the Dunderburg Member, the Halfpint Mem-
ber, and the Smokey Member (Christiansen and Barnes, 1966). Reynolds (1969)
recognized the Nopah Formation while mapping the southern Grapevine Mountains,
but noted only two subdivisions, the shale member (equivalent to the Dunderburg
Member) and the upper member (equivalent to the Halfpint and Smokey Members).
Although the Halfpint and Smokey Members of the Nopah Formation are recognized
at several localities in the central and northern Grapevine Mountains, the majority
of exposures are not readily divisible into these two members. Therefore, the Nopah
Formation in this study is divided into two mappable units, the lower Dunderburg
Member, and an upper, undivided, member.

Dunderburg Member. The Dunderburg Member of the Nopah Formation is a
distinctive olive- to yellow-brown siltstone and shale about 100 ft (31 m) thick. In
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outcrop, the unit weathers orangish- to reddish-brown. Several thin limestone hori-
zons occur throughout the Dunderburg Member.

Upper Member. The base of the upper member of the Nopah Formation with
the Dunderburg Member is gradational, and is mapped where limestone becomes the
dominant lithology. Limestone gives way upsection to massive light- to dark-gray
dolostone. From a distance, the upper member appears as several alternating dark
and light bands.

The thickness of the Nopah Formation in the Grapevine Mountains is ~1650 ft
(503 m; Reynolds, 1969). At the type locality in the Nopah Range, the Nopah For-
mation measures 1740 ft (530 m) thick (Hazzard, 1937). Sections at Bare Mountain
and on the Nevada Test Site measure 1900 ft (579 m) and 2000 ft (610 m) thick,
respectively (Cornwall and Kleinhampl, 1961; Barnes and Palmer, 1961).

Fossils from the Dunderburg Member of the Nopah Formation are considered to be
earliest Late Cambrian in age (Palmer, 1965), while fossils from the upper member of
the Nopah Formation are considered to be Late Cambrian in age (McAllister, 1952).

Thus, the Nopah Formation is entirely Late Cambrian in age.

5.2.5 Ordovician
Pogonip Group

The Pogonip Group was defined by Hintze (1951), and further subdivided by
Nolan et al. (1956) into the Goodwin Limestone, Ninemile Formation, and Antelope
Valley Limestone. This tripartite division has been described in the Death Valley
region at Bare Mountain (Cornwall and Kleinhampl, 1961) and at Racetrack Val-
ley in the Cottonwood Mountains (McAllister, 1952; Ross, 1964). The Racetrack
Valley section, however, differs from other exposures of the Pogonip Group in the
Cottonwood Mountains, and previous workers have defined various subunits within
the Pogonip Group within that mountain range (Burchfiel, 1969; Snow, 1990). In the

Grapevine Mountains, the subdivision of Ross (1964) are recognizable and were used
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as mappable units.

Goodwin Limestone. The Goodwin Limestone is a medium- to dark-gray lime-
stone which contains pale orange silt and claystone lenses and chert stringers which
weather dark brown. The limestone is thin to thick bedded. The basal contact of
the Goodwin Limestone is mapped at the first limestone above the dolostone of the
Nopah Formation.

Ninemile Formation. The Ninemile Formation comprises light- to medium- brown
siltstone and interbedded medium- to dark-gray limestone or dolostone. Limestone
and dolostone interbeds are thin, and generally have non-planar ‘wavy’ upper and
lower surfaces. The unit can weather various shades of pale red, brownish-orange,
or yellowish-orange. The Ninemile Formation is a distinct slope former between the
Goodwin Limestone and the Antelope Valley Limestone.

Antelope Valley Limestone. The Antelope Valley Limestone is a medium- gray
limestone and silty limestone. It is medium- to thick-bedded, and contains silt and
clay partings which weather a pale orange color. The base of the unit is mapped at the
abrupt transition from siltstone of the Ninemile Formation to limestone. Distinctive
Maclurites fossils are diagnostic of the Antelope Valley Limestone.

I calculated the Pogonip Group to be ~2000 ft (610 m) thick in the Grapevine
Mountains from structure sections, although the only complete section of Pogonip is in
the core of the Titus Canyon anticline and may be substantially thickened tectonically.
At Bare Mountain, 1394 ft (425 m) are reported by Monsen et al. (1992), in accord
with 1375 ft (419 m) reported by Cornwall and Kleinhampl (1961). Ross (1964)
reports 1498 ft (457 m) of Pogonip Group at Bare Mountain. However, these were
measured in the hanging wall of the Meiklejohn thrust plate. The location of measured
sections of Monsen et al. (1992) and Cornwall and Kleinhampl (1961) are unreported.
Approximately 1400 ft (427 m) of Pogonip Group are reported for the section at
Racetrack Valley in the Cottonwood Mountains (McAllister, 1952; Ross, 1964; Snow,
1990).

The Pogonip Group is early Early Ordovician to early Middle Ordovician in age
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(Ross, 1977).

Eureka Quartzite

The Eureka Quartzite is recognized throughout the Death Valley region (McAllis-
ter, 1952). It was originally named by Hague (1883), but was later redefined by Kirk
(1933). The Eureka Quartzite is a medium bedded, locally cross-bedded vitreous
quartzite. It is white on fresh surfaces, but may weather shades of rusty red, orange,
or brown. The base of the Eureka Quartzite is placed at the lithologic change from
silty and sandy dolostones of the underlying Pogonip Group to quartzite. Due to its
distinctive lithology, it is a useful marker unit throughout the central and northern
Grapevine Mountains.

The Eureka Quartzite measures 380 ft (116 m) thick in the central Grapevine
Mountains. Exposures in the Cottonwood Mountains measure 380450 ft thick (116
137 m; Burchfiel, 1969; McAllister, 1952; Stadler, 1968; Johnson, 1971). 360 ft of
Eureka Quartzite is reported at Bare Mountain (Cornwall and Kleinhampl, 1961).

The Eureka Quartzite is considered to be Middle to early Late Ordovician in age
(Cornwall and Kleinhampl, 1961; Ross, 1977).

5.2.6 Silurian—Ordovician
Ely Springs Dolomite

The Ely Springs Dolomite was originally named by Westgate and Knopf (1932)
for exposures in northern Nevada. This name was applied to strata in the Nopah
Range by Hazzard (1937), and expanded to include strata throughout the Death
Valley region by McAllister (1952). The Ely Springs Dolomite is composed chiefly of
dark gray to black dolostone. The dolostone is fine grained and laminated or thin
bedded. Irregularly shaped chert stringers and lenses are common throughout the
unit. The base of the Ely Springs Dolomite is mapped at the contact between the
underlying white Eureka Quartzite and overlying dark dolostones of the Ely Springs
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Dolomite.

The Ely Springs Dolomite is 420 ft (128 m) thick in the Grapevine Mountains.
Cornwall and Kleinhampl (1961) report 300 ft (91 m) of Ely Springs Dolomite at
Bare Mountain, while thicknesses in the Cottonwood Mountains vary from 650 to
940 ft (198 to 287 m; McAllister, 1952; Stadler, 1968; Burchfiel, 1969; Snow, 1990).
Variations in thickness of the Ely Springs Dolomite throughout the Death Valley
region may be due to an intraformational unconformity (Poole et al., 1977).

The age of the Ely Springs Dolomite is earliest Late Ordovician to Early Silurian
(Miller, 1976; Miller and Walch, 1977).

5.2.7 Devonian—Silurian
Hidden Valley Dolomite

The Hidden Valley Dolomite was named by McAllister (1952) for exposures in the
Andy Hills in the Cottonwood Mountains. He also described equivalent rocks from
the Funeral Mountains (McAllister, 1974). Snow (1990) divided the Hidden Valley
Dolomite into three informal map units within the Cottonwood Mountains, following
roughly lithologic breaks in the unit as described by McAllister (1952). No complete
section of the Hidden Valley Dolomite is exposed within the Grapevine Mountains,
and thus it is mapped as a single unit.

The Hidden Valley Dolomite in the Grapevine Mountains consists of a lower,
medium-gray cherty dolostone and a higher light-gray, massive, fine grained dolostone.
The base of the unit is placed at a cherty horizon above the relatively chert free
dolostones of the upper Ely Springs Dolomite. The top of the Hidden Valley dolomite
is a medium gray dolostone with sandy dolostone lenses which weather a reddish or
yellowish orange color. The transition from the light gray massive dolostone which
comprises the bulk of the Hidden Valley Dolomite to the sandier top of the unit is
not exposed in the Grapevine Mountains.

No complete section of the Hidden Valley Dolomite is exposed in the Grapevine
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Mountains. In the Funeral Mountains, McAllister (1974) reports 1440 ft (439 m) of
Hidden Valley Dolomite. 1315 to 1370 ft (401 m to 417 m) of Hidden Valley Dolomite
is reported from the Cottonwood Mountains (McAllister, 1952; Miller, 1976; Miller,
1978; Snow, 1990), although the thickness of the unit increases from 0 to ~1300
ft (400 m) from southeast to northwest across both the Cottonwood and Funeral
Mountains (Snow, 1990).

The age of the Hidden Valley Dolomite ranges from late Early Silurian to late
Early Devonian (McAllister, 1974).

5.2.8 Devonian
Lost Burro Formation

The Lost Burro Formation is a section of siliciclastic and carbonate strata, named
for a type section at Lost Burro Gap, in the Cottonwood Mountains (McAllister,
1952). Additional sections of the Lost Burro Formation are described by Zenger and
Pearson (1969) in the Cottonwood Mountains near the type section, by McAllister
(1974) for exposures in the Funeral Mountains, and by Snow (1990) for additional
exposures in the Cottonwood Mountains. Originally, the Lost Burro Formation was
divided into three units, the lower Lippencott Member, composed dominantly of dolo-
stone, sandy dolostone, and quartzite (McAllister, 1955), a middle unit composed
of dolomite, and an upper unit composed of sandstone (Quartz Spring Member of
Langheim and Tischler, 1960). In the Grapevine Mountains, thin slivers of the Lost
Burro Formation are present northwest of Mt. Palmer, and possibly along the western
range front. The strata along the western range front are highly altered by tecton-
ism, making a determination of position within the Lost Burro Formation difficult.
The Lost Burro Formation is mapped as a single unit in the Grapevine Mountains.
Descriptions of the three subunits of the Lost Burro Formation, below, follow from
McAllister (1974) and Snow (1990).

The base of the lowermost member of the Lost Burro Formation is mapped at
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the lowest appearance of chert, quartzite, or sandy worm burrows in a sandy or
silty dolostone overlying a yellowish to reddish calcareous shale or argillaceous dolo-
stone (McAllister, 1952, 1974). The unit consists of interbedded sandstone, quartzite,
chert, and dolostone. The dolostone changes from light gray to dark gray upsection.
Two distinctive black bands in the upper part of the unit appear as ‘railroad tracks’
from a distance; the uppermost of these two bands contains Stringocephalus and was
designated a marker bed by McAllister (1974).

The middle member of the Lost Burro Formation is dolostone with interbedded
limestone. The proportion of limestone increases upsection. The unit is medium- to
dark- gray. The base of the unit is placed at the basal contact of a black dolostone con-
taining stromatoporoids. This dolostone is ~85 ft (20 m) above the Stringocephalus
marker bed. This unit resembles the Cambrian section, and is distinguished by the
presence of stromatoporoids and limestone.

The highest member of the Lost Burro Formation is a light gray limestone. The
base of the unit is placed at the color change from dark gray carbonate of the middle
member to light gray carbonates of the upper member. Several quartzite beds are
located in the upper unit. The top of the upper unit is composed of sandstone
and quartzite, which weather brown, and interstratified dolostone. The uppermost
part of the Lost Burro Formation resembles the lowermost part, but the presence of
Cryptospirifer help differentiate it. The Lost Burro Formation is 2000 ft (610 m) to
2245 ft (684 m) thick in the Cottonwood Mountains (McAllister, 1952; Zenger and
Pearson, 1960; Snow, 1990). A thickness of 2460 ft (750 m) is reported in the Funeral
Mountains (McAllister, 1974).

