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INTRODUCTION

Eastern California is caught up in the wide 
deformation boundary between the Pacifi c and 
North American plates (Fig. 1). Active defor-
mation between the Sierra Nevada and stable 
North America accounts for about 20-25% of 
relative plate motion (e.g., Gan et al., 2000; 
McClusky et al., 2001; Bennett et al., 2003). 
Deformation of this region, which is referred 
to variously as the Walker Lane or the eastern 
California shear zone, produces the extreme 
topography of eastern California and clearly 
denotes signifi cant seismic hazard. Several 
groups have used geologic and geodetic studies 
to quantify the rates and processes of defor-
mation in this area (e.g., Beanland and Clark, 
1994; Dixon et al., 1995; Gan et al., 2000; Lee 
et al., 2001; McClusky et al., 2001; Stockli et 
al., 2003).

Active deformation in eastern California 
was dramatically demonstrated on March 26, 
1872, when a major  earthquake (estimated 
moment magnitude ~7.5) occurred in Owens 
Valley. Ground breakage extended from Big 
Pine to Owens Lake (Fig. 2) along a branch of 
the Owens Valley fault zone, and is well dis-
played just west of the town of Lone Pine. Al-
though this fault system runs along the eastern 
side of the 3200-m eastern escarpment of the 
Sierra Nevada (Fig. 15), movement was domi-
nantly right-lateral, not vertical (Gilbert, 1884; 
Beanland and Clark, 1994).

Evidence that dextral movement has domi-
nated slip on the Owens Valley fault for at least 
the past several thousand years (Beanland and 
Clark, 1994) has led us to speculate that cumu-
lative dextral displacement across Owens Val-
ley could be tens of km. However, the prevail-
ing view has been that offset across the valley 
is no more than a few km. This was based on 
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Figure 1. Simplifi ed tectonic map of the 
western part of the U.S. Cordillera showing 
the major geotectonic provinces and modern 
plate boundaries. Basin and Range extensional 
province in dark gray; CNSZ (central Nevada 
seismic zone), ECSZ (eastern California shear 
zone), ISB (intermountain seismic belt), and 
WLB ( Walker Lane belt) in light gray.
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two lines of evidence. First, Ross (1962) sug-
gested that Jurassic Tinemaha Granodiorite in 
the Sierra Nevada correlated with the Santa 
Rita Flat pluton in the Inyo Range. Second, 
Moore and Hopson (1961) suggested that the 
Independence dike swarm runs across Owens 
Valley without interruption.

In this guide we review evidence for the 
present state of deformation in Owens Valley, 
and then show that correlation of Jurassic and 
Cretaceous dike swarms, Cretaceous leuco-
granites, and a Devonian submarine channel 

indicate net offset of at least 65 km across the 
valley. We fi rst discuss active faulting (Part 1), 
then evidence for large cumulative offset (Part 
2), and fi nish with a roadlog to 13 stops chosen 
to illustrate these features. Photos of many rel-
evant features are grouped into the roadlog.

We use the term “Owens Valley” for con-
venience as a regional term that includes val-
leys along the eastern escarpment of the Sierra 
Nevada from Long Valley south to the Garlock 
fault in addition to Owens Valley proper.
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index map showing major 
Quaternary faults in the 
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Inset shows location of 
index map. Solid circles 
are located on the hang-
ing wall of normal faults; 
arrows indicate relative 
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PART 1: ACTIVE FAULTING IN OWENS 

VALLEY, CALIFORNIA

Jeffrey Lee, Kimberly Le

ABSTRACT

Field mapping, geomorphologic, paleo-
seismologic, geochronologic, and geodetic data 
indicate active faulting across Owens Valley. 
The Owens Valley and Sierra Nevada frontal 
fault zones form a paired normal-strike slip 
fault system that accommodates translation of 
the Sierra Nevada both parallel and perpen-
dicular to the Pacifi c-North American plate 
boundary. The Owens Valley fault is a right-
lateral strike-slip fault that lacks geomorphic 
evidence for a consistent sense of vertical slip. 
The fault last ruptured in 1872, and two studies 
yield different ages for the penultimate rupture. 
Holocene dextral slip rate estimates range from 
2.0 ± 0.8 to 3.1 ± 0.7 mm/yr. If slip across the 
fault began at 3.0 ± 0.5 Ma and the slip rate re-
mained constant, then net dextral offset across 
the Owens Valley fault zone would be 6.0 ± 2.6 
to 9.3 ± 2.6 km, although evidence presented 
in Part 2 demonstrates 65 km or more of total 
offset. The Sierra Nevada frontal fault system 
comprises a series of NNW-striking normal 
faults that cut alluvial fan deposits, do not 
exhibit geomorphic evidence for a lateral com-
ponent of slip, and yield constant vertical slip 
rates of 0.2-0.4 ± 0.1 mm/yr since ~138 ka.

INTRODUCTION

The dextral Owens Valley fault zone and 
the normal Sierra Nevada frontal fault zone 
(SNFFZ) accommodate present-day displace-
ment across Owens Valley (Fig. 2). Motion of 
the rigid Sierra Nevada block with respect to 
North America is ~N47°W at the latitude of 
Owens Valley, oblique to the strike of Owens 
Valley fault and SNFFZ. This oblique motion 
is partitioned into  NW-dextral slip across the 
Owens Valley fault and ENE-WSW normal slip 
across the SNFFZ. In this paper, we describe 
fi eld, tectonic geomorphologic, and geochrono-

logic data that indicate active dextral and nor-
mal faulting along the Owens Valley fault and 
SNFFZ, respectively. 

ACTIVE TECTONIC SETTING

The Owens Valley fault and SNFFZ are 
located along the western margin of the Basin 
and Range Province in the northern part of the 
eastern California shear zone (ECSZ) where 
NW-directed dextral shear overprints  earlier 
east-west extension. The region of dextral 
shear is ~100-200 km wide and contains four 
major NNW-striking strike-slip fault zones—
the Death Valley-Furnace Creek, Fish Lake 
Valley, Hunter Mountain-Panamint Valley, and 
Owens Valley fault zones—and a series of con-
necting NE-striking normal faults such as the 
Towne Pass, Deep Springs, and Queen Valley 
faults (Fig. 2). Geologic and geodetic data indi-
cate that the ECSZ is an important component 
of the Pacifi c-North American plate boundary 
zone (e.g., Dokka and Travis, 1990; Gan et 
al., 2000). Results from recent GPS (Global 
Positioning System) measurements indicate a 
right-lateral shear rate of 10-13 mm/yr across 
the zone, accounting for ~20-25% of the total 
relative plate motion (e.g., Gan et al., 2000; 
McClusky et al., 2001; Bennett et al., 2003).

Geologic estimates of late Miocene to 
Pleistocene slip rates of ~5 mm/yr (range 1-12 
mm/yr; Table 1a) across the Death Valley-Fur-
nace Creek and Fish Lake Valley fault zones  
suggest that right-lateral shear east of the Si-
erra Nevada was concentrated on those faults 
before 3 Ma. Fault scarps along the Death Val-
ley-Furnace Creek fault zone that cut Holocene 
deposits (Butler et al., 1988; Brogan et al., 
1991; Klinger, 1999; Klinger and Piety, 1999) 
and offset channels on a Holocene surface in 
Fish Lake Valley (Reheis and Sawyer, 1997) 
indicate that the fault zones are still active to-
day. 

The other major strike-slip faults in the 
region, the Hunter Mountain-Panamint Valley 
and Owens Valley fault zones (Fig. 2), may 
play an equal or lesser role (Table 1a). The 
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long-term dextral slip rate across the Hunter 
Mountain fault is 1.3-3.4 mm/yr (Burchfi el et 
al., 1987; Sternlof, 1988). Right-lateral offset 
of an alluvial fan across the southern Panamint 
Valley fault indicates a minimum slip rate of 
2.4 ± 0.8 mm/yr since the late Pleistocene 
(Zhang et al., 1990). Geologic mapping, geo-
morphologic, paleoseismic, and geochronolog-
ic studies across the Owens Valley fault zone 
indicate a Holocene slip rate of ~2-3 mm/yr 
(e.g., Beanland and Clark, 1994; Lee et al., 
2001; Bacon et al., 2002; Schroeder, 2003; see 
below). 