The age of the Lost Burro Formation in the Funeral Mountains spans the late
Early Devonian to the late Late Devonian (McAllister, 1974). The age of the base of
the Lost Burro Formation remains problematical; fossils from the Lippencott Member
in the Panamint Mountains yield an early Early Devonian age. Further work is needed
to determine the age equivalence of the base of the Lost Burro Formation in the Death

Valley region (for discussion, see Snow, 1990, p. 1:24).
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5.2.9 Mississippian
Rest Spring Shale (?)

In contrast to underlying Paleozoic strata, facies changes within the Mississip-
pian section in the Death Valley region are significant, with three major facies belts
recognized. From southeast to northwest, these are a limestone shelf facies, a silt-
stone slope facies, and a siliciclastic basin facies (Pelton, 1966; Dunne et al., 1981;
Stevens, 1986). This progression of facies represents a progressive foundering of the
continental margin in Mississippian time, leading to a 65 km eastward migration of
the shelf-slope break by Pennsylvanian time (Stevens, 1986). Although this marine
transgression may be due, in part, to sea level fluctuations, the presence of westerly
derived debris flows in deep marine strata of the Inyo Mountains (Stevens, 1986) are
indicative of thrust sheet emplacement and tectonic loading of the continental margin
during the Antler Orogeny (Snow, 1990). Strata of the limestone facies are exposed
on the western side of Death Valley in the Cottonwood Mountains, and south of the
Grapevine Mountains in the Funeral Mountains (McAllister, 1952; Langenheim and
Tischler, 1960; McAllister, 1974; Snow, 1990). Slope facies strata are also exposed
in the Cottonwood and Funeral mountains (McAllister, 1952, 1974; Burchfiel, 1969;
Snow, 1990). Strata of the siliciclastic basin facies are exposed largely to the north
and east of the Grapevine Mountains, at Bare Mountain (Monsen et al., 1992), and
throughout the Nevada Test Site (Poole and Sandberg, 1977; Trexler et al., 1996).

Shales and siltstones in the northwestern Grapevine Mountains were assigned
to the Rest Spring Shale, part of the siltstone transitional facies (McAllister, 1952;
Stevens, 1986), on a reconnaissance map by Reynolds (1969). Equivalent strata in the
northern Grapevine Mountains were identified as Mississippian (Albers and Stewart,
1972), but were not correlated to other units outside of the Grapevine Mountains.

These strata consist mainly of siltstones and shales, dark-gray to brown in color,
with subordinate dark-gray limestone, granular sandstones and pebble conglomer-

ates. The shales weather olive-gray to olive green, and are locally pale purple or
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light-greenish gray in color. Pelmatozoan and brachiopod fragments are reported
from conglomerates in the section (Albers and Stewart, 1972), although no positive
identification was made of fossil debris collected for this study (J. H. Trexler, pers.
comm., 2001).

The siltstones and shales in the northern Grapevine Mountains are highly con-
torted; at one location an entire cliff face consists solely of stacked anticlinal and
synclinal fold axes within a single bed. No reasonable attempt could be made to
measure section. Trace fossils identified as belonging to the Goniatites granosus zone
were collected from the northern Grapevine Mountains (M. Gordon, 1962, reported
in Albers and Stewart, 1972). This zone is known to be early Late Mississippian in
age (early Chesterian). Strata of Mississippian age in the Grapevine Mountains bear
no resemblance to any published descriptions of limestone facies strata in the region
(McAllister, 1952, 1974; Snow, 1990). Siltstones and shales are common lithologic
types in both the siltstone transitional facies, and in the siliciclastic basin facies.
Strata in the Grapevine Mountains, however, are unlike any of the well-studied sec-
tions of the siliciclastic basin facies (Eleana Formation and Chainman Shale) exposed
at Bare Mountain and on the Nevada Test Site (J. H. Trexler, P. H. Cashman, and
J. C. Cole, pers. comm., 2000). Lithologically, the Grapevine Mountains section
bears closest resemblance to the Rest Spring Shale of the siltstone transitional facies
described by McAllister (1952, 1974) and Snow (1990). An early Chesterian age for
Mississippian strata in the Grapevine Mountains, however, is significantly younger
than the late Chesterian age reported for the base of the Rest Spring Shale in the
Cottonwood Mountains (Gordon, 1964). The difference in age between the two sec-
tions may indicate that the Rest Spring Shale is time-transgressive, younging towards
(paleogeographic) east with progressive foundering of the continental shelf during the
Antler Orogeny, or it may indicate additional complexity in the facies patterns of
Mississippian strata in the Death Valley region. Pending further study, the Missis-
sippian strata in the northern Grapevine Mountains are tentatively correlated with

the Rest Spring Shale.
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5.3 Mesozoic Intrusive Rocks (?)

A small, unnamed, plutonic body (~5 km?) in the northern Grapevine Mountains
is mapped and described by Albers and Stewart (1972). Modal analyses of two
samples from the pluton indicate a monzonitic composition, which is more mafic
than the typical modes found in the region (Albers and Stewart, 1972). The pluton

is presumed to be Jurassic in age.

5.4 Cenozoic Strata

Cenozoic strata are exposed within and around the Grapevine Mountains (Fig.
5.3). They range in age from Oligocene to recent, and fall into three depositional
categories: continental clastic sedimentary rocks, ash flow tuffs, and lavas (Fig. 5.4).
Both the oldest and the youngest Cenozoic strata in the Grapevine Mountains fall into
the clastic sedimentary depositional category. Oligocene strata of the Titus Canyon
Formation and middle Miocene strata of the Panuga Formation, consist of a sequence
of fluvial conglomerates and sandstones, as well as sedimentary breccias, presumably
landslide deposits, and lacustrine sands, silts, and marls. These strata are easily
viewed from Red Pass, looking north up Lost Valley and Titus Canyon, and can be
reached by a short hike up the north fork of Titus Canyon, ~1 mile west of Leadfield
(Fig. 5.3). Upper Miocene and Pliocene sedimentary deposits of Red Wall Basin are
discontinuously exposed along the western front of the Grapevine Mountains, from
north of the mouth of Fall Canyon to the Grapevine Ranger Station (Plate 1; Fig.
5.3). Along the range front, these strata consist of conglomerates, and conglomeratic
sandstones, but they grade quickly away from the range front into lacustrine deposits
dominated by fine sands, silts, and marls. Recent strata are also sedimentary in
nature, and range from alluvial fan systems to playa deposits. Ash flow tuffs in
the Grapevine Mountains are exposed along the eastern side of the range (Fig. 5.3).

The tuffs are the products of major volcanic eruptions related to the middle Miocene
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multi-caldera southwest Nevada volcanic field (e.g., Sawyer et al., 1994). These strata
are highly variable in thickness, and consist mainly of moderately densely welded
silicic ash flow tuffs. Three lava fields are also identified in the Grapevine Mountains.
These range in age from late-middle Miocene to Pliocene in age, and progress in age
from southeast to northwest. These lava fields consist primarily of rhyolitic lavas,
silicic nonwelded ash flows, and block and ash flows, interbedded with lacustrine
sedimentary strata.

As detailed below, this report describes ash flow tuffs in the Grapevine Moun-
tains, correlative with units from the southwest Nevada volcanic field, which have not
previously been identified in this area. Additionally, some modifications in nomencla-
ture of the middle Miocene sedimentary sequence are proposed. A summary of this
information, along with previous Cenozoic stratigraphy identified in the Grapevine
Mountains, is shown in Figure 5.5. Map units of the southwest Nevada volcanic field

ash flow tuffs are shown in Figure 5.6.

5.4.1 Oligocene
Titus Canyon Formation

The name Titus Canyon Formation was originally applied to a sequence of sedi-
mentary strata in upper Titanothere Canyon, in the southern Grapevine Mountains
(Stock and Bode, 1935). Detailed stratigraphic descriptions of the formation, sedi-
mentary analysis, and measured sections were reported by Reynolds (1969) and Saylor
(1991). Four lithologic facies were named by Reynolds (1969) for sections in the Ti-
tus Canyon region: the lower sedimentary breccia facies, the variegated facies, the
brown conglomerate facies, and the green conglomerate facies. An unconformity be-
tween the green conglomerate facies and underlying variegated facies led Reynolds
(1969) to postulate that the green conglomerate facies may be substantially younger
than the lower Titus Canyon Formation. Geochronologic work on a tuff within the

upper green conglomerate yielded “°Ar/3?Ar ages of 12.0 Ma (Saylor and Hodges,
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Figure 5.4. Composite columnar section of Cenozoic strata in the Grapevine Mountains.
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Qa - Alluvium Crater Flat Group

Contact
Tdl - Latite of Donovan Mountain Tcb - Bullfrog Tuff on z?\c
Timber Mountain Group Tct-TramTuff ~  ——————— Alluvium contact
Tma - Ammonia Tanks Tuff Tg - Panuga Formation Normal fault
Tmr - Rainier Mesa Tuff Trr - Rhyolite of Picture Rock ) . )
Paintbrush Group T Ridgeline

Tpc - Tiva Canyon Tuff

Figure 5.6. A) Photograph of ash flow tuffs of the southwest Nevada volcanic field exposed
on the western wall of Titus Canyon. B) Contacts between ash flow tuff units recognized
in this study, overlain on the same photograph. Short dashed lines are ridge lines. Strata
beyond upper ridge line are Paleozoic miogeoline.
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1994) and 15.7 Ma (Snow and Lux, 1999). The presence of the unconformity between
the green conglomerate and and lower Titus Canyon Formation, as well as isotopic
ages within the green conglomerate that were substantially younger than Oligocene
ages reported for the lower Titus Canyon Formation, discussed below (Stock and
Bode, 1935; Reynolds, 1974; Saylor and Hodges, 1994), led to a revision of the Titus
Canyon Formation nomenclature (Snow and Lux, 1999). Under this revised stratig-
raphy, the three lower facies of the Titus Canyon Formation maintain the name Titus
Canyon Formation. The green conglomerate facies is reassigned to the Panuga For-
mation (Snow and Lux, 1999). Below are summarized the stratigraphic descriptions
(Reynolds, 1969) of the three facies of the revised Titus Canyon Formation.

Sedimentary Breccia Facies. The sedimentary breccia facies occurs at the base
of the Titus Canyon Formation. The breccia is heterolithic, and contains angular,
locally derived clasts of Paleozoic strata, as well as some well-rounded pebbles and
cobbles of quartzite. The proportion of well-rounded quartzite clasts increases as the
breccia grades into the variegated facies. The breccia is bedded, and has a matrix
composed of calcareous siltstone, pale red or yellow in color. Sandstone interbeds
are also present in some localities. The proportions of siltstone and sandstone in the
breccia facies decreases southward.

Variegated Facies. The variegated facies was named for the numerous colors the
unit displays in outcrop around the town of Leadfield, predominantly yellows, reds,
and greens in the lower portion of the facies, with reds in the upper part. Lithologies
in the variegated facies range from pebble and cobble conglomerates to calcareous silt-
stones, mudstones, and marls to fine-grained sandstones. The sandstones are lithic
and quartz arenites with clasts of quartzite, carbonate, and chert. The conglomerates
contain well-rounded pebbles and cobbles. Many cobbles are fractured and re-healed.
The clasts are composed of carbonate, chert, quartzite, and occasional granitic rocks.
Conglomerates in the variegated facies are commonly lenticular, and grade into sand-
stones; rarely do the conglomerates interfinger with siltstone or mudstone.

Brown Conglomerate Facies. The brown conglomerate facies is comprised of
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yellowish-brown or grayish-orange weathering, well-rounded pebble and cobble con-
glomerate. Subangular blocks of underlying Paleozoic carbonate rocks, as well as older
Titus Canyon marls, are also deposited in the brown conglomerate facies. Coarse-
grained sandstone and pebbly sandstone lenses are found throughout the conglomer-
ate, as are some marl beds.