Geodetic measurements paint a different 
picture. Elastic half-space modeling of geo-
detic data indicate right-lateral slip rates of 
~6-7 mm/yr across Owens Valley, ~0-3 mm/yr 
across Hunter Mountain-Panamint Valley, ~3-
5 mm/yr across Death Valley-Furnace Creek, 
and ~5-6 mm/yr across Fish Lake Valley fault 
zones (Table 1b). These results suggest that the 
Owens Valley and/or Fish Lake Valley fault 
zones presently account for ~60-70% of the 
total displacement rate across this part of the 
ECSZ.

We are thus left with an apparent paradox 
which has not yet been resolved (cf. Rockwell 
et al. 2000; Lee et al., 2001; Dixon et al., 2003; 
Peltzer et al., 2001). Geologic data require that 
the principal loci of shear averaged over the 
last few million years are the Death Valley-Fur-
nace Creek and Fish Lake Valley fault zones 
and that the Owens Valley fault, 100-200 km 
to the west, was least active. Yet geodetic data 
indicate that the Owens Valley fault presently 
is the principal locus of lateral shear. 

The Sierra Nevada, with a mean elevation 
of 2800 m above sea level, is a large west-tilted 
fault block bounded on its east fl ank by the 
SNFFZ (Figs. 2, 15). The SNFFZ defi nes the 
western boundary of both the Basin and Range 
province and the ECSZ, a region where NW-
directed dextral shear has dominated for the 
last 8-10 m.y. (Atwater and Stock, 1998; Wer-
nicke and Snow, 1998) and E-W extension has 
been subordinate (e.g., Gillespie, 1982; Martel, 
1984; Zehfuss et al., 2001; Le, 2004). 

There is a long history of research on the 
origin of Sierra Nevada topography and the 
tectonic role the SNFFZ plays in the evolu-
tion of this part of the U.S. Cordillera (e.g., 
Lindgren, 1911; Christensen, 1966). More 
recently, a combination of GPS, topographic, 
geoid, and Quaternary fault slip and style 
data from western boundary of the Basin and 
Range Province led a number of workers (e.g., 
Flesch et al., 2000; Bennett et al., 2003; Ham-
mond and Thatcher, 2004) to hypothesize that 
this complex zone of NW-dextral shear and 
EW-extension resulted from translation of the 
Sierra Nevada both parallel and perpendicular 
to the Pacifi c-North American plate boundary 
in response to plate tractions and gravitational 
potential energy, respectively. In contrast to 
this hypothesis, the orientation of normal and 
strike-slip faults along the eastern margin of 
the Sierra Nevada relative to the small circles 
to the Sierra Nevada-North America Euler 
pole, coupled with kinematic inversions of 
earthquake focal mechanisms, led Unruh et 
al., (2003) to hypothesize that normal faulting 
along the eastern fl ank of the Sierra Nevada 
is related to plate boundary-driven NW-trans-
lation of this rigid block rather than Sierra 
Nevada uplift or regional Basin and Range 
extension. These geodynamic hypotheses 
make different, testable predictions about the 
kinematics and rates of slip along the SNFFZ. 
Strain partitioning, with normal slip across 
the SNFFZ and dextral slip elsewhere, would 
support deformation kinematics driven by a 
combination of internal and external forces. In 
contrast, oblique slip (normal and right lateral) 
along the SNFFZ would support NW-transla-
tion of the Sierra Nevada solely as a conse-
quence of plate boundary forces.

This paper summarizes data from fi eld ge-
ology, tectonic geomorphology, paleoseismol-
ogy, and geochronology that bear on the role of 
the Owens Valley fault and SNFFZ in accom-
modating active deformation along the western 
boundary of the Basin and Range Province.
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����������Estimated Miocene to Holocene Slip Rates (mm/yr) Based on Geologic Data for Major Strike-Slip Faults in the Eastern

California Shear Zone

Fault Slip Rate (mm/yr) Duration of Slip Reference

southern DVF �4.2-5.5 ~13-10 Ma Topping, 1993

southern DVF �3.5 ~10 Ma Butler et al., 1988

DVF 1-3 Holocene Klinger and Piety, 1999

FCF 5.0 +7.2/-1.6 ~10 Ma Reheis & Sawyer, 1997

FCF �8 ~9-5 Ma Snow & Wernicke, 2000

FCF ~5 mid-Pleistocene Klinger, 1999

FCF 4-9 late Pleistocene Klinger, 1999

FCF 3-6 Holocene Klinger, 1999

PVF �2.4 ± 0.8 late Pleistocene Zhang et al., 1990

HMF 1.3-2.3 mm/yr 4.63 ± 0.06 Ma Burchfiel et al., 1987; Sternlof, 1988

HMF �3.2-3.4 ~1.4 Ma Sternlof, 1988

HMF 0.1-4.0 late Pleistocene Oswald & Wesnousky, 2002

central FLVFZ 9.5 +2.2/-3.1 mid-Pleistocene Reheis & Sawyer, 1997

central FLVFZ 2.4 +0.2/-0.9 late Pleistocene Reheis & Sawyer, 1997

southern FLVFZ 3.0 +0.6/-1.5 late Pleistocene Reheis & Sawyer, 1997

southern FLVFZ 3.2 +1.8/-1.6 Holocene Reheis & Sawyer, 1997

OVFZ 0.7-2.2 Holocene Lubetkin & Clark, 1988

OVFZ 2.0 ± 1.0 Holocene Beanland & Clark, 1994

OVFZ 3.1 ± 0.7 Holocene Lee et al., 2001

WMFZ 0.7 ± 0.3 mm/yr Holocene dePolo, 1989

WMFZ �2.5 ± 0.3 mid-Pleistocene Schroeder, 2003

����������Calculated Slip Rates (mm/yr) Based on Geodetic Data for Major Strike-Slip Faults in the Eastern California Shear Zone

Reference � � OVFZ HMF-PVF DVF-FCF FLVFZ

������������������������

Savage et al., 1990 8

Savage and Lisowski, 1995 7 ± 1

Dixon et al., 1995 1,2 3.9 ± 1.1 2.4 ± 0.8 3.3 ± 2.2

Bennett et al., 1997 3 0-2 3-5

Dixon et al., 2000 2 6 ± 2 5 ± 2

Gan et al., 2000 6.9 ± 1.6 3.3 ± 1.6 3.2 ± 0.9

Miller et al., 2001 7 1.7 5

McClusky et al., 2001 4.6 ± 0.5 3.2 ± 1.0 3.4 ± 0.5 6.3 ± 0.4

������������������

Dixon et al., 20032
� 2.1 ± 0.3 � �

Abbreviations: DVF, Death Valley fault; FCF, Furnace Creek fault; FLVFZ, Fish Lake Valley fault zone; HMF, Hunter Mountain

fault; OVFZ, Owens Valley fault zone; PVF, Panamint Valley fault; WMFZ, White Mountains fault zone.
1Calculated slip rates are based on a single velocity measurement at Owens Valley Radio Observatory and the assumption of 1.1

mm/yr of slip east of the eastern California shear zone.
2Calculated slip rates are from south of latitude 37°.
3Sum of slip rates across Hunter Mountain-Panamint Valley fault zone and Death Valley-Furnace Creek fault zone is 5±1 mm/yr.

�������� Summary of Surface Ages, Vertical Offsets, and Slip Rates, Sierra Nevada Frontal Fault Zone

Surface Age ± error (ka)* Vertical offset of Maximum measured Vertical slip rate Horizontal slip rate†

dated surface (m) vertical offset (m) (mm/yr) (mm/yr)

Qf1 138 ± 35.2 23.3 ± 4.7# 40.8 ± 8.2# 0.2-0.3 ± 0.1% 0.1-0.2 ± 0.1%

Qf2a Qf1 > Qf2a > Qf2a — 41.0 ± 8.2 0.3-0.6 ± 0.1 0.2-0.3 ± 0.1

Qf2b 66 ± 16.0 11.9 ± 2.4 21.9 ± 4.4 0.2-0.3 ± 0.1 0.1-0.2 ± 0.1

Qf3a 23 ± 5.9 10.2 ± 2.0 10.2 ± 2.0 0.4 ± 0.1 0.3 ± 0.1

Qf3c 5 ± 1.2 6.9 ± 1.4 — 1.4 ± 0.4 0.8 ± 0.2

*Age estimates are calculated using a boulder surface erosion rate of 3 m/My.
†Slip rates are calculated assuming a 60º fault dip.
#Because the hanging wall surface is younger than the footwall surface, measured vertical offset is a minimum.
%Slip rate estimate is a minimum.
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EARTHQUAKE HISTORY AND SLIP 

RATES ALONG THE OWENS VALLEY 
FAULT

One of the largest historical earthquakes in 
California, with an estimated Mw of ~7.5, oc-
curred on March 26, 1872 at ~2:30 a.m. along 
the Owens Valley fault (Fig. 2), a spectacularly 
well-exposed, right-lateral strike-slip fault 
(Gilbert, 1884; Beanland and Clark, 1994). 
The 1872 surface rupture extended ~100 km 
from the northern shore of Owens Lake to the 
approximate latitude of Klondike Lake, just 
north of Big Pine, and followed preexisting 
fault-related features along the Owens Val-
ley fault zone including groundwater barriers, 
sag ponds, pressure ridges, and opposite-fac-
ing fault scarps (Fig. 11; Beanland and Clark, 
1994). Slip during the 1872 rupture was domi-
nantly dextral and averages 6 ± 2 m of offset; 
vertical slip was subordinate, generally down 
to the east, and averaged 1.0 ± 0.5 m. At Lone 
Pine a maximum dextral offset of 9-11 m was 
partitioned between two faults, the Lone Pine 
fault at the foot of the Alabama Hills and the 
main trace of the Owens Valley fault ~1.4 km 
to the east. 

Beanland and Clark (1994) identifi ed sev-
eral sites along the Owens Valley fault zone 
that preserve evidence for three major Holo-
cene earthquake events, and assuming uniform 
recurrence and characteristic slip, suggested 
a net dextral Holocene slip rate of 2.0 ± 1.0 
mm/yr, in agreement with Lubetkin and Clarkʼs 
(1988) late Quaternary dextral-slip rate esti-
mate of 0.7-2.2 mm/yr. However, neither set 
of authors determined the age of any pre-1872 
earthquake. 

To determine the ages of pre-1872 earth-
quakes, Lee et al. (2001) excavated a trench 
across the 1872 rupture within an abandoned 
Owens River channel located in the middle 
of Owens Valley (Fig. 11). In this region, the 
N-trending surface trace of the fault is charac-
terized by classic strike-slip fault geomorphic 
features including vegetation lineaments, sag 
ponds, pressure ridges, left-stepping echelon 

fault scarps, grabens, and both E- and W-facing 
fault scarps. The trench across the fault scarp 
cut through a sequence of playa and fl uvial 
deposits and exposed two steeply E-dipping 
fault strands. The fault strands exposed in the 
trench provide evidence for the last two earth-
quake events. The 1872 rupture cuts and off-
sets all units except eolian sand that has been 
deposited across the surface trace of the fault 
during the past ~130 yr. An older fault strand 
preserves evidence for one rupture that pre-
dates the 1872 event. Units also do not match 
across this fault strand, implying that this fault 
experienced multiple rupture events, yet indi-
vidual events older than the penultimate event 
could not be identifi ed (Lee et al., 2001). Opti-
cally stimulated luminescence (OSL) analysis 
of units yield ages that bracket the penultimate 
rupture to between 3.8 ± 0.3 ka and 3.3 ± 0.3 
ka. Assuming uniform return, these data indi-
cate an earthquake recurrence interval of be-
tween 4100 and 3000 yr (Lee et al., 2001).

Trenching investigations along the Owens 
Valley fault a few km north of Lone Pine ex-
posed evidence for the 1872 rupture as well as 
a penultimate event, but yielded different age 
brackets for the penultimate event (Bacon et 
al., 2002). 14C on charcoal and tufa from hori-
zons that bound the penultimate event horizon 
indicated an age of between 10,210 ± 60 cal. 
yr B.P. and 8,790 ± 210 cal. yr B.P. (Bacon et 
al., 2002), older than the estimate by Lee et al. 
(2001). At least two possible explanations may 
explain the age discrepancy: (1) Prior to the 
1872 earthquake, segments of the Owens Val-
ley fault ruptured at different times, or (2) one 
or more of the assumptions associated with the 
OSL and/or 14C dating were not valid.

The Lone Pine fault is one of several seg-
ments of the Owens Valley fault zone that 
preserves geomorphic evidence for progressive 
deformation (Figs. 3, 10; Beanland and Clark, 
1994). Along the fault, an incised channel 
and older intermediate terrace and crest of the 
original fan surface show increasing vertical 
and dextral displacements, which Beanland 
and Clark (1994) interpreted to indicate three 
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Holocene earthquakes, each having displace-
ments similar to the 1872 event (Fig. 3). Offset 
measurements (Lubetkin and Clark, 1988; 
Beanland and Clark, 1994) and 10Be cosmo-
genic radionuclide (CRN) model exposure 
ages of 11.6 ± 3.7 ka on granitic boulders from 
the original fan surface (Bierman et al., 1995) 

yield a Holocene right-lateral slip rate of 1.2 ± 
0.6 mm/yr and a vertical slip rate of 0.5 ± 0.2 
mm/yr for the Lone Pine segment of the Owens 
Valley fault zone. 

Lee et al. (2001) calculated a Holocene 
dextral slip rate of 1.9 ± 0.4 mm/yr along the 
Owens Valley fault just north of Lone Pine 
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Figure 3: A. Simpli-
fi ed geomorphic map 
showing dextral offsets 
of an abandoned chan-
nel of Lone Pine Creek 
and an associated ter-
race and fan surface. P1, 
P2, P3, P4 are locations 
of profi les shown in B.                       
B. Scarp profi les show-
ing vertical offsets (v) 
of features shown in A. 
Both illustrations modi-
fi ed from Beanland and 
Clark (1994).
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based on their age estimate of between 3.3 
± 0.3 and 3.8 ± 0.3 ka for the penultimate 
earthquake, an assumption of uniform return 
on earthquakes, and geomorphic evidence for 
three earthquake events during the Holocene. 
In contrast, Bacon et al., (2002) estimated a 
somewhat lower dextral slip rate of 0.8 +0.5/-
0.4 mm/yr based on their age estimate for the 
penultimate earthquake, and assumptions of 
uniform return time of earthquakes and that 
the 6:1 (vertical to horizontal) slip ratio for the 
1872 earthquake (Beanland and Clark, 1994) 
was characteristic of earthquakes along the 
Owens Valley fault. Combining the dextral 
slip rate calculation of 1.2 ± 0.6 mm/yr for 
the Lone Pine fault with these slip rate esti-
mates for the Owens Valley fault yields a net 
Holocene dextral slip rate for this part of the 
Owens Valley fault zone of 3.1 ± 0.7 to 2.0 ± 
0.8 mm/yr. Dixon et al. (2003) estimated a long 
term slip rate along the Owens Valley fault 
of 2.1 ± 0.7 mm/yr based on modeling GPS 
data using an elastic upper crust overlying a 
viscoelastic lower crust and upper mantle, and 
accounting for paleoseismic data. This dextral 
slip rate is the same, within error, as our geo-
logically derived slip-rate estimate, suggesting 
that earthquake-cycle effects may explain the 
discrepancy between slip rate estimates based 
on geologic data and GPS data (Dixon et al., 
2003).