The thickness of the Titus Canyon Formation varies across the study area. At
the type section, in Titus Canyon, 2100 ft (640 m) is preserved (Reynolds, 1969).
However, as much as 3000 ft (914 m) is present in the northern Funeral Mountains
(Cornwall and Kleinhampl, 1964), while as little as 700 ft (213 m) is preserved north
of Grapevine Peak (Stock and Bode, 1935).

The age of the lower part of the Titus Canyon Formation was established as lower
Oligocene on the basis of vertebrate fossils (Stock and Bode, 1935). An isotopic
age, of unspecified type, of 27 Ma is reported for a tuff bed near the middle of the
Titus Canyon Formation (Reynolds, 1974). Two tuff beds in the lower Titus Canyon
Formation yielded “°Ar/3°Ar ages of 30.0 and 34.3 Ma (Saylor and Hodges, 1994).

5.4.2 Miocene

Panuga Formation

The Panuga Formation was defined by Snow and Lux (1999) for exposures in the
Cottonwood Mountains, described as a ‘heterogeneous succession of conglomerate,
pebbly lithic wacke, and siltstone’. Distinguishing features of the Panuga Formation
are the presence of intraclasts from the underlying Titus Canyon Formation, granitic
and volcanic clasts, tuff beds, and tuffaceous sandstones. The Panuga Formation
is defined as the sequence of strata overlying the first major unconformity within
the Tertiary sedimentary sequence. On the basis of similarities between the type
Panuga Formation and the green conglomerate facies of the Titus Canyon Formation,
the green conglomerate facies was reassigned to the Panuga Formation (Snow and

Lux, 1999). Summarized below is the stratigraphy of the Panuga Formation in the
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Grapevine Mountains, as described from the type section of the green conglomerate
facies (Reynolds, 1969).

The Panuga Formation unconformably overlies the variegated facies of the Titus
Canyon Formation. It contains greenish-gray, pale-green, or grayish-brown weath-
ering conglomerate beds, up to 4 ft (1.2 m) thick, which are interbedded with fine-
to coarse- grained sandstone and pebbly sandstone. Clasts in the conglomerate are
generally well rounded, and are as large as cobble-sized, although large, 3 ft (0.9 m)
subangular limestone blocks are locally present. Lithologies of the clasts are Paleozoic
clastic and carbonate rocks, granites, rhyolites, and silicic volcanics. Sandstones and
conglomerates in the green conglomerate facies are commonly tuffaceous. A whitish
tuff within the green conglomerate facies was mapped by Reynolds (1969) for strati-
graphic control and termed the crystal marker tuff. This tuff ranges in thickness from
112 ft (34 m) to 45 ft (14 m), and is present throughout the study region.

An Ar/3Ar age of 12.0 Ma on biotite is reported for the crystal marker tuff
of Reynolds (1969; Saylor and Hodges, 1994). From the same unit, Snow and Lux
(1999) report an “°Ar/3?Ar age of 15.7 Ma on sanidine. Since biotite from other tuffs
in the region is clearly reset by post-emplacement hydrothermal alteration (Snow and
Lux, 1999), and since the crystal marker tuff underlies other areally extensive eruptive
units which range in age from 14.0 to 12.7 Ma, the 15.7 Ma age for the crystal marker
tuff reported by Snow and Lux (1999) is the preferred age of this tuff. On this basis,
and bassed on the distinctive composition of sanidine crystals within the tuff, the
crystal marker tuff is correlated with the Tuff of Unconformity Hill (Snow and Lux,
1999), a 15.7 Ma tuff recognized regionally. The age of the Panuga Formation is

early-middle Miocene.

Wahguyhe Formation

The Wahguyhe Formation was originally described by Reynolds (1969), who called
the unit the ‘Unnamed Tuff Sequence’. A similar sequence of strata was mapped in

the Bullfrog Hills, but was not named (Maldonado, 1990). On the basis of its posi-
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tion above the Tuff of Unconformity Hill, and below the Lithic Ridge Tuff (described
below), the name Leadfield Formation was assigned to this sequence of strata in the
Grapevine Mountains and Bullfrog Hills (Snow and Lux, 1999). This name, un-
fortunately, is problematic, since an ash flow tuff exposed in the same geographic
region had previously been assigned the name ‘Tuff of Leadfield Road’ (Maldonado,
1990a, 1990b). The basis of Snow and Lux’s (1999) classification of Tertiary strata in
the Death Valley region is sequence boundaries, regionally correlative unconformities
which bound packages of rock. Although lithologic similarities within each strati-
graphic sequence across the Death Valley region are common, they are not requisite
for correlation (Snow and Lux, 1999). Since the term ‘Tuff of Leadfield Road’ is a
lithostratigraphic designation with established usage, a change in nomenclature for
the Leadfield Formation may be appropriate. The Leadfield Formation of Snow and
Lux (1999) crops out in and near the Wahguyhe Peak quadrangle (USGS 7.5” quad).
Since (1) stratigraphic sequences in the Death Valley region identified by Snow and
Lux (1999) are named primarily using Native American terminology, (2) Wahguyhe
is a Native American term, and (3) the word Wahguyhe has no previously estab-
lished stratigraphic usage, I propose that the Leadfield Formation be renamed the
Wahguyhe Formation.

The Wahguyhe Formation is a sequence of sedimentary and volcanic units. Sedi-
mentary rocks include sandstone, porcelaneous shale, and minor conglomerate. These
strata weather yellowish-gray to yellowish-brown, and may have dark spots on a
weathered surface. Sandstones and shales are tuffaceous, and fine-grained. Volcanic
units consist of silicic tuffs and a latite lava flow. The tuffs are usually white, but may
weather shades of yellow or buff, and are highly altered with resorbed phenocrysts.
The latite lava flow is correlated with the Rhyolite of Picture Rock (Slate et al.,
1999) on the basis of stratigraphic position and lithologic similarity. The latite lava
flow weathers dark brown and contains phenocrysts of oligoclase, andesine, biotite,
hornblende, and augite set in a matrix of plagioclase (Reynolds, 1969).

The thickness of the Wahguyhe Formation varies through the Titus Canyon region,
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where it is best exposed, from 1600 to 2800 ft (488 to 853 m; Reynolds, 1969).

A tuff in the Wahguyhe Formation was identified as the Tuff of Buck Spring,
giving an age within the formation of 15.1 Ma (Snow and Lux, 1999). Correlation of
the latite flow with the Rhyolite of Picture Rock suggests an age for this flow of 14.0
Ma (Slate et al., 1999). Thus, the Wahguyhe Formation is early middle Miocene in

age.

Lithic Ridge Tuff

The Lithic Ridge Tuff was described in the Grapevine Mountains by Reynolds
(1969), who called it the crystal lithic tuff. Subsequently, this tuff was correlated
with the Lithic Ridge Tuff of Carr et al. (1986; Snow and Lux, 1999) on the basis of
lithologic similarities and stratigraphic position.

The Lithic Ridge Tuff is a non-welded ash flow tuff which weathers pink to pinkish-
grey. Phenocrysts include quartz, biotite, sphene, and sanidine, and lithic fragments
of volcanic and sedimentary rocks are common. Volcanic lithic fragments include rhyo-
lite, welded tuff, and perlite. Sedimentary fragments include clasts of Paleozoic strata
and Titus Canyon Formation. Conglomerate and sandstone lenses occur throughout
the Lithic Ridge Tuff. Detailed descriptions of the stratigraphy and petrology of the
tuff are provided by Reynolds (1969) and Carr et al. (1986).

The Lithic Ridge Tuff varies in thickness across the Grapevine Mountains from
300 ft (91 m) to 750 ft (228 m; Reynolds, 1969).

The age of the Lithic Ridge Tuff is 14.0 Ma (*°Ar/3°Ar on sanidine; Sawyer et al.,
1994).

Crater Flat Group

In the southern Grapevine Mountains, three ash flow tuffs have been recognized
(Reynolds, 1969). These three tuffs were originally named, from lowest to highest,
A, B, and C. Reynolds (1969) described the tuffs, and proposed the correlation of
each tuff with a recognized unit within the Nevada Test Site. The oldest of the tuffs
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in the Grapevine Mountains, Ash Flow Tuff A, was tentatively correlated with the
‘Tuffs of Crater Flat’ (as described by Christiansen and Lipman, 1965). The ‘Tuffs of
Crater Flat’ were formally redefined by Sawyer et al. (1994) as the Crater Flat Group,
which is composed of three tuffs: from oldest to youngest, the Tram Tuff, the Bullfrog
Tuff, and the Prow Pass Tuff. Paleomagnetic studies support correlation of Ash Flow
Tuff A with the Crater Flat Group (Snow et al., 1993; Hudson et al., 1994). In the
original description of Ash Flow Tuff A, Reynolds (1969) described a single cooling
unit, leading Snow and Lux (1999) to correlate Ash Flow Tuff A with the Bullfrog
Tuff of the Crater Flat Group. Subsequent work has identified a compound cooling
unit composed of the Tram Tuff and the Bullfrog Tuff of the Crater Flat Group in the
Grapevine Mountains (C. J. Fridrich, unpub. mapping). Detailed descriptions of the
Crater Flat Group are reported by Carr et al. (1986); units present in the Grapevine
Mountains are summarized below.

Tram Tuff. The Tram Tuff of the Crater Flat Group is present in the Grapevine
Mountains as a pale red pumiceous tuff. Lithic fragments are more common in the
lower portion of the tuff, where they are composed of some Paleozoic fragments,
but chiefly of rhyolite and intermediate composition lavas. The upper part of the
unit is relatively free of lithics. Phenocrysts of quartz, sanidine, and biotite are
present within the Tram Tuff. Quartz phenocrysts in the Tram Tuff are generally not
resorbed, in contrast to the strongly resorbed quartz found in the overlying Bullfrog
Tuff. The top of the Tram Tuff is marked, at some locations, by an altered white
tuffaceous siltstone, or by the transition from the nonwelded or weakly welded Tram
Tuff to the basal vitrophyre and strongly welded Bullfrog Tuff.

Bullfrog Tuff. The Bullfrog Tuff of the Crater Flat Group overlies the Tram Tuff
throughout the Grapevine Mountains. The base of the Bullfrog Tuff is marked by a
dark grey or black vitrophyre, overlain by a brick-red to brownish-red welded tuff.
Pumice fragments in the welded zone are flattened to fiamme, defining a prominent
foliation. The welded unit grades upward into a partially welded zone, which weathers

gray or pinkish-gray. Phenocrysts in the Bullfrog Tuff comprise as much as 20% of
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the welded zone, but decrease to ~10% in the partially welded zone. Phenocrysts are
predominantly quartz, sanidine, and plagioclase, but biotite is also present in small
amounts.

The thickness of the combined Crater Flat Group in the Grapevine Mountains is
~300 ft (91 m).

The age of the Bullfrog Tuff is 13.25 Ma (*°Ar/?*?Ar on sanidine; Sawyer et al.,
1994). The age of the Tram Tuff is not known through geochronologic means, but is
constrained to be between 13.25 Ma, the age of the overlying Bullfrog Tuff, and 13.5
Ma, the age of the Dead Horse Flat Formation of the Belted Range Group, which
underlies the Tram Tuff on the Nevada Test Site (Sawyer et al., 1994).

Paintbrush Group

Strata of the Paintbrush Group were originally described by Hinrichs and Orkild
(1961), Orkild (1965), Poole and McKeown (1962) and Lipman and Christiansen
(1964). The name Paintbrush Tuff was originally applied to these strata by Orkild
(1965). Four members of the Paintbrush Tuff were reported by Christiansen and
Lipman (1965); however, redefinition of the strata and its members was codified by
Byers et al. (1976b). Of the four members of the Paintbrush Group, the distribution
of the three lowest members is known to be restricted to the east of the Grapevine
Mountains (Lipman and Christiansen, 1964; Lipman et al., 1966a). Correlation of
Ash Flow Tuff B with the highest member of the Paintbrush Group, the Tiva Canyon
Member, was proposed by Reynolds (1969), and endorsed by Snow and Lux (1999).
Revision of volcano-stratigraphic nomenclature in the Nevada Test Site area led to
a change in nomenclature from the Paintbrush Tuff to the Paintbrush Group, and
from the Tiva Canyon Member to the Tiva Canyon Tuff, but no attendant changes
in lithologic definitions (Sawyer et al., 1994). Detailed descriptions of the Paintbrush
Group are reported in Byers et al. (1976b), and summarized below, along with
descriptions specific to the Grapevine Mountains (Reynolds, 1969).