FAULT GEOMETRY, MAGNITUDE OF 
OFFSET, AND SLIP RATES ACROSS 

THE SIERRA NEVADA FRONTAL FAULT 
ZONE

The Sierra Nevada frontal fault zone 
(SNFFZ), located ~15 km west of the Owens 
Valley fault, is a zone of east- and west-dip-
ping normal faults and fault scarps that extends 
~300 km from just north of the Garlock fault to 
northern California. It is exposed at the base of 
the spectacular eastern escarpment of the Sierra 
Nevada, and cuts extensive Quaternary alluvial 
fan deposits that extend to the Owens Valley 

fl oor (Figs. 2, 4, 15). 
Le (2004) completed detailed geologic 

mapping of active fault scarps and alluvial fan 
surfaces, topographic profi ling across fault 
scarps, and 10Be CRN model ages of alluvial 
fan surface boulders from Oak Creek south 
to Lubken Creek, and thus provided the fi rst 
quantitative estimates of late Pleistocene and 
Holocene vertical slip and horizontal exten-
sion rates across the southern SNFFZ (Fig. 4). 
This zone of discontinuous, predominantly 
NNW-striking, E- and W-dipping, en echelon 
normal faults is ~35 km long and up to 4 km 
wide; fi eld and geomorphic evidence for a 
lateral component of slip were not observed. 
The scarps cut and offset Quaternary coarse- to 
fi ne-grained alluvial fan, glacial, and rock-
slide deposits. Based on alluvial-fan surface 
morphology such as terrace height, presence or 
absence of bar and swale morphology, degree 
of fan dissection and desert pavement develop-
ment, inset geometry, and slope, seven Quater-
nary alluvial fan surfaces of distinct ages were 
mapped (Le, 2004). 

Twenty-eight quartz-rich granite boulder 
samples were collected to determine 10Be ex-
posure ages of fi ve alluvial fan surfaces. Model 
10Be ages for boulder samples collected from 
an offset Qf1 surface, and offset Qf2b, Qf3a 
and c, and Qf4 surfaces in the Symmes-Shep-
herd creeks area (Fig. 5) yielded calculated 
surface-abandonment ages of 138 ± 35 ka for 
Qf1, 66 ± 16.0 ka for Qf2b, 23 ± 6 ka for Qf3a, 
5 ± 1 ka for Qf3c, and 4 ± 1 ka for Qf4 (Table 
2; Le et al., in review). These ages agree within 
error, with published 10Be CRN alluvial sur-
face-abandonment ages elsewhere in the region 
(Bierman et al., 1995; Zehfuss et al., 2001).

Kinematic GPS topographic profi ling 
perpendicular to fault scarps that cut these 
surfaces yielded vertical offsets of 40.8 ± 8.2 
m of Qf1, 41.0 ± 8.2 m of Qf2a, 21.9 ± 4.4 of 
Qf2b, 10.2 ± 2.0 m of Qf3a, and 6.9 ± 1.4 m of 
Qf3c; Qf4 is not cut by faults (Figs. 5, 16, 17). 
Integrating 10Be surface-exposure ages with 
vertical offset measurements yielded vertical 
slip rate estimates of 0.3 ± 0.1 mm/yr since 
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~138 ka, 0.3 ± 0.1 mm/yr since ~66 ka, 0.4 ± 
0.1 mm/yr since ~23 ka, and 1.4 ± 0.4 mm/yr 
since ~5 ka (Table 2). The latter estimate is a 
maximum because this particular fault is prob-
ably early in its earthquake cycle (Le, 2004; Le 
et al., in review). 

Our late Pleistocene vertical-slip rate es-
timates agree within error with rates estimated 
based on semi-quantitative estimates of the age 
of offset geologic markers for the southern and 
central parts of the SNFFZ (Clark, 1972; Gil-
lespie, 1982; Berry, 1990; Clark and Gillespie, 
1993) and the same as Fish Springs fault (Mar-
tel,1984; Martel et al., 1987, 1989; Zehfuss et 
al., 2001) one of the best-determined vertical 
slip rates across a normal fault located just to 
the east the southern Sierra Nevada (Fig. 2). 

Assuming the SNFFZ dips  60º yields a 
late Pleistocene to Holocene horizontal exten-
sion rate of 0.1-0.3 ± 0.1 mm/yr, comparable to 
calculated extension rates across other active 
normal faults in the Basin and Range Province 
(e.g., Machette et al., 1992; Friedrich et al., 
2004; USGS, 2004; Wesnousky et al., in press). 
Assuming that the Lone Pine fault dips 75°, 
summing its horizontal extension rate with that 
of the SNFFZ yields an estimated late Pleis-
tocene horizontal extension rate of 0.6 ± 0.2 
mm/yr across Owens Valley at the latitude of 
Lone Pine.

CONCLUSIONS

Field relations, tectonic geomorphic fea-
tures, and geochronologic data indicate that 
faults exposed within Owens Valley are still 
active. Holocene dextral-slip rate estimates for 
the Owens Valley fault range from 2.0 ± 0.8 
mm/yr to 3.1 ± 0.7 mm/yr. Because the Queen 
Valley fault (Fig. 2) forms the northern termi-
nation of the White Mountains fault, Stockli 
(1999) argued that opening of the basin at 
3.0 ± 0.5 Ma records the onset of dextral slip 
across the White Mountains-Owens Valley 
fault system. Assuming that the Holocene slip 
rate across the Owens Valley fault remained 
constant since onset of slip implies  6.0 ± 2.6 
to 9.3 ± 2.6 km of dextral offset accumulated 
since 3.0 ± 0.5 Ma. As we point out in Part 2, 
this observation implies that, of the document-
ed 65 ± 5 km net dextral offset across Owens 
Valley, ~50-55 km accumulated in the late Cre-
taceous-early Tertiary.

The SNFFZ, the Lone Pine fault, and the 
Owens Valley fault form a normal-strike slip 
fault system with estimated net horizontal 
extension and dextral slip rates of 0.6 ± 0.2 
mm/yr and 2 ± 0.8 mm/yr to 3.1 ± 0.7 mm/yr, 
respectively (Lubetkin and Clark, 1988; Bean-
land and Clark, 1994; Lee et al., 2001; Bacon 
et al., 2002). These subparallel faults strike 
clockwise with respect to the ~N47°W-trend-
ing motion of the Sierra Nevada block relative 
to stable North America (Dixon et al., 2000), 

Figure 4: Simplifi ed map of Quaternary de-
posits and faults of the southern Sierra Nevada 
frontal fault zone that offset them. Location 
shown in Fig. 2.

Qf4 present day channels
Qvf valley fill
Qf3 surface

Q
ua

te
rn

ar
y

Stratigraphic contact

Qf1 surface
Qf2 surface

Older bedrock, undifferentiated
Fault scarp (hachures on relative downthrown
side)

Explanation

0 5

kilometers

Fig. 5

118°17'

36°45'

36°35'

Oak Cr.

Lone Pine Cr.

 Lubkin Cr.

Sierra N
evada

A
labam

a H
ills

Qf3

Qf3

Qvf

O
w

ens Valley fault

Qf3

Qf2

Qf2

Qf2

Qf2

Qf2

Qf2

Qf2

Qf2

Qf1

Qf1

Qf3

Bair s
 Cr.

Shepherd Cr.

Symmes Cr.

Independence 

Cr.



10

yet only the Lone Pine fault exhibits oblique 
slip (Lubetkin and Clark, 1988; Beanland and 
Clark, 1994). These relations imply that motion 
of the Sierra Nevada block is partitioned into 
three components—dominant dextral slip along 
the Owens Valley fault, intermediate oblique 
slip along the Lone Pine fault, and subordinate 
normal slip along the SNFFZ. This kinematic 
framework is consistent with the hypothesis 
that NW-dextral shear and EW-extension re-
sulted from translation of the Sierra Nevada 
both parallel and perpendicular, respectively, to 
the Pacifi c-North American plate boundary as a 
consequence of external and internal boundary 
forces (e.g., Flesch et al., 2000; Bennett et al., 
2003; Hammond and Thatcher, 2004). 
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Figure 5. A. Detailed geologic map of the Symmes and Shepherd creeks area showing normal 
fault scarps cutting Quaternary alluvial fan surfaces and locations of cosmogenic radionuclide sam-
ples. P1, P2  and P3 are locations of topographic profi les shown in B. Boxes show calculated 10Be 
boulder age for each sample and age of abandonment for each surface; *indicates boulder sample 
age not calculated in the weighted mean. Location shown in Fig. 4. B. Topographic profi les across 
fault scarps cutting Qf2a, Qf2b, and Qf3a alluvial fan surfaces showing magnitude of vertical offset. 
Vertical elevation is relative to an arbitrary datum. Location of profi les shown in A.
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PART 2: BEDROCK EVIDENCE FOR 

65 KM OF DEXTRAL OFFSET ACROSS 
OWENS VALLEY, CALIFORNIA

 SINCE 83 MA

John M. Bartley, Allen F. Glazner, Drew S. 
Coleman, Andrew Kylander-Clark, David 

C. Greene

ABSTRACT

Several independent geologic markers are 
consistent with 65±5 km of net dextral offset 
across Owens Valley. Offset markers include, 
from youngest to oldest: (1) the Golden Bear 
dike in the Sierra Nevada and the Coso dike 
swarm in the northern Coso Range, which are 
petrologically identical and yield indistinguish-
able U/Pb zircon ages of ~83 Ma; (2) 102-103 
Ma leucogranite and mafi c granodiorite plutons 
into which the Golden Bear and Coso dikes 
were intruded; (3) the axis of maximum dila-
tion of the 148 Ma Independence dike swarm, 
which is offset at least from the northern Ala-
bama Hills to the southern Coso Range; and 
(4) a Devonian submarine channel complex 
and other geologic features identifi ed in the 
Mt. Morrison roof pendant in the Sierra Ne-
vada and also east of Tinemaha Reservoir at 
the base of the Inyo Range. The offsets are 
interpreted all to record the same displacement 
that must have accumulated since 83 Ma when 
the Golden Bear-Coso dikes were emplaced. If 
dextral faulting in Owens Valley began during 
the Pliocene, as has generally been believed, 
then the average slip rate must have been sev-
eral times greater than the measured modern 
rate. More likely, motion across Owens Valley 
began in the Late Cretaceous shortly after em-
placement of the Coso/Golden Bear dikes, and 
the Pliocene-Recent strike-slip regime repre-
sents reactivation of a preexisting structure.

INTRODUCTION

Historic earthquakes (Beanland and Clark, 
1994), paleoseismology (Lee et al., 2001 and 

this fi eld trip), and geodesy (Dixon et al., 2003) 
indicate that the modern tectonic regime of 
Owens Valley is dominated by right slip that 
accommodates a signifi cant fraction of the rela-
tive motion between the North America and 
Pacifi c plates. However, the total magnitude 
and the timing of lateral slip across Owens Val-
ley have been uncertain. Conventional wisdom 
has long been that net lateral slip across the 
valley is no more than 10 kilometers (Moore 
and Hopson, 1961; Ross, 1962) and that right 
slip in Owens Valley began in Plio-Pleistocene 
time (Lee et al., 2001). However, recently 
identifi ed offsets of several bedrock geologic 
markers each indicate dextral displacement on 
the order of 65 km (Fig. 6). This paper summa-
rizes the geologic relations of the markers that 
require this unexpectedly large offset.

GEOLOGIC MARKERS

Golden Bear and Coso dikes

Moore (1963, 1981) fi rst recognized the 
Golden Bear dike and mapped it for about 15 
km northeastward and then eastward, from its 
western termination in the northern Mt. Whit-
ney quadrangle to where it disappears under 
Owens Valley near Independence (Fig. 6). The 
Golden Bear dike actually comprises from one 
to three branching granitic dikes that range 
from 5 to 30 m thick. The Coso dike swarm in-
cludes two groups of steeply dipping east-strik-
ing dikes that are separated by approximately 6 
km across strike (Fig. 6; Duffi eld et al., 1980; 
Whitmarsh,  1998). Major dikes of the Coso 
swarm are from 5 to 25 m thick, commonly ac-
companied by thinner (<2 m) subparallel dikes.

The Golden Bear and Coso dikes (Fig. 
19) all are composed of quartz monzonite por-
phyry with a color index (volume proportion 
of mafi c minerals) < 5, 2 to 4 cm K-feldspar 
phenocrysts (25-30 vol. %), and equant, euhe-
dral, bipyramidal quartz crystals (~15 vol. %). 
U/Pb zircon analyses by Kylander-Clark et al. 
(in press) of two Golden Bear dike samples 
defi ned an emplacement age of 83.4 ± 0.4 Ma. 
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Whitmarsh (1998) reported a U/Pb zircon date 
of ca. 88 Ma (later interpreted as 84 ± 1 Ma; J. 
D. Walker, pers. comm., 2003) from one Coso 
dike, and Kylander-Clark et al. (in press) ob-
tained several concordant or nearly concordant 
zircon fractions that cluster between 82 and 86 
Ma from two other Coso dike samples. In addi-
tion, major element, trace element, and isotopic 
geochemistry of the dikes are compatible with 
correlation of the Golden Bear and Coso dikes 
(Kylander-Clark et al., in press).

Coso and Golden Bear dikes range up 
to 30 m thick yet neither continues on strike 
across Owens Valley (Fig. 6). The White 
Mountains east of the Golden Bear dike (Ross, 
1965) expose latest Precambrian through early 
Paleozoic sedimentary rocks that are intruded 
by Jurassic and Cretaceous plutons and sparse 
dikes of the Independence dike swarm, but 
none of the dikes resembles the Golden Bear 

dike in either petrology or dimensions. Simi-
larly, on strike westward from the Coso dikes 
in the Olancha Peak area of the Sierra Nevada, 
various Mesozoic plutons are present but no 
thick granite porphyry dikes (Diggles, 1987; 
Diggles et al., 1987).

Early Cretaceous plutons

The Golden Bear dike intrudes Cretaceous 
plutons and minor Mesozoic metavolcanic 
and metasedimentary rocks (Moore, 1963; 
1981; Chen and Moore, 1982; Saleeby et al., 
1990; Kylander-Clark, 2003). Except near its 
western terminus, wall rocks of the dike are 
dominated by coarse leucogranite of the 102-
Ma Bullfrog and Independence plutons, and 
granodiorite of the 103-Ma Dragon pluton 
(Saleeby et al., 1990; Kylander-Clark et al., 
in press). Although granitic plutons dated at 
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~102 Ma are common farther west in the Sierra 
Nevada (e.g., intrusive suite of Yosemite Val-
ley; Ratajeski et al., 2001), the Bullfrog, Inde-
pendence, and Dragon are the only plutons of 
this age known at the eastern range front of the 
Sierra Nevada.

The Coso dikes intrude Sierran-like Me-
sozoic plutons and minor Mesozoic metasedi-
mentary and metavolcanic rocks. Plutonic wall 
rocks include the leucogranite of Cactus Flat, 
which is commingled with mafi c granodiorite 
on the western side of the Coso Range (Whit-
marsh, 1998). The leucogranite of Cactus Flat 
yielded a U/Pb zircon date of 101.6 ± 0.8 Ma 
(Kylander-Clark et al., in press), making it the 
only pluton east of Owens Valley to yield an 
Early Cretaceous age.

Independence dike swarm

Previous work on the Independence dike 
swarm (e.g., Carl and Glazner, 2002; Fig. 7) 
indicated that the abundance of dikes in the 
swarm varies widely, and that some parts of 
the swarm are compositionally diverse whereas 
others are uniformly mafi c. These observations 
suggested that mapping the internal anatomy 
of the swarm might reveal previously unrecog-
nized tectonic offsets. Thus, dike thicknesses 
and orientations were recorded along 84 cross-
strike traverses (average traverse length = 540 
m) in areas of good to excellent exposure on 
both sides of Owens Valley, and maps were 
produced from the resulting data (Bartley et al., 
in review; Fig. 7).

Dilation by intrusion of the Independence 
dike swarm ranges from 0 to 44%, but dilation 
values greater than 5% are restricted to distinct, 
relatively narrow zones in the eastern Sierra 
Nevada near Independence, the northern Ala-
bama Hills, and the southern Coso and Argus 
ranges and Spangler Hills (Fig. 7). The high-
dilation areas also are compositionally diverse, 
including a variety of mafi c, intermediate, and 
felsic dikes. In surrounding areas of the swarm 
where dilations generally are less than 1%, 
only mafi c dikes generally are present.

The northern Alabama Hills yielded the 
most southerly high dilation values obtained 
on the western side of Owens Valley. The near-
est high dilation area on the eastern side of the 
valley is about 75 km to the southeast in the 
southwestern Coso Range. The northern limit 
of large dike dilation is relatively well defi ned 
on both sides of the valley, near the latitude 
of Big Pine in the Sierra Nevada and passing 
through the southern Coso Range and southern 
Argus Range on the eastern side of the valley. 