Tiva Canyon Tuff. The Tiva Canyon Tuff of the Paintbrush Group is a compound
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cooling unit comprised of devitrified, welded tuff. It is gray to reddish-brown in color,
and partially welded or non-welded at its top and base. At its type section, the Tiva
Canyon Tuff is divided into three compositional zones; the lowest is crystal-poor
biotite- and sanidine- rhyolitic tuff, the middle is crystal-poor biotite-bearing tuff,
and the upper is a crystal-rich quartz-latitic tuff. Only the two lower, crystal-poor
compositional zones are present in the Grapevine Mountains. Large lithophysal and
gas cavities are a distinguishing field characteristic of the Tiva Canyon Tuff.

The Tiva Canyon Tuff is as thick as 900 ft (274 m) in the Grapevine Mountains
just east of Leadfield (Reynolds, 1969).

The age of the Tiva Canyon Tuff is reported as 12.7 Ma (*°Ar/3?Ar on sanidine;
Sawyer et al., 1994).

Timber Mountain Group

The name Timber Mountain Tuff was originally assigned to volcanic strata in
the vicinity of Timber Mountain by Orkild (1965). This definition included strata
previously described by Lipman et al. (1966b), Carr and Quinlivan (1966) and Byers
et al. (1976a). The Timber Mountain Tuff was redefined (Byers et al., 1976a) to
comprise four members. Two of these are exposed only within the Timber Mountain
caldera, but the two of interest in this study, the lower Rainier Mesa Member and
upper Ammonia Tanks Member, are distributed throughout the Nevada Test Site
region. The nomenclature of the Timber Mountain Tuff was revised to the Timber
Mountain Group, comprised in part of the Rainer Mesa Tuff and Ammonia Tanks
Tuff by Sawyer et al. (1994). Reynolds (1969) correlated Ash Flow Unit C in the
Grapevine Mountains with the Rainier Mesa Tuff of the Timber Mountain Group, a
correlation endorsed by Snow and Lux (1999); however, from his descriptions of Ash
Flow Unit C, it is unclear whether Reynolds (1969) was describing the Rainier Mesa
Tuff as presently defined. Furthermore, both the Rainier Mesa Tuff and the Ammonia
Tanks Tuff are present in the Grapevine Mountains; however, the Ammonia Tanks

Tuff lies north of the geologic map of Reynolds (1969). It is unclear whether Reynolds
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(1969) did not recognize the Ammonia Tanks Tuff in the Grapevine Mountains (he
describes reconnaissance mapping into the area where it is present), or chose not to
differentiate it since it lay outside of his field area. Summarized below are descriptions
of the Rainier Mesa Tuff and Ammonia Tanks Tuff, as described by Byers et al.
(1976b).

Rainier Mesa Tuff. The Rainier Mesa Tuff is a compound cooling unit which
is moderate brown, pale red, or light gray in color. A partially welded zone at the
base gives way upward to a densely welded zone. Phenocrysts comprise ~20% of the
Rainier Mesa Tuff, with quartz being the most abundant, but also including sanidine,
plagioclase, and biotite. The Rainier Mesa Tuff is distinguished, in part, from the
Ammonia Tanks Tuff because it lacks sphene phenocrysts. Phenocrysts of quartz
can be ~1 mm across; the size of the quartz phenocrysts, a gray welded as opposed
to dark red welded zone, and a lack of fiamme distinguish the Rainier Mesa Tuff
from the Bullfrog Tuff of the Crater Flat Group. In many exposures throughout the
Nevada Test Site area, including nearby exposures in the Bullfrog Hills (Cornwall
and Kleinhampl, 1964; Maldonado, 1990b; Maldonado and Hausback, 1990), a thin
basalt flow separates the Rainier Mesa Tuff from the Ammonia Tanks Tuff. This
basalt, however, is absent in the Grapevine Mountains, and the contact between the
Rainier Mesa Tuff and the Ammonia Tanks Tuff is placed at the upper boundary of
the welded zone of the Rainier Mesa Tuff.

Ammonia Tanks Tuff. The Ammonia Tanks Tuff is a compound ash flow tuff
comprised of at least three cooling units. Despite the fact that the Ammonia Tanks
Tuff is ‘compositionally far more complex than the Rainer Mesa Member [sic|’ (Byers
et al., 1976b, p. 46), in hand sample they are nearly impossible to distinguish.
The presence of basalt lithic fragments within the Ammonia Tanks Tuff, and the
occurrence of chatoyant sanidine, are the primary methods of differentiating the two
members of the Timber Mountain Group in the field. The presence of sphene is also
indicative of the Ammonia Tanks Tuff, although this is rarely observable in hand

sample.
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The thickness of the Timber Mountain Group, calculated from structure sections,
is ~1600 ft (488 m) in Titus Canyon; however, the unit thickens northward towards
Wahguyhe and Grapevine peaks. There, it appears to exceed 1 km in thickness,
although exposure is too poor to demonstrate repetition of the section by faulting.

The age of the Rainier Mesa Tuff is 11.6 Ma; the age of the Ammonia Tanks Tuff
is 11.45 Ma (“*Ar/3°Ar on sanidine; Sawyer et al., 1994).

Tuff of Leadfield Road

The Tuff of Leadfield Road is the informal name assigned to an ash flow tuff
exposed in the northwestern Bullfrog Hills and eastern Grapevine Mountains (Mal-
donado, 1990a, 1990b). It is grayish-orange or grayish-pink, nonwelded to partly
welded and crystal poor. Phenocrysts include sanidine, plagioclase, quartz, biotite,
hornblende, and pyroxene. Lithic fragments, including rhyolite lava, welded ash flow
tuff, and Tertiary sedimentary rocks are common. The unit ranges in thickness from 0
to 900 ft (0 to 275 m) in the Bullfrog Hills (Maldonado, 1990a). The Tuff of Leadfield
Road has not been directly dated, but is constrained to be between 11.3 Ma and 10.6

Ma by enveloping units.

Rainbow Mountain sequence

The name Rainbow Mountain sequence was first used to describe a series of silicic
volcanic strata in the Bullfrog Hills (Eng et al., 1996). Portions of this sequence were
previously identified as ‘tuffs and lavas of the Bullfrog Hills’ (Noble et al., 1991) and
‘rhyolite of Rainbow Mountain’ (Maldonado, 1990a, 1990b; Maldonado and Hausback,
1990). A revision of the the Rainbow Mountain sequence as defined by Eng et al.
(1996) is provided by Connors et al. (1998). The Rainbow Mountain sequence is
found on the eastern edge of the Grapevine Mountains (Maldonado and Hausback,
1990), although strata identified as Rainbow Mountain sequence in the northwestern
corner of their map are now known to be associated with a lithologically similar, but

younger, sequence, the Rhyolite of Sarcobatus Flat (described below; C. J. Fridrich,
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unpub. mapping).

The Rainbow Mountain sequence comprises rhyolite lava flows, rhyolitic ash flow
tuffs, block and ash flows, and debris flows comprised mainly of volcaniclastic mate-
rials. Ash flow tuffs are predominantly non-welded or partially welded and are white
to pale buff or pale pink in color. Lavas are reddish-brown to grayish-blue in color,
and are commonly rich in phenocrysts. No lithologic descriptions or measurements
of these units were made for this study. For a detailed description of the Rainbow
Mountain sequence see Connors et al. (1998, p. 6-8).

The Rainbow Mountain sequence varies from 0 to 1970 ft (0 to 600 m) thick in the
Bullfrog Hills (Maldonado, 1990a). The lowest rhyolite tuff in the Rainbow Mountain
sequence is reported to be 10.6 Ma (*°Ar/3°Ar on sanidine; Eng et al., 1996). If the
latite of Donovan Mountain is included in the Rainbow Mountain sequence, following
Connors et al. (1998), then the top of the Rainbow Mountain sequence is ~10.3 Ma,
as discussed below. Conservatively, the Rainbow Mountain sequence was erupted in

the period from 11 Ma to 10 Ma.

Latite of Donovan Mountain

The name ‘latite of Donovan Mountain’ was first used by Minor et al. (1993)
to describe latite lava flows at Donovan Mountain, near Beatty, Nevada. The usage
was extended to include other latite flows of similar age (younger than the Timber
Mountain Group) in the Nevada Test Site region (Minor et al., 1993). Latite flows
included in this expanded definition include those mapped in the Bullfrog Hills (Ran-
some et al., 1910; Cornwall and Kleinhampl, 1964; Maldonado and Hausback, 1990).
Maldonado and Hausback (1990) recognized two series of latite flows in the Bullfrog
Hills, and identified them as bracketing the Rainbow Mountain sequence (described
above). The geologic map sheet of Beatty, Nevada (Carr et al., 1996) shows only
one sequence of latitic rocks, the trachyte of Donovan Mountain, which is interpreted
as being younger than the Rainbow Mountain sequence, while a recent map of the

northeastern Bullfrog Hills (Connors et al., 1998) incorporates the latite of Dono-
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van Mountain as a unit within the Rainbow Mountain sequence. In the Grapevine
Mountains, latite lava flows overlie the Ammonia Tanks Tuff of the Timber Mountain
Group along the crest of the range, west of Titus Canyon, and south of Grapevine
Peak. This report assigns latite lava flows overlying Timber Mountain Group tuffs
in the Grapevine Mountains to the latite of Donovan Mountain. Since lavas mapped
as the latite of Donovan Mountain are known to be time transgressive across the
Nevada Test Site region (C. J. Fridrich, pers. comm.), and since no stratigraphic re-
lations between the Rainbow Mountain sequence and latite flows are observed within
the Grapevine Mountains, the relative ages of the latite of Donovan Mountain and
Rainbow Mountain sequence in the Grapevine Mountains is unknown.

The latite of Donovan Mountain is comprised of flows and breccias of dark-gray
to reddish brown latite lava. Phenocrysts account for 5-20% of the rock, and are
predominantly plagioclase, sanidine, and biotite, with hornblende, clinopyroxene, and
olivine. The matrix is devitrified. Chemical analyses of the latite are reported by
Cornwall and Kleinhampl (1964).

The thickness of the latite of Donovan Mountain ranges from 0 to 1394 ft (0 to
425 m) in the Bullfrog Hills (Connors et al., 1998), but at no place in the Grapevine
Mountains are both basal and upper contacts exposed.

The best estimate of the age of the latite of Donovan Mountain is 10.33 Ma (Eng
et al., 1996, °Ar/3?Ar on alkali feldspar). It is difficult to ascribe an exact age to
latites in the Grapevine Mountains, but it is reasonable to assume that they are late

middle Miocene in age.

Rhyolites of Sarcobatus Flat

The term Rhyolites of Sarcobatus Flat is an informal name applied to a sequence
of silicic lavas and tuffs located near Sarcobatus Flat, which lies to the east of the
Grapevine Mountains (Slate et al., 1999). This sequence was first mapped as Tertiary
rhyolites, but no distinction was made between it and other rhyolites in the region

(Cornwall, 1972). Rocks of this sequence were mapped as part of the Rainbow Moun-
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tain sequence in the northwestern Bullfrog Hills (Maldonado and Hausback, 1990),
but subsequent work indicated the need for two separate successions on the basis of
field relations and geochronologic data (C. J. Fridrich, unpub. mapping and unpub.
data).

The Rhyolites of Sarcobatus Flat consist of a complex series of rhyolite lava flows,
plugs, and domes, block and ash flows, airfall tuffs, and possibly shallow intrusions
(Fig. 5.7A). The lavas range in color from reddish-brown to grayish-green, are crys-
tal rich, and frequently flow-banded. Ashfalls and block and ash flows consist of a
rhyolitic tuff, usually white or buff in color, which may contain lithic fragments of
rhyolite or basalt; in the case of the block and ash flows, blocks may be greater than
50 cm across (Fig 5.7B). A detailed description of this rhyolite field was beyond the
scope of this study; to the best of the author’s knowledge, no such description has
been published, or even made, despite the fact that this sequence may be the largest
rhyolite field in Nevada (W. J. Carr, pers. comm.). Excellent exposures of lavas of
the Rhyolites of Sarcobatus Flat may be observed along the Strozzi Ranch Road west
of where it intersects the Phinney Canyon Road to the end of the road at Brier Spring
(Fig. 4.2). Well exposed block and ash flows are accessible by foot by hiking west
from the end of the Strozzi Ranch Road along the north wall of the canyon.

The thickness of the sequence is likely variable across the width of exposure,
and nowhere within the study area is the top of the sequence clearly exposed. The
nature of these deposits yield euxtaxitic foliations that dip as much as 60°; however,
a substantial portion of this dip could easily be depositional. Additionally, structural
mapping within the sequence was not attempted, so duplication of section due to
faulting is a distinct possibility. Nonetheless, a thickness of 3000 ft (914 m) can be
conservatively estimated in the vicinity of Brier Spring and Phinney Canyon.

An *0Ar /39 Ar age of 9.9 Ma is reported for units low in the Rhyolites of Sarcobatus
Flat (M. J. Kunk and C. J. Fridrich, unpub. data), while the Spearhead Tuff (7.5 Ma)
overlies the Rhyolites of Sarcobatus Flat, making the sequence early Late Miocene in

age.
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Figure 5.7. A) Photographs of the Rhyolites of Sarcobatus Flat overlain by ash flow tuffs
east of Brier Spring. Lava flows are dark gray and blocky in appearance, and crop out near
the base of the cliff face. Note person in center of photo for scale. B) Ash flows of the
Rhyolites of Sarcobatus Flat north of Brier Spring. Note string of large clasts across center
of photo. Clasts are ~20 cm in diameter.
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5.4.3 Pliocene

Scotty’s Castle Sequence

The term Scotty’s Castle sequence is informally applied to a series of silicic and
basic volcanic rocks in the vicinity of Scotty’s Castle, in northern Death Valley Na-
tional Park. No detailed description of the sequence has been made for this report,
nor is the existence of one known. Rocks of this sequence were originally mapped
as Tertiary volcanic rocks, undivided (Strand, 1967). Silicic rocks in the sequence
are lithologically similar to the Rhyolites of Sarcobatus Flat; however, rocks in this
sequence unconformably overlie the Rhyolites of Sarcobatus Flat in the northeast-
ern Grapevine Mountains (C. J. Fridrich, unpub. mapping). The presence of basalt
flows within the sequence also distinguishes it from the Rhyolites of Sarcobatus Flat.
Exposures of the silicic volcanic succession are easily accessed within the vicinity of
Scotty’s Castle and throughout Grapevine Canyon. Basalt flows of the Scotty’s Cas-
tle sequence are less accessible, in general; however, one excellent exposure in Bonnie
Claire flat lies just south of Nevada Route 267, east of the upper end of Grapevine
Canyon.

The exact age of the Scotty’s Castle sequence is unknown. Three K-Ar analyses on
whole rock basalt from the northern Grapevine Mountains (north of Scotty’s Castle)
yield ages from 1.7-3.6 Ma (Reheis, unpub. data). A tuff within the sequence has
been tentatively correlated with the Tuff of Mesquite Spring (3.2 Ma; Snow and
White, 1990) during reconnaissance mapping (C. J. Fridrich, pers. comm.). Until
further study is undertaken, the Scotty’s Castle sequence is assumed to be middle to

late Pliocene in age.

Red Wall Basin Sequence

The term Red Wall Basin sequence is informally applied to a sequence of sedi-
mentary strata exposed along the western flank of the Grapevine Mountains, from

north of the mouth of Fall Canyon to the Grapevine Ranger Station (Plate 1; Fig.
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5.3). The best exposures of the sequence are just north of the mouth of Red Wall
Canyon, which gives the sequence its name.

Strata of the Red Wall Basin consist of two sedimentary sequences separated by a
mild angular unconformity. The lower sequence consists of fine sandstones, siltstones,
and marls, presumably deposited in a lacustrine environment, interspersed with beds
of conglomerate. The sandstones are buff to light yellow in color, though where
carbonate- rich, they may weather a yellowish-orange (Fig. 5.8). Interspersed con-
glomerate beds are generally medium- to dark-brown in color, and consist of clasts of
Paleozoic carbonate, welded tuff, and silicic lava. These strata interfinger with coarse
conglomerates near the Grapevine Mountains range front. These coarser conglomer-
ates consist mainly of clasts of Paleozoic carbonate strata, and weather brick-red or
reddish brown. The facies change between the, presumably alluvial, conglomerates,
and lacustrine facies occurs over a distance of ~100 m. Within the lower exposures of
the lacustrine facies strata is a basalt flow. The basalt weathers dark-gray to black,
but is internally medium-gray. The flow contains phenocrysts of olivine, usually al-
tered, and pyroxene.

Overlying the above sequence in mild angular unconformity is a series of conglom-
erates. These conglomerates contain clasts mainly derived from the Paleozoic section,
usually no larger than cobble-sized. The conglomerates weather tan to medium-
brown. Within these conglomerates is an unwelded ash flow tuff. This tuff is buff or
dirty white on weathered surfaces, and bright white on fresh surfaces. The tuff is fri-
able, and poorly lithified, and is composed largely of pumice lapilli, with phenocrysts
of biotite and sanidine.

Exposures of the Red Wall Basin deposits along the western margin of the Grapevine
Mountains are insufficient to determine the thickness of either the upper or the lower
sequence.

The age of the Red Wall Basin deposits is unknown. Samples for geochronologic
work have been collected from both the basalt flow at the base of the lower sequence

(for whole-rock “°Ar/3°Ar, N. A. Niemi and C. J. Fridrich) and from the tuff within
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Figure 5.8. Photograph looking north along the western range front of the Grapevine
Mountains, ~1 mile north of Fall Canyon. Yellow and orange colored beds on the left side
of the photo are deposits of the Red Wall Basin sequence. Person in left center of photo for
scale.

the upper sequence (for zircon (U-Th)/He). Results of (U-Th)/He zircon analyses
yield ages of 3.09 + 0.19 Ma (Table 5.1), while geochronologic results from the basalts
are still in progress. Field evidence suggests a tentative correlation of the tuff within
the upper sequence with the ~3.2 Ma Tuff of Mesquite Spring (Snow, 1990; Snow
and Lux, 1999), a correlation strengthened by the (U-Th)/He geochronology. If this

correlation is correct, then the Red Wall Basin deposits are early- to mid-Pliocene in

age, and would be correlative with the Nova Formation found on the western side of

Death Valley (Snow and Lux, 1999).

5.4.4 Quaternary
Quaternary Gravels

Outcrops of poorly to moderately consolidated conglomerates located within the
Grapevine Mountains are mapped as Quaternary gravels. These gravels weather

grayish-brown to reddish-brown, and contain clasts of locally derived Paleozoic car-
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bonate and Tertiary volcanic rocks. Although not well lithified, they are distinguished
from older alluvium on the basis of location (often capping hills and ridges), moderate
induration, and sandy matrix. The age of these gravels is unknown. Lithologic simi-
larities between these gravels and the upper sequence of the Red Wall Basin deposits
suggests that they may be equivalent in age, making them Pliocene. In Red Wall
Canyon, one exposure of gravels weathers reddish-brown, is strongly lithified, and
may be significantly older than Quaternary in age. Geochronologic samples collected

from some of these exposures have not yet been analyzed.

Quaternary Landslides

Landslide deposits of indeterminate age are present within the Grapevine Moun-
tains, particularly in the Titus Canyon region, where the slides appear to localize
along friable ash flow tuff horizons. A spectacular landslide is exposed on the east
wall of Fall Canyon, opposite the peak of Mt. Palmer. Smaller slides are found in the
Titanothere Canyon area, while some older slides, potentially coeval with emplace-
ment of the ash flow sheets, are located on the eastern wall of Titus Canyon (C. J.

Fridrich, unpub. mapping).

Quaternary Alluvium

Weakly lithified to unlithified gravels and sands within canyons of the Grapevine
Mountains, and along the range front, are mapped as Quaternary alluvium. These de-
posits were separated into five unis on the basis of lithification, stratigraphic position,
and degree of pavement and desert varnish development. All of these units contain
angular to well- rounded clasts, as large as boulder-sized, derived from the local area
around the exposure. Predominantly, this means that the clasts are composed of Pa-
leozoic carbonate, although in the southern Grapevine Mountains, siliciclastic clasts
from the lower miogeocline should dominate. Extremely well-rounded clasts are usu-
ally recycled from the Titus Canyon Formation, and may show evidence of fracturing

and rehealing. Clasts of Tertiary sedimentary and volcanic rocks are also prevalent,
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particularly in upper Titus and Fall canyons.

Older Alluvium. Gravels which are weakly indurated, have a strong desert var-
nish development, and are located within the mountain range, usually high on walls
of canyons, or old alluvial terraces, are mapped as older alluvium. These deposits
generally have strongly developed desert varnish, and may have an unlithified matrix
of fine sand or silt. Where these gravels were deposited against the side of a canyon,
both varnish and matrix may locally be absent. Gravels assigned to older alluvium
are exposed only internally to the range. The ages of these deposits probably range
from Pleistocene to Recent (Hunt and Mabey, 1966; Reynolds, 1969).

Alluvium Q4. Gravels assigned to the Q4 level are the oldest gravels exposed along
the range front. The surface formed by these gravels is being incised by present day
processes, yet, where preserved, the surface usually forms a topographic high on the
modern fan. The Q4 surface is eaily recognized for its well-developed desert pavement
and heavy desert varnish. Underneath the desert pavement layer is a layer of fine silt.
Alluvium Q4 gravels are thought to be Pleistocene in age (Hunt and Mabey, 1966).

Alluvium Q3. Weakly indurated gravels with a modestly developed desert pave-
ment and medium to light desert varnish are assigned to alluvium Q3. Surfaces formed
on alluvium Q3 usually stand above younger alluvial surfaces. In some places, allu-
vium Q3 is indurated enough to support terraces ~25 m high. The age of alluvium
Q3 is late Pleistocene to Recent (Reynolds, 1969).

Alluvium Q2. Gravels that stand above the modern active wash are mapped as
alluvium Q2. Alluvium Q2 gravels are poorly- to un-indurated, and have a light coat
of desert varnish, or no coat at all. Desert pavement is not developed on alluvium
Q2 surfaces; instead the alluvium Q2 surfaces are rilled and dissected. Alluvium Q2
is Recent in age.

Alluvium Qa. Unconsolidated gravels and sands in the bottom of canyons and
active alluvial washes are assigned to alluvium Qa. No desert varnish or desert
pavement are observed in alluvium Qa. Alluvium Qa surfaces are uneven and rough.

The age of alluvium Qa is Recent.
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Chapter 6
Structural Geology of the Central

Grapevine Mountains
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6.1 Introduction

The geologic structures of the Grapevine Mountains can be subdivided into two
categories: compressional structures related to the development of the Cordilleran
fold and thrust belt in Late Paleozoic and Mesozoic time, and Basin and Range
extensional structures related to the late Cenozoic fragmentation of the Cordilleran
thrust belt. Although extension between range blocks of the Basin and Range may
be extreme, many blocks, such as the Grapevine Mountains, are internally fairly
stable, thus allowing a straightforward interpretation of geologic structures within
the range. This chapter will discuss those geologic structures exposed in the central
Grapevine Mountains: first, contractional structures related to the development of

the Cordilleran thrust belt, then the extensional structures that dismember it.