Devonian submarine channel and other geo-
logic features

On McGee Mountain in the Mount Mor-
rison pendant, a distinctive facies of the Middle 
Devonian Mount Morrison Sandstone consists 
of quartz sandstone and coarse conglomer-
ate containing clasts of chert and limestone 
with fragments of tabulate coral (Stevens and 
Greene, 1999; Greene and Stevens, 2002). The 
unit fi lls a channel cut deeply into older rocks, 
and is interpreted as the feeder channel of a 
major submarine fan complex (Fig. 22). 

A lithologically identical conglomerate, 
also of Middle Devonian age and containing 
fragments of tabulate corals, is exposed east of 
Tinemaha Reservoir at the base of the northern 
Inyo Mountains, 65 km to the southeast of Mc-
Gee Mountain (Fig. 20). This is the only other 
area where the conglomeratic facies of the 
Mount Morrison Sandstone is known (Stevens 
and Greene, 1999). Distinctive steeply-plung-
ing folds of probable Triassic age are also pres-
ent at both locations and have been correlated 
(Stevens and Stone, 2002; Stevens et al., 2003; 
cf. Wise, 2003).

The lithologic and structural similarities 
between the McGee Mountain and Tinemaha 
areas led Stevens et al. (1997) to propose that 
rocks in these two areas are remnants of a ma-
jor Devonian submarine channel that has been 
dextrally offset about 65 km on a cryptic fault, 
termed the Tinemaha fault, in northern Ow-
ens Valley (Fig. 6). This interpretation is also 
compatible with about 65 km of dextral offset 
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of the initial 87Sr/86Sr = 0.706 isotopic isopleth 
proposed by Kistler (1993) in the Mono Lake 
area.

The Tinemaha fault was originally consid-
ered to be Middle Triassic in age, based on the 
supposition that the fault was intruded by the 
Late Triassic Wheeler Crest Granodiorite (Ste-
vens et al., 1997). However, given the present 
evidence for 65 km of well-dated Late Creta-
ceous or younger dextral displacement in the 
southern Owens Valley (Bartley et al., 2003; 
Bartley et al., in review; Kylander-Clark et al., 
in press), it now seems clear that the fault in 
the northern Owens Valley must also be Creta-
ceous in age (Stevens et al., 2003).

DISCUSSION

Net offset

Each of the above correlations requires 
right-lateral displacement of a similar magni-
tude. The displacement required by the Golden 
Bear-Coso dike correlation is insensitive to the 
precise location of the fault(s) that accommo-
dated it because the dikes dip steeply and strike 
at high angles to the valley. Restoring the east-
ernmost Golden Bear outcrops to a position ad-
jacent to the westernmost Coso dike outcrops 
yields approximately 65 km of right slip (Fig. 
6). Aligning the Golden Bear dike with the 
northernmost mapped exposures of the Coso 
dikes reduces the estimate to approximately 
60 km. Correlation of the 102-103 Ma plutons 
into which the Golden Bear and Coso dikes 
were intruded also is compatible with 60-65 
km of right-lateral offset. Stevens et al. (1997) 
estimated 65 km of dextral offset between 
Tinemaha Reservoir and McGee Mountain on 
the basis of correlation of the Middle Devonian 
submarine channel and other geologic features. 
Finally, north of Owens Valley in the Mono 
Lake area the 87Sr/86Sr = 0.706 isotopic isopleth 
is offset 65 km (Kistler, 1993).

Estimated dextral offset of the Indepen-
dence dike swarm depends on which particular 
features are realigned. Matching the high-dila-

tion area of northern Alabama Hills to that in 
the southern Coso Range yields approximately 
75 km (Fig. 7). However, the Alabama Hills 
may be signifi cantly offset relative to the Si-
erra Nevada, such that 75 km is only a frac-
tion of the total offset. Matching the northern 
limits of high dilation across the valley yields 
as much as 130 km of dextral offset. Given 
that the Independence dike swarm is a diffuse 
and heterogeneous feature and is oriented at a 
relatively small angle to Owens Valley, a large 
uncertainty is attached to any restored confi gu-
ration. Both older and younger rocks are offset 
by about 65 km, and this magnitude is consis-
tent with the map pattern of the Independence 
swarm.

Timing of offset

Correlation of the Golden Bear and Coso 
dikes requires that the 65 km offset accumu-
lated since ca. 83 Ma. At current estimates of 
long-term slip rate across Owens Valley of 2-3 
mm/yr, 65 km of offset could accumulate in 
approximately 20-30 m.y. This is compatible 
with the late Cenozoic right-oblique subduc-
tion setting of California (Atwater and Stock, 
1998), and slip could have commenced when 
the San Andreas system started to form in the 
late Oligocene. Indeed, there is evidence that 
dextral slip began in the Mojave Desert in the 
early Miocene (Glazner et al., 2002).

However, most stratigraphic, structural, 
and thermochronologic data suggest that the 
modern dextral-slip regime commenced in the 
Pliocene (Lee et al., 2001; Monastero et al., 
2002; Stockli et al., 2003). To accumulate 65 
km of offset since then would require a slip 
rate of >20 mm/yr, which is more than half of 
the total Pacifi c-North American plate motion 
and almost certainly is incompatible with re-
gional constraints. Among the problems with 
this hypothesis is that the Garlock fault shows 
little evidence for disruption by north- to 
northwest-striking faults. Indeed, many dex-
tral faults in the Mojave Desert die out before 
reaching the Garlock fault, and it is not clear 
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how ongoing dextral slip south of the Garlock 
fault is transmitted to the north (e.g., Oskin and 
Iriondo, 2004).

Thus, it seems most likely that a signifi -
cant fraction of the total 65 km of slip—per-
haps as much as 50-60 km—is much older, 
perhaps Late Cretaceous (Bartley et al., 2003; 
Bartley et al., in review). Laramide-age right 
slip along the eastern margin of the Sierra Ne-
vada may have been linked to a south-directed 
extensional detachment system in the southern 
Sierra Nevada (Wood and Saleeby, 1997) that 
unroofed high-pressure rocks in latest Creta-
ceous-early Tertiary time. Dextral shear of this 
age would predate formation of the Garlock 
fault (Monastero et al., 1997) and thus elimi-
nate that confl ict.

Locus of slip

The fault zone responsible for offset of 
the various markers lies between the Sierra 
Nevada and White-Inyo-Coso Ranges (Fig. 6). 
Although mostly buried by alluvium, it can be 
located within 10 m at Little Lake on the west 
side of the Coso Range, where Jurassic plu-
tonic rocks with abundant Independence dikes 
are juxtaposed against a distinctive Jurassic or-
thogneiss that lacks such dikes (Bartley et al., 
2003; Bartley et al., in review; Fig. 25). Creta-
ceous and Jurassic intrusive rocks on both sides 
of the fault in this area are cut by transpressive 
ductile-brittle shear zones with a persistent 
dextral component of shear. These shear zones, 
and similar late Cretaceous dextral transpres-
sive shear zones exposed in the Inyo (Vines, 
1999) and White (Sullivan, 2003) Mountains, 
probably belong to a family of structures that 
accommodated 50+ km of dextral offset in 
Late Cretaceous-early Tertiary time. Approach-
ing the main fault contact at Little Lake, cata-
clastic microstructures increasingly overprint 
the ductile microstructures in the shear zones 
in a spatial pattern consistent with the modern 
right-slip fault zone representing reactivation 
of a late Cretaceous shear system.

CONCLUSIONS

Several independent geologic markers 
indicate 65±5 km of net dextral shear across 
Owens Valley since 83 Ma. On the order of 10 
km of this displacement accumulated in the 
modern dextral transtension regime, and the 
remainder probably accumulated in Late Creta-
ceous-early Tertiary time. The modern tectonic 
regime therefore appears to refl ect reactivation 
of a long-lived through-going crustal boundary.
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for 9.4 miles to the intersection with Trona Rd. 
Continue east 4.9 miles farther, through Poison 
Canyon to an area where the highway enters 
an open area. The parking area is on the north 
side of the road, about 200 m southwest of Fish 
Head Rocks, at 461290, 3946540. Drivers may 
wish to continue past this spot a few hundred 
meters and turn around in a large fl at area north 
of the road.