6.2 Contractional Structures

Three major contractional structures related to the Cordilleran thrust belt are
identified within the Grapevine Mountains. From structurally lowest to highest they
are the Titus Canyon anticline, the Bonnie Claire thrust system, and the Grapevine
thrust. Based on correlations with similar structures in other nearby ranges (Snow
and Wernicke, 1989, 2000; Snow, 1992), these are the structurally highest elements of
the Death Valley thrust belt, the oldest portion of the Cordilleran thrust belt exposed
in the western United States, and were active from middle Permian to middle Triassic

time (Dunne, 1986; Stevens and Stone, 1988; Snow et al., 1991).

6.2.1 Titus Canyon Anticline—Corkscrew Peak Syncline

The Titus Canyon anticline-Corkscrew Peak syncline fold pair was named by
Reynolds (1969) for exposures of a large amplitude (> 1 km) west vergent anticline-
syncline pair located in the southern Grapevine Mountains. The synclinal member

of the fold pair, the Corkscrew Peak syncline, is exposed mainly in the southern
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Grapevine Mountains, south of Plate 1; however, it does reappear northward along
the range front in the footwall of the Moonlight Canyon fault (Sections B-B’and C—
C’, Plate 1; see discussion of Grapevine thrust, below). The Titus Canyon anticline
is best exposed on the northern wall of Titus Canyon (Fig. 6.1), although the fold
continues northward through the central portion of the Grapevine Mountains, where
the overturned limb of the fold is again well exposed to the northwest of Mt. Palmer
(Fig. 6.2; Plate 1), before the fold rapidly dies out along strike.

In the Titus Canyon area, the fold is recumbent, with the axial surface dipping
~15° to the east (Section D-D’; Reynolds, 1969). The fold becomes upright to slightly
overturned north of Titus and Fall Canyons (Sections B-B’and C-C', Plate 1), and
the axial surface dips moderately eastward. The Titus Canyon anticline involves
strata as old as the Upper Proterozoic Wood Canyon Formation and as young as
the Mississippian Rest Spring Shale. The fold is dissected by east-dipping Cenozoic
normal faults, which place the upright limb of the fold against the overturned limb in
at least two locations (Sections B-B’and C-C’, Plate 1). Total shortening across the
Titus Canyon anticline is difficult to constrain given the exposures in the Grapevine

Mountains, but is minimally 2 km.

6.2.2 Bonnie Claire Thrust System

A single thrust fault, the northern continuation of the large, east-vergent, Grapevine
thrust (discussed below), was originally mapped throughout the northern Grapevine
Mountains (Reynolds, 1969; 1974). Snow (1992) recognized that the thrust of Reynolds
could not be contiguous with the Grapevine thrust, and renamed it the ‘Intermediate
thrust’. Snow (1992) hypothesized that this thrust was correlative with the Racetrack
duplex zone exposed in the Cottonwood Mountains, which lies between presumed cor-
relatives of the Titus Canyon anticline and the Grapevine thrust. Detailed mapping
indicates that the single east vergent thrust of Reynolds (1969; 1974) and Snow (1992)
is actually a series of west vergent thrust sheets of moderate displacement (Section

A-A’  Plate 1). These thrusts are here named the Bonnie Claire thrust system (Plate



190

Titus Canyon Anticline =

Figure 6.1. The Titus Canyon anticline looking north, on the northern wall of Titus
Canyon. Unit abbreviations as on Plate 1. Dotted lines are ridge lines.
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Grapevine
Peak

Titus Canyon Anticline %

Figure 6.2. The Titus Canyon anticline looking north, ~2 km northwest of Mt. Palmer.
Note both the overturning of the Grapevine thrust, and its repetition across normal faults.
Unit abbreviations as on Plate 1. Dotted lines are ridge lines.
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1) for the Bonnie Claire Dry Lake to the northeast of the exposures. The western-
most of the Bonnie Claire thrusts is the most substantial, and places strata as old
as middle Cambrian over Mississippian Rest Spring Shale. The upper plate of this
thrust is internally imbricated, yielding several repetitions of the Ordovician section
(Fig. 6.3; Plate 1). The complex internal geometry of the Bonnie Claire thrust system
is best displayed on the northern wall of Moonlight Canyon (Plate 1), which provides
a natural cross section through the thrust stack. The Bonnie Claire thrust system is
truncated to the east by an east-dipping normal fault which places the hanging wall
of the structurally higher Grapevine thrust down against the Bonnie Claire system.
The largest throw in the Bonnie Claire thrust system is Middle Cambrian Bonanza
King Formation over Mississippian Rest Spring Shale, yielding a stratigraphic throw
of ~2.5 km. Both the fact that the Bonnie Claire thrust system accommodates
roughly the same amount of shortening as the Titus Canyon anticline, and that the
fact that Bonnie Claire thrust system dies southward at about the same latitude that
the Titus Canyon anticline dies northward (Plate 1), suggests that the Bonnie Claire
thrust system accommodates west-vergent deformation which is absorbed along-strike

by the Titus Canyon anticline.

6.2.3 Grapevine Thrust

The Grapevine thrust is a major east-vergent thrust fault which was originally
mapped through the central portion of the Grapevine Mountains by Reynolds (1969;
1974); however, it is exposed at several normal fault blocks within the range (Sec-
tions B-B’and C-C’, Plate 1). The westernmost exposure of the thrust occurs in
the footwall of the Moonlight Canyon fault (Plate 1), where the Upper Proterozoic
E Member of the Stirling Quartzite and the Wood Canyon Formation are thrust
over Mississippian Rest Spring Shale and Devonian Lost Burro(?) Formation. The
geologic relations here are complex, as the thrust appears to have undergone two
generations of folding. The first generation involves folding the thrust into a west-

vergent syncline, most likely related to west- vergent folding associated with the Titus
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Figure 6.3. The Bonnie Claire thrust system. View looking south towards Backthrust
Canyon. Note thrust duplication of Ordovician section. Unit abbreviations as on Plate 1.
Dotted lines are ridge lines.
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Canyon fold system (Sections B-B’and C-C’, Plate 1). A later deformation event re-
folded the thrust about an east-west trending axis. The folded thrust is truncated
by the Moonlight Canyon fault, but reappears in the hanging wall of the Moonlight
Canyon fault at a structurally higher position in the west-vergent fold (Sections B-B’
and C-C’, Plate 1). Here the Grapevine thrust places the Lower Cambrian Zabriskie
Quartzite and Carrara Formation over Upper through Middle Ordovician strata of
the Ely Springs Formation, Eureka Quartzite, and Pogonip Groups (Plate 1; Fig. 6.4).
The attitude of the thrust changes from mildly to steeply west dipping as it is folded
into the overturned limb of the fold pair, suggesting that the thrust is deformed by the
fold (Sections B-B’and C-C’, Plate 1). The structural level of the thrust in the core
of the fold has been erosionally removed; however, another normal fault repeats the
Grapevine thrust on the northern flank of Mt. Palmer (Plate 1). At this locality, the
Grapevine thrust carries Zabriskie Quartzite and Carrara Formation strata over the
Devonian Lost Burro Formation and Hidden Valley Dolomite (Section C-C’, Plate
1).

The greatest stratigraphic throw on the Grapevine thrust is Upper Proterozoic
strata over Mississippian strata, or ~5 km, in the footwall of the Moonlight fault.
The Grapevine thrust in the hanging wall of the Moonlight Canyon fault places
Lower Cambrian strata over Ordovician, for a stratigraphic throw of ~2.5 km, while
the easternmost exposure of the Grapevine thrust places Lower Cambrian strata
over Devonian, for a throw of ~3.5 km. These observations are difficult to reconcile
with a simple thrust ramp model. The Grapevine thrust apparently cuts both up
and downsection in the hanging wall in the direction of transport, and stratigraphic
throw both decreases and increases in the transport direction. The observation that
stratigraphic throw decreases towards the core of the Titus Canyon anticline, and that
the Grapevine thrust cuts downsection into the core of the anticline, and upsection
out of the core of the anticline, suggests that the Grapevine thrust cut through a
previouly deformed section, beheading an antecedent Titus Canyon anticline. Later

motion on the Titus Canyon fold pair folded the Grapevine thrust, resulting in the
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Figure 6.4. The Grapevine thrust in the central Grapevine Mountains, looking north
towards Grapevine Peak. Note overturning of Grapevine thrust along the overturned limb
of the Titus Canyon anticline. Area in this figure is in the left center of Fig. 6.2. Unit
abbreviations as on Plate 1. Dotted lines are ridge lines.
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complex structural relations currently observed.

6.3 Extensional Structures

Normal faults in the Grapevine Mountains are related to regional late Cenozoic
extensional tectonism throughout the Basin and Range province. Extension began
as early as late Oligocene time, as recorded by sedimentary deposits in the southern
Grapevine Mountains (Stock and Bode, 1935), and continues to the present (Bennett
et al., in prep.). The Grapevine Mountains appear to contain several generations of

extensional structures, as discussed below.

6.3.1 Moonlight Canyon Fault

The Moonlight Canyon fault and related structures are likely the oldest set of
extensional faults in the Grapevine Mountains. These structures are named for their
spectacular exposure in Moonlight Canyon (Fig. 6.5, Plate 1). The Moonlight Canyon
fault is an east-dipping normal fault which disrupts the west-vergent Titus Canyon
anticline and places the upright, anticlinal portion of the Titus Canyon fold against
the overturned Corkscrew Peak syncline in the footwall of the fault (Plate 1). Related
faults include a west-dipping normal fault which runs to the east of Mt. Palmer (Plate
1), and an east-dipping fault which runs in the canyon west of Mt. Palmer (Plate 1).
Although no geologic relations exist which indicate that the latter two faults were
active synchronously with the Moonlight Canyon fault, all three faults share several
common properties. First, they are internal to the range, not along the range front.
Second, they dip in towards the center of the range, not out towards the edges. Third,
these faults have no present topographic signature. Together, these observations
suggest that this group of faults is not currently active, and that they likely pre-date
formation of the modern Grapevine Range block. Although no direct constraints
exist, I postulate that these faults are remnants of the earliest, late Oligocene, phase

of extension.
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Figure 6.5. The Moonlight Canyon fault places the hanging wall of the Grapevine thrust
down against folded footwall and hanging wall strata of the Grapevine thrust. Looking to
the north-northeast, this locality shows the largest stratigraphic throw on the Grapevine
thrust in the Grapevine Mountains, where it places upper Stirling Quartzite over Missis-
sippian shales and limestones. Unit abbreviations as on Plate 1. Dotted lines are ridge
lines.



198

The Moonlight Canyon fault places Middle Cambrian Nopah Formation in the
hanging wall of the Grapevine thrust against Mississippian strata in the footwall of
the Grapevine thrust, yielding a minimum throw of 1.5-2 km, assuming that the
Zabriskie Quartzite is the lowest stratigraphic unit carried in the hanging wall of
the Grapevine thrust. Displacement on the west-dipping fault east of Mt. Palmer is
difficult to constrain. However, the fault to the east of Mt. Palmer has a displacement

of ~800 m.

6.3.2 Fall Canyon Fault Zone

The Fall Canyon fault zone is named for exposures to the east of Fall Canyon,
which the fault parallels through much of the central Grapevine Mountains (Plate
1; Reynolds, 1969, 1974). This fault zone is a distinct boundary in the Grapevine
Mountains, separating Cenozoic volcanic and sedimentary strata to the east from
Paleozoic miogeoclinal strata to the west (Plate 1). Both the age and amount of
displacement on the Fall Canyon fault zone are difficult to determine. Volcanic rocks
as young as 10 Ma (Latite of Donovan Mountain, Eng et al., 1996) are cut by the
fault. On the other hand, more than 2 km of ignimbrite sheets on the eastern,
hanging wall side of the Fall Canyon fault zone are absent on the footwall side of the
fault. These ignimbrite sheets are as old as 14 Ma (Lithic Ridge Tuff; Sawyer et al.,
1994), suggesting that the Fall Canyon fault zone maintained a significant topographic
escarpment in middle Miocene time. One possibility is that the Fall Canyon fault
zone was originally active during late Oligocene extension, then reactivated during
the early middle Miocene, and remained active until the late Miocene. The Fall
Canyon fault zone is overlain by the 9 Ma Rhyolites of Sarcobatus Flat (C. J. Fridrich,
unpub. data), placing a lower bound on motion on this fault. A dearth of exposure of
Paleozoic strata in the hanging wall of the Fall Canyon fault zone makes estimating
offset difficult. If the assumption that the Fall Canyon fault zone was a topographic
escarpment in middle Miocene time is valid, then the total thickness of Cenozoic

strata in the hanging wall of the fault can provide a minimum constraint on the
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amount of normal separation on the fault. Using such a proxy yields a minimum

separation of ~3 km.

6.3.3 Grapevine Fault Zone

The Grapevine fault zone (Reynolds, 1969) is a west dipping fault zone located
along the western margin (Death Valley side) of the Grapevine Mountains. This
fault zone is best developed south of Titus Canyon along the range front, but steps
away from the bedrock-alluvium contact north of Titus Canyon, and is predominantly
expressed as east- and west- dipping normal faults cutting alluvial sediments between
the range front and the Furnace Creek fault zone (Plate 1). The total displacement
on this fault isn’t determinable from available field data. Gravity data, however,
indicate that a sedimentary basin as much as 4 km deep lies just west of the Grapevine
Mountains (Blakely et al., 1999). This suggests that throw on the Grapevine fault
system may be significant. The age of the Grapevine fault system is also poorly
constrained. An ash fall tuff which is intercalated with sediments that conformably
onlap the range front yields a (U-Th)/He age on zircon of 3.2 Ma. Fault traces of the
Grapevine fault zone, however, clearly cut post-Pliocene gravels. The Grapevine fault
zone was likely active as a major basin-bounding fault in late Miocene and Pliocene
time. Since that time, the Death Valley basin has probably been largely passively
infilling. However, the Grapevine fault zone may remain somewhat active due to the

proximity of the Furnace Creek fault zone (Plate 1).

6.3.4 Furnace Creek Fault Zone

The Furnace Creek fault zone is a dextral strike-slip fault which extends over
100 km, from the Amargosa Desert near Death Valley Junction to Fish Lake Valley.
Initially recognized by Curry (1938), it was first described in detail by Noble and
Wright (1954). The Furnace Creek fault strikes sub-parallel to the western range front

of the Grapevine Mountains across alluvial fans (Plate 1), and eventually intersects
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the edge of the mountain range near Scotty’s Castle. Spectacular offsets along the
fault are observed in the fans west of the Grapevine Mountains, particularly at the
mouth of Red Wall Canyon (Brogan et al., 1991; Klinger and Piety, 2000). The
age of, and offset along, the Furnace Creek fault zone are open to debate. Early
estimates ranged from 8 km (Wright and Troxel, 1957) to ~70 km (Stewart, 1967).
An offset pluton was used to constrain the total slip on the Furnace Creek fault
zone to 45 km (McKee, 1968). Another constraint on slip involves the footwall ramp
of the Grapevine thrust, discussed above. This ramp was previously interpreted as
the main footwall ramp of the Grapevine thrust system (Snow and Wernicke, 2000).
A structural equivalent to this footwall ramp was proposed to lie in the Cottonwood
Mountains, on the western side of the Furnace Creek fault zone. Restoring the Furnace
Creek fault zone such that the two segments of footwall ramp don’t overlap requires
at least 63 km of dextral offset (Snow and Wernicke, 2000). If the interpretation of
the footwall ramp to the Grapevine thrust present above is correct, however, then
the ramp is due to local structural interactions between the Grapevine thrust and the
Titus Canyon anticline and is not the main footwall ramp of the thrust system. In
this case, overlap of the two ramps is permissible, and no longer provides a constraint
on offset along the Furance Creek fault zone. This leaves the offset pluton (McKee,
1968) as the best estimate of total motion on the Furnace Creek fault. The timing
of initiation of the Furnace Creek fault is presumably related to the opening of the
Furance Creek basin at the southern terminus of the fault. Although this basin has
long been considered to be middle Miocene in age (Cemen et al., 1985, 1988, 1999),
recent stratigraphic studies indicate that the Furnace Creek basin opened after 9 Ma
(Greene, 1997; Niemi et al., 2001). This suggests that the Furnace Creek fault is of

late Miocene to recent age.
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7.1 Introduction

Constraints on the magnitude and timing of Cenozoic deformation in the Basin
and Range province of the western United States are paramount to understanding
the processes that governed intra-continental extension across this province over the
past ~30 Ma. Various attempts have been made to quantify these parameters, using
as pre-extensional markers both stratigraphic and structural features that pre-date
Cenozoic deformation. Early attempts at the quantification of Tertiary deforma-
tion relied on reconstructions based on isopachs and facies trends in the Cordilleran
miogeocline in the Death Valley region (Stewart, 1967, 1983; Stewart et al., 1970).
This reconstruction motivated further reconstructions, based on structural markers,
largely Paleozoic and Mesozoic thrust faults (Wernicke et al., 1982, 1988; Snow and
Wernicke, 1989, 2000; Snow, 1992).

Thrust faults are generally more precise markers for reconstructing the magnitude
of Cenozoic extension, since errors in the location and orientation of discrete thrust
surfaces are generally much less than for particular isopach, or facies boundaries (Snow
and Wernicke, 2000). However, since the Cordilleran thrust belt comprises multiple
thrust sheets, correlating individual thrust faults between mountain ranges is a more
complex process than correlating isopachs within the Cordilleran miogeocline, which
is a fairly simple sedimentary wedge (e.g. Stewart and Suzcek, 1977). Correlation of
thrust faults between mountain ranges (loosely, the accuracy of the reconstruction;
Snow and Wernicke, 2000) critically depends on identifying unique elements in the
Cordilleran thrust belt that can be used to identify the structural position of a given
thrust sheet (Snow and Wernicke, 1989; Snow, 1992). A composite cross section of
the Cordilleran thrust belt, based on relatively intact ‘structural reference sections’
in the Cottonwood and Spring Mountains, suggests there are seven major structural
elements (Figs. 7.1A and 7.2A; Wernicke et al., 1988; Snow, 1992). Characterization of
each of these seven structural elements, using parameters such as stratigraphic throw,

vergence, spacing between elements, and structural style, yields a template that can
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Figure 7.1. Two models for the Death Valley thrust belt. A) Predominantly east-vergent
thrust belt with minor hinterland vergent deformation, based on cross sections through the
thrust belt in the Cottonwood and Spring Mountains (lines I-I" and II-II' in Fig. 7.2; Snow
and Wernicke, 1989, 2000). B) Bivergent thrust belt with significant hinterland vergent
deformation, based on cross-sections through the thrust belt from the CP Hills to the
Sheep Range (line III-IIT" in Fig. 7.2; Caskey and Schweickert, 1992).

be used to correlate thrust faults throughout the region, assuming the structural
pattern persists along strike(Fig. 7.2C; e.g. Snow, 1992; Snow and Wernicke, 2000).

In the central Death Valley region, estimates of Cenozoic extension based on
reconstructions of the thrust belt using this structural section show strong agreement
with independent estimates based on other markers. The magnitude of extension
between the Resting Spring and Kingston Ranges to the east and the Panamint and
Cottonwood Mountains to the west (Fig. 7.2A) is estimated to be 90 £ 10 km, whether
derived from isopach reconstructions (Stewart, 1983), thrust fault reconstructions
(Wernicke et al., 1988; Snow, 1992; Snow and Wernicke, 2000), or restorations based
on proximal Miocene sedimentary deposits (Topping, 1993; Niemi et al., 2001). The
latter deposits constrain the timing of extension as predominantly middle and upper

Miocene (Wright et al., 1991, 1999; Topping, 1993; Cemen et al., 1999; Snow and
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Figure 7.2. A) Map of the southwestern Basin and Range province. Geographic features:
Black Mountains - BL, Bare Mountain - BM, Belted Range BR, Cottonwood Mountains
- CM, Eagle Mountain - EM, Eleana Range - ER, Funeral Mountains - FM, Grapevine
Mountains - GM, Inyo Mountains - IM, Kingston Range - KR, Last Chance Range - LR,
Montgomery Mountains - MT, Nopah Range - NR, Panamint Mountains - PM, Pintwater
Range - PT, Pesting Spring Range - RSR, Sheep Range - SE, Striped Hills - SH, Spring
Mountains - SM, Spotted Range - SP, Specter Range - ST, White Mountains - WM. B) Inset
map of localities on the Nevada Test Site: Calico Hills - CH, CP Hills - CP, Eleana Range
- ER, Gold Meadows - GO, Halfpint Range - HF, Mine Mountain - MN, Oak Spring Butte
- OS. C) Map of the southwestern Basin and Range with the following tectonic features.
Cenozoic normal and strike-slip faults: Boundary Canyon detachment - bc, Central Death
Valley fault zone - c¢d, Grapevine fault - gf, Garlock fault - gl, Las Vegas Valley Shear zone -
lv, Northern Death Valley fault zone - nd, Owens Valley fault - ov, Pahrump-Stateline fault
- ps, Panamint Valley fault - pv, Rock Valley fault - rv, Southern Death Valley fault zone
- sd. Pre- Cenozoic thrust faults: Belted Range thrust - BT, Butte Valley thrust - BV, CP
thrust - CP, Chicago Pass thrust - CS, Clery thrust - CT, Eureka thrust - ET, Gass Peak
thrust - GP, Grapevine thrust - GT, Kwichup Springs thrust - KS, Keystone thrust - KT,
Lemoigne thrust - LM, Marble Canyon thrust - MC, Meikeljohn thrust - MJ, Montgomery
thrust - MT, Panamint thrust - PA, Panama thrust - PT, Pintwater thrust - PW, Striped
Hills - SH, Spotted Range thrust - SP, Specter Range thrust - ST, Schwaub Peak thrust
- SW, Titus Canyon anticline - TA, Ubehebe thrust - UT, Winters Peak anticline - WA,
Winters Pass thrust - WN, Wheeler Pass thrust - WP, White Top backfold - WT.

Lux, 1999; Niemi et al., 2001). Thus, the central Death Valley region accommodated
approximately 30% of the ~250-300 km displacement between the Sierra Nevada and
the Colorado Plateau since middle Miocene time (Snow and Wernicke, 2000).

To the northeast of the central Death Valley region, between the Sheep Range and
the Grapevine Mountains (Fig. 7.2A), magnitudes of extension similar to those in the
central Death Valley region have been proposed (Snow and Wernicke, 2000). Large
magnitude extension through this region would not be surprising, both to maintain
strain compatibility with extension in the central Death Valley and to initiate the
large volume intra-continental volcanism located in the Nevada Test Site (Fig. 7.2A).
Unfortunately, the voluminous cover of volcanic and volcaniclastic material on the
Nevada Test Site limits the available outcrop of pre-Cenozoic strata, and thus makes
characterization, and thus restoration, of pre-extensional features in the Nevada Test
Site region difficult.

Isolated outcrops of Paleozoic strata in the Nevada Test Site region (Figs. 7.2A
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and 7.2B) are dominated by the Mississippian Eleana and Chainman formations (Cole
and Cashman, 1999; Slate et al., 1999). These are foreland basin deposits, related to
the late Paleozoic Antler orogeny, have a complex internal stratigraphy and marked
facies variations (Poole et al., 1961; Cashman and Trexler, 1994; Trexler et al., 1996;
Trexler and Cashman, 1997). Detailed mapping and stratigraphic studies within these
Mississippian strata have led to the identification and interpretation of facies trends
that allowed the identification of additional thrust faults in the region (Cole and Cash-
man, 1999), but limited outcrop and complex depositional architecture of these strata
preclude restorations of extensional offsets based on facies trends or isopachs. Addi-
tionally, what Tertiary sedimentary strata may have been deposited in the Nevada
Test Site region are largely buried under ignimbrite sheets of the southwest Nevada
volcanic field, preventing detailed restorations based on the identification of proximal
sedimentary deposits and related source areas. Attempts to restore Tertiary exten-
sion across the Nevada Test site region, therefore, have relied mainly on correlations
of structural markers (Snow, 1992; Cole and Cashman, 1999; Snow and Wernicke,
2000).