This is stop 3 of Carl et al. (1998) and ex-
poses typical dikes (Fig. 9) in the dense part of 
the IDS in the Argus Range (Smith, 1962). The 
area lies in the Pleistocene drainage that carried 
water from China Lake to Searles Lake, and 
green sediments from ancestral Searles Lake 
drape the surrounding countryside. From the 
parking area walk west, cross the drainage, and 
walk along the northern side of Poison Canyon 
for several 100 m to inspect several mafi c and 
rare felsic dikes intruded into Mesozoic granite 
and granodiorite. Dikes are variably altered 
and range in thickness from <1m to ~10 m. 
One dike contains distinctive but enigmatic 
epidote spherules up to several 10ʼs of cm in 
diameter. The well-exposed dike margins are 
rarely mylonitized, but commonly contain 
fractures (spaced at ~10 cm) subparallel to the 
contact. Phenocryst contents in the dikes range 
from near 0 to ~30 vol%.

Smith (1962) matched the IDS here with a 

FIELD GUIDE

This fi eld guide does not give explicit 
directions and mileages for each mile of the 
trip; instead, stops are located relative to local 
towns and landmarks. Refer to Figure 8 for a 
general overview of the trip. Coordinates of 
stops are given in Universal Transverse Merca-
tor (UTM) coordinates, NAD27, zone 11.

DAY 1: ARGUS RANGE, LONE PINE,
INDEPENDENCE CREEK

The fi rst day of the trip visits the Indepen-
dence dike swarm at two of its classic locali-
ties: in the southern Argus Range and west of 
Independence. Between these stops we will 
examine the Owens Valley fault and the 1872 
fault scarp near Lone Pine.

Stop 1: Independence dike swarm (IDS) in 
the southern Argus Range

Getting there: This stop is in Poison Canyon, 
about 10 miles east of the town of Ridgecrest. 
Drive on Highway 178 east out of Ridgecrest 

Figure 9: Ten-m thick composite Indepen-
dence dike exposed at Poison Canyon (Stop 1). 
The measured dilation at Poison Canyon is not 
particularly high (~2.5%), but dikes are thick 
and range from diabase to rhyolite as is typical 
of the main axis of the Independence swarm.
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similarly dense swarm in the northern Mojave 
Desert to determine approximately 65 km of 
left-lateral displacement across the Garlock 
fault. Measured dilations in this area are not 
particularly large (2.1-2.5%) compared to 
the largest dilations elsewhere in the swarm 
(>20%; Fig. 7; Bartley et al., in review).

Stop 2: 1872 fault scarp near Lone Pine

Getting there: This stop is near the Los Ange-
les Aqueduct, about 1 mile west of Lone Pine. 
From the intersection of Highway 395 and 
Whitney Portal Rd. in Lone Pine, drive west 
on Whitney Portal Rd. After ~1.0 mile, drive 
over the aqueduct and turn right (north) onto 
the dirt road that is just to the west of the aque-
duct. Drive north 0.3 miles, park on the north-
east side of the metavolcanic hill (403720, 
4051460), and walk about 200 m on bearing 
020 to the fault scarp at 403780, 4051650.

At the latitude of Lone Pine, the 1872 
earthquake slip was partitioned between two 
faults, the Lone Pine fault at the foot of the 
Alabama Hills and the main trace of the Owens 
Valley fault ~1.4 km to the east (Figs. 10, 11). 
The Lone Pine fault forms an east-facing fault 
scarp cutting alluvial fan deposits (Figs. 3, 10). 
Just to the north of the parking area, an incised 
channel was offset 2 m vertically and 6 m dex-
trally during the 1872 earthquake (Beanland 
and Clark, 1994). To the east, along the main 
trace of the Owens Valley fault, W.D. Johnson 
(reported in Hobbs, 1910) measured a road and 
a row of trees dextrally offset 4.9 m and 2.7 m, 
respectively, during the 1872 earthquake, sug-
gesting a maximum summed 1872 right lateral 
offset across the Owens Valley fault zone of 
8.7 to 10.9 m (Beanland and Clark, 1994).

The Lone Pine fault is one of several lo-
calities along the Owens Valley fault zone that 
preserve geomorphic evidence for progressive 

Figure 10. Back-lit aerial view of the Lone Pine fault scarp at the base of the Alabama Hills, look-
ing west. Sierra Nevada in the background and Lone Pine in the foreground. Peaks are Mt. Langley 
(L), Lone Pine Peak (LP), Mt. Whitney (Wh), and Mt. Williamson (Wi).

Stop 2

LP
Wh WiL
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deformation (Beanland and Clark, 1994). In 
addition to offset of the incised channel, an 
intermediate terrace exposed on either side of 
the incised channel and the crest of the original 
fan surface to the south of the channel show 
increasing vertical and dextral displacements 
of ~4 m and 8-12 m, and 6.3 ± 0.3 m and 14 ± 
4 m, respectively (Fig. 3; Lubetkin and Clark, 
1988; Beanland and Clark, 1994). Beanland 
and Clark interpreted these progressively offset 
geomorphic features as indicating three Ho-
locene earthquakes, each producing displace-
ments similar to the 1872 event. Offset mea-

surements (Lubetkin and Clark, 1988; Bean-
land and Clark, 1994) and 10Be CRN model 
exposure ages on granitic boulders from the 
original fan surface of 11.6 ± 3.7 ka (Bierman 
et al., 1995) yield a Holocene right-lateral slip 
rate of 1.2 ± 0.6 mm/yr and a vertical slip rate 
of 0.5 ± 0.2 mm/yr for the Lone Pine segment 
of the Owens Valley fault zone. 

Stop 3: Independence dike swarm at Inde-
pendence Creek

Getting there: This stop is on the Onion 
Valley Rd. west of Independence. From the 
intersection of Highway 395 and Market St. in 
Independence, drive west on Market St. (also 
labeled Onion Valley Rd.) and ascend the fan 
toward the range front. In approximately 10 
miles, after ascending a few switchbacks, park 
in pullouts on the southeast side of the road 
opposite a roadcut laced by numerous dikes 
(383010, 4071800).

In the Sierran foothills just beyond the 
turnoff to Seven Pines along Onion Valley 
Rd., roadcuts expose numerous dikes that are 
altered, highly fractured, and rotated by range-
front faults and in landslides (see Stop 5). The 
wall rock in the low foothills is the Cretaceous 
Independence pluton (102 Ma according to Ky-
lander-Clark, 2003), clearly demonstrating that 
Cretaceous dikes are present in the type local-
ity of the Jurassic IDS (Coleman et al., 2000). 
However, the abundance of dikes in Cretaceous 
plutons is generally far lower than in nearby 
rocks that are Jurassic and older and, in any 
case, distinction of Cretaceous from Jurassic 
dikes is unimportant to the present purpose 
because most, and perhaps all, offset across 
Owens Valley appears to be younger than any 
of the Mesozoic dikes.

Several features of the IDS in this part 
of the Sierra Nevada are displayed along the 
upper Onion Valley road (also see Stop 6 of 
Carl et al., 1998). Although the dikes are not 
particularly photogenic in this roadcut, they 
show many of the features displayed elegantly 
in glacially polished exposures near the crest of 

500 m

N

Figure 11. Aerial view of the Owens Val-
ley fault showing linear fault trace, sag ponds 
(arrows), and dextrally offset Owens River 
meander belt (circle). Photo is just south of the 
intake for Los Angeles Department of Water 
and Powerʼs aqueduct east of Highway 395 and 
the village of Aberdeen. Stop 4 is ~1 km north 
of east edge of photo.
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Figure 12: Independence dike swarm in its type area, Woods Lake basin. Measured dilation on 
this spur is 44%. Dikes are mainly diorite but range to rhyolite in composition. Ridge is ~15 m tall.