Correlation of structural features between the central Death Valley region and
the Nevada Test Site were originally made on the basis of outcrops identified as the
Last Chance Thrust System (Stewart et al., 1966; Barnes and Poole, 1968; Burchfiel
et al., 1970). The Last Chance thrust system is the structurally highest thrust in
the Death Valley structural reference section (Figs. 7.1A and 7.2C), and is unique in
the Death Valley region for both its stratigraphic throw (> 5 km) and its flat-on-flat
geometry. Later work indicated west-vergent folding and faulting in the CP Hills
(Fig. 7.2B; McKeown et al., 1976) structurally below CP thrust, the local equivalent
of the Last Chance thrust. This positioning of structural features is similar to that
seen in the structurally highest portions of the Death Valley reference section (Snow
and Wernicke, 1989), where the west-vergent White Top backfold underlies the Last
Chance thrust (Snow and Wernicke, 1989, 2000; Snow, 1992). The CP thrust and

west-vergent fold in the CP Hills were thus proposed as along-strike equivalents of



210

the White Top backfold and Last Chance thrust in the Cottonwood Mountains, and
therefore as piercing points in reconstructing Cenozoic extensional dismemberment
of the Cordilleran thrust belt (Snow, 1992; Snow and Wernicke, 2000).

Subsequent mapping in the Test Site region (Caskey and Schweickert, 1992; Cole
and Cashman, 1999) resulted in the discovery of west-vergent deformation in a number
of mountain ranges in addition to the CP Hills (Fig. 7.2C). On the basis of this, and
other, mapping in the Test Site region, a structural cross section through the Nevada
Test Site was presented by Caskey and Schweickert (1992) that differs substantially
from the central Death Valley reference section (Fig. 7.1B; Caskey and Schweickert,
1992; Cole and Cashman, 1999). However, the contrast in interpretation is based
mainly on the style and magnitude of west-vergent deformation in the CP Hills (Snow
and Wernicke, 2000).

Of these two interpretations, the first, which views the CP Hills geology as similar
to the structures exposed in central Death Valley, maintains that relations mapped in
the CP Hills can be explained by minor modification, mainly through Cenozoic normal
faulting, of structural elements previously observed within better exposed ranges in
the Death Valley region (Fig. 7.1A; Snow, 1992; Snow and Wernicke, 2000). The
second invokes a fundamentally different structural style for west-vergent structures
in the Test Site region, and proposes the existence, on the Nevada Test Site, of
geologic structures not observed in the central Death Valley region, in particular, a
large magnitude, west-vergent thrust fault (Caskey and Schweickert, 1992; Cole and
Cashman, 1999).

The latter interpretation, while permissive of a contiguous belt, or zone, of west-
vergent deformation from the Death Valley region through the Test Site, questions
the possibility of correlating individual west-vergent structures as piercing lines in
tectonic reconstructions due to differences in structural style between the two regions
(Cole and Cashman, 1999). On the other hand, the former interpretation expressly
attempted correlations of distinct features within the Cordilleran thrust belt for this

purpose. Resolving the differences between proposed structural models for the central
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Death Valley and Nevada Test Site regions is requisite to understanding how the well
documented large magnitude extension across the central Death Valley corridor is
accommodated northwards into the Test Site region.

Here we synthesize new and existing structural mapping from the Grapevine
Mountains, on the northeastern side of Death Valley. This mountain range con-
tains the largest single outcrop of west-vergent deformation in the region, with > 30
km exposure parallel to strike, along the axis of the range (Plate 1; Reynolds, 1969;
C. J. Fridrich, unpub. mapping). These results will be compared with the reference
section, exposed mainly in the Cottonwood Mountains (Snow and Wernicke, 1989),
and the CP Hills (Caskey and Schweickert, 1992) to evaluate the viability of structural

correlations between the two sections.

7.2 Examination of Structural Correlations

A comparison and analysis of the structural style between the Cottonwood Moun-
tains, the Grapevine Mountains, and the CP Hills depends on an understanding of the
structural relations and interactions between the two highest elements of the thrust
belt, the Last Chance thrust, and structurally underlying west-vergent deformation.
Both of these structures, their accepted regional correlations, and descriptions specific

to the three localities above are discussed below.

7.2.1 Last Chance Thrust and Equivalents

The Last Chance thrust is the structurally highest thrust plate in the Death Valley
thrust system (Snow, 1992). It is a décollement style thrust which generally places
Proterozoic Z over Mississippian, yielding a stratigraphic throw of 5 to 6 km. The
total amount of shortening accommodated on the Last Chance thrust is unknown,
but is greater than 30 km (Stewart et al., 1966), and may be as much as 105 km
(Snow, 1992). The structural style and magnitude of stratigraphic throw on the Last

Chance thrust distinguish it from other thrust faults in the region, which generally
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ramp steeply through the thick miogeoclinal stratigraphy and exhibit substantially
less stratigraphic throw. These characteristics resulted in the Last Chance thrust
fault being the first widely recognized thrust throughout the Death Valley region (Fig.
7.2C; Stewart et al., 1966; Barnes and Poole, 1968; Burchfiel et al., 1970; Reynolds,
1974; Snow and Wernicke, 1989, 2000; Snow, 1992; Cole and Cashman, 1999). In the
Last Chance range (Fig. 7.2A), the Last Chance thrust is interpreted to consist of
two imbricate thrust plates, the lower Last Chance plate and the upper Eureka plate
(Corbett et al., 1988). The Eureka plate is distinguished from the Last Chance plate
on the basis of facies characteristics; the lower Last Chance plate carries shelf and
slope facies strata, while the upper Eureka plate carries slope and rise facies strata
(Corbett et al., 1988). Using this distinction, thrust exposures throughout the Death
Valley and Nevada Test Site regions correlate with the Last Chance plate, while
exposures in the Saline Range and Inyo Mountains correlate with the Eureka plate
(Snow, 1992). Below we summarize field relations for exposures of the Last Chance
thrust and presumed equivalents in the Cottonwood and Grapevine Mountains, and
the CP Hills (Snow, 1992; Snow and Wernicke, 2000).

Cottonwood Mountains. In the Cottonwood Mountains, the Ubehebe thrust (Snow
and White, 1990) is inferred to be the equivalent of the Last Chance thrust. Most
of the Ubehebe thrust plate has been removed from the Cottonwood Mountains by
either erosion or excision by Cenozoic normal faulting. A klippe preserved in the
northern Cottonwood Mountains, however, places Lower Cambrian quartzite on Mis-
sissippian strata, although the contact between the two has apparently been modified
by a Tertiary normal fault (Snow, 1992). Additionally, Tertiary megabreccia deposits
contain large clasts that preserve contacts between Lower Cambrian strata and tec-
tonized Devonian and Mississippian strata (Snow, 1992). The large stratigraphic
throw implied by these relationships, as well as the position of the klippe structurally
above the White Top backfold, discussed below, led to the interpretation of these fea-
tures as a significant thrust fault with ~5 km of throw, and correlation of this thrust

with the Last Chance thrust in the Last Chance Range, the next range north of the
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klippe and megabreccia deposits (Snow, 1992). To the west of the exposed klippe, in
Round Valley, the footwall of the Ubehebe thrust contains strata as young as Per-
mian (Burchfiel, 1969; Snow, 1990). This implies that, although the Last Chance
thrust generally displays a flat-on-flat geometry, in this region the Ubehebe thrust
cuts downsection as much as 1.5 km in its footwall in the direction of transport (Snow,
1990). Although such a relationship may be explained through a feature such as a lat-
eral ramp in the footwall of the Ubehebe thrust, an alternative explanation is that the
footwall of the Ubehebe thrust deformed on earlier structures, perhaps antecedents of
either the White Top backfold or the Racetrack duplex (Snow, 1990, 1992), prior to
emplacement of the Ubehebe thrust, resulting in the observed structural relationship.

Grapevine Mountains. The Grapevine thrust in the northern Grapevine Moun-
tains has long been correlated with the Last Chance thrust on the basis of strati-
graphic throw and structural style (Stewart, 1966; Barnes and Poole, 1968; Reynolds,
1969, 1974; Burchfiel et al., 1970; Wernicke et al., 1988; Corbett et al., 1988; Snow
and Wernicke, 1989; Snow, 1992; Caskey and Schweickert, 1992; Snow and Wernicke,
2000). Reconnaissance mapping of the central and northern Grapevine Mountains led
to the interpretation that the majority of the northern Grapevine Mountains was com-
prised of the Grapevine thrust allochthon, which placed Lower Cambrian quartzite
over a ramp of Ordovician through Silurian strata in the central portion of the range
and Middle Cambrian carbonate over Mississippian shales in the northern portion
of the range (Reynolds, 1969; 1974; Snow and Wernicke, 2000). Recent mapping
has shown that there are actually two thrust systems in the Grapevine Mountains
(Fig. 7.3; Plate 1). The structurally highest system is an east-vergent thrust which
places upper Proterozoic to Lower Cambrian strata in the hanging wall over Ordovi-
cian to Mississippian strata in the footwall (Figs. 7.3 and 7.4B). This structure is the
Grapevine thrust, the previously recognized equivalent of the Last Chance thrust.
In the northern Grapevine Mountains, the hanging wall of the Grapevine thrust is
downthrown along an east-dipping normal fault, and juxtaposed against a structurally

lower, west-vergent thrust system that places Ordovician strata over Mississippian
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(Fig. 7.3). This west-vergent thrust system is herein named the Bonnie Claire thrust
system, and is discussed in detail below. The Grapevine thrust is exposed in three
normal fault blocks within the central Grapevine Mountains. The westernmost expo-
sure was previously undocumented, and is limited to a 10 km? area along the western
range front at the mouth of Moonlight Canyon (Fig. 7.3). Here, Upper Proterozoic
quartzites and siltstones (E Member of the Stirling Quartzite and Wood Canyon For-
mation) overlie highly tectonized Devonian or Mississippian carbonates. The thrust
contact, as well as hanging wall and footwall strata, are strongly overprinted by west-
vergent folds, presumably related to deformation on the structurally lower Bonnie
Claire thrust system or Titus Canyon anticline (discussed below; Figs. 7.3 and 7.4B).
This exposure of the Grapevine thrust is truncated by an east-dipping normal fault,
the Moonlight Canyon fault, which places the Grapevine allochthon against over-
turned hanging wall and footwall strata of the Grapevine thrust (Figs. 7.3 and 7.4B).
The hanging wall of the Moonlight Canyon fault contains the longest unbroken seg-
ment of the Grapevine thrust exposed in the Grapevine Mountains. Lower Cambrian
quartzites overlie Lower Silurian and Upper Ordovician strata near the Moonlight
Canyon fault, where the thrust dips ~30° to the west. To the east, the thrust trace is
folded by a west-vergent syncline, until the trace is nearly vertical along the vertical
east limb of the syncline (Figs. 7.3 and 7.4B). Along this limb, the thrust trace cuts
down section to the east, from Lower Silurian and Upper Ordovician strata onto Lower
Ordovician just west of the core of the anticline. The core and upper limb of the anti-
clinal fold at the structural level of the thrust trace have been erosionally removed in
the Moonlight Canyon fault block (Fig. 7.4B). East of the core of the fold, however,
the thrust trace is exposed in a third down-dropped fault block, which juxtaposes
the hanging wall of the Grapevine thrust against footwall strata of the Grapevine
thrust in the upper limb of the fold. In this exposure, Lower Cambrian strata overlie
Lower Devonian, which are mildly imbricated by east-vergent faulting. Assuming
any strike-slip of