Figure 13: View ESE along the Independence dike swarm from the summit of Mt. Prater, just 
north of Split Mountain on the crest of the Sierra Nevada. The summit of Mt. Prater is crossed by 
a 10 m thick diabase dike (foreground). Mt. Prater and Mt. Tinemaha (midground) are cut by thou-
sands of dikes; a 10 m thick dike is visible on the fl at summit ridge of Mt. Tinemaha (arrows). Along 
strike in the Inyo Range (background) dikes are essentially absent (Fig. 7), consistent with signifi -
cant offset across Owens Valley.
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the range to the north and northwest (Figs. 12, 
13). The dikes are uniformly NW-striking and 
steep, compositionally diverse, and quite abun-
dant—traverses in the area yielded dilations 
of 6 and 13% (Fig.7; Bartley et al., in review). 
Both the dikes and their 165-Ma granodiorite 
wall rock contain numerous steep to moder-
ately dipping, amphibolite-facies (hornblende-
oligoclase) mylonite zones that accommodated 
mainly reverse-sense shear (Carl et al., 1998). 
Similar shear zones are ubiquitous in eastern 
Sierran rocks older than 94 Ma for at least 80 
km along strike, from Onion Valley northwest-
ward to Rock Creek (authors  ̓reconnaissance). 
The shear zones thus represent a regionally 
extensive system of contractional deforma-
tion. Mahan et al. (2003) interpreted fi eld and 
geochronologic relations along one segment of 
this shear zone to indicate that most of the dis-
placement occurred in the middle Cretaceous 
between 110 and 95 Ma, but could not exclude 
initiation as early as during intrusion of the 
IDS at 148 Ma (Carl et al., 1998; Glazner et al., 
1999).

Southeastward from this stop along the 
strike of the dikes in the Inyo Range, dikes 
of the Independence swarm are rare to absent 
(Fig. 14). In particular, directly on strike, in the 
Mazourka Canyon area, dikes are nearly absent 
in most areas from both Jurassic plutons and 

Paleozoic sedimentary rocks (Fig. 7), consis-
tent with truncation of the swarm by a dextral 
fault zone.

DAY 2: INDEPENDENCE AREA AND Mc-
GEE CREEK

Stop 4: Santa Rita Flat shear zone

Getting there: This stop is along the Inyo 
Range front between Big Pine and Indepen-
dence (Fig. 8). From the intersection of High-
ways 395 and 168 in Big Pine, drive south 12.6 
miles to Aberdeen Station Rd. Turn left (east; 
to the west this road goes to Taboose Creek 
Campground) and cross the Owens River in 0.9 
miles; make an immediate left turn after cross-
ing the river and then veer right to head due 
east for 0.3 miles to a well-graded road that 
trends SSE. Drive 1.4 miles to a spur and park 
near 393140, 4093250.

This is Stop 5a of Carl et al. (1998) and 
exposes several dikes and a mylonitic shear 
zone that runs along the base of the range and 
is part of a semi-continuous belt of mylonite 
that borders the White and Inyo ranges (Fig. 6) 
This mylonite zone may connect with or be ki-
nematically linked to mylonite zones exposed 
at Stop 12.

Mylonite at this location contains a well-
developed S-C composite foliation. The mar-
gins of the mylonite zone are not well-defi ned 
but the zone strikes NNW, dips steeply east-
ward, and contains a strong lineation oriented 
nearly down-dip. Shear-sense criteria include 
S-C composite foliation, asymmetric augen 
with tails, rotated phenocrysts, and mica fi sh, 
all of which typically form during ductile de-
formation of granitic rocks (e.g., Simpson, 
1986) and here indicate east-side-up sense of 
shear.

Stop 5: Fault scarps at Shepherd and 
Symmes Creeks

Getting there: This stop is along the Sierran 
range front southeast of Independence. From 

Figure 14: Independence dike locality in 
Inyo Mountains, featured in the 1990 movie 
Tremors. Most of the White and Inyo Ranges 
are similarly characterized by prominent but 
sparse (dilation <1%), and almost exclusively 
mafi c, dikes of the Independence swarm.
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the center of Independence, drive 4.5 miles 
west on Onion Valley Rd. to Foothill Rd. Turn 
left (south); cross Symmes Creek at the Shep-
herd Pass trailhead sign at ~3.0 miles (this is 
the stock trailhead) and drive to a fork ~0.5 
miles further. Bear right; at the next fork, ~0.5 
miles further, bear left at a sign directing you 
to the Shepherd Pass trailhead (do NOT go to 
the trailhead) and drive ~0.6 miles southwest to 
a parking area on a terrace on the north side of 
Shepherd Creek, 386605, 4064256.

Between Symmes Creek to the north and 
Shepherd Creek to the south, seven alluvial fan 
surfaces and several east-facing normal fault 
scarps are exposed. These are part of the Si-
erra Nevada frontal fault zone (Figs. 5, 15, 16, 
17). Distinct alluvial fan surfaces have been 
identifi ed based on fan surface height, slope, 
inset geometry, and surface morphologic fea-
tures such as the degree of channel incision, 

fan dissection, desert pavement development, 
presence or absence of bar and swale morphol-
ogy, relative weathering of surface boulders, 
and cross-cutting relationships (Le, 2004). 
The oldest surface, an erosional remnant Qf1, 
is preserved as a small mound to the north of 
Symmes Creek. These surfaces are typically 
located at the apexes of drainage basins, are 
strongly dissected and contain scarce, highly 
weathered boulder clasts. Younger Qf2a sur-
faces are exposed at the range front between 
Symmes and Shepherd creeks and are defi ned 
by their ridge and ravine morphology, smooth 
surfaces located a few meters to tens of meters 
above the modern channel, and absence of 
large granitic boulders. Qf2b surfaces, exposed 
on either side of Symmes Creek, are inset into 
Qf2a surfaces and characterized by relatively 
smooth surfaces that contain large, moderately 
weathered granitic boulders. Based on the 

Figure 15. Aerial view of the eastern fl ank of the Sierra Nevada, looking south from ~10,000  ̓
altitude above Shepherd Creek. North and south forks of Bairs Creek in foreground; Alabama Hills 
visible on left side in front of Owens Lake. Lone Pine Peak is the prominent sunlit peak. 
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degree of bar and swale morphology develop-
ment, along with inset geometry, Qf3 surfaces 
have been divided into three subunits, Qf3a, 
b, and c. These surfaces form the extensive al-
luvial aprons between Symmes and Shepherd 
creeks. The youngest surfaces, Qf4, cut across 
all other surfaces and are defi ned by active 
channels and channels that have been aban-
doned for a short period of time. These sur-
faces are typically densely vegetated, contain 
unvarnished granitic clasts, and recent debris 
fl ow deposits (which include tree trunks and 
fresh boulder levee bars). 

Cosmogenic radionuclide dating of quartz 
collected from surface boulders yielded 10Be 
CRN model ages of 66 ± 16 ka, 23 ± 6 ka, 5 
± 1 ka, and 4 ± 1 ka for surfaces Qf2b, Qf3a, 
Qf3c, and Qf4 surfaces, respectively, in the 
Symmes-Shepherd creek area (Le et al., in 
review). To the south, boulders from a Qf1 sur-
face yielded 10Be CRN model ages of 138 ± 35 
ka.

The alluvial fan surfaces are cut by a zone 
of parallel NNW-striking, east-dipping normal 
fault scarps with no evidence for a lateral com-
ponent of slip. Topographic profi ling across 
fault scarps yield vertical surface offsets of 
41.0 ± 8.2 m of Qf2a, 11.9 ± 2.3 of Qf2b, and 
10.2 ± 2.0 m of Qf3a; Qf4 surfaces have not 
been offset (Figs. 5, 16, 17). Combining data 
from 10Be CRN ages with vertical offsets yield 
vertical slip rate estimates of 0.2-0.3 ± 0.1 mm/
yr since ~138 ka, 0.2-0.3 ± 0.1 mm/yr since 
~66 ka, 0.4 ± 0.1 since ~23 ka, and 1.4 ± 0.3 
since ~5 ka (Le et al., in review). Assuming a 
fault dip of 60°, horizontal extension rates dur-
ing the same time periods range from 0.1-0.3 ± 
0.1 mm/yr to 0.8 ± 0.2 mm/yr. Our calculated 
vertical and horizontal slip rates of 1.4 ± 0.3 
mm/yr and 0.8 ± 0.2 mm/yr, respectively, for 
the Holocene are four to seven times faster 
than our late Pleistocene estimates indicating 
either that horizontal extension rates have in-
creased during the Holocene, or that the calcu-
lated slip rates are maxima because these faults 
are early in the earthquake cycle. 

Vehicles are parked on a Qf3a surface, 

Figure 16. East-dipping fault scarp cutting 
a Qf3a alluvial fan surface on the north side of 
Shepherd Creek. Fault scarp dips toward the 
tripod; view is to the west. Mt. Williamson in 
background. 

Figure 17. East-dipping fault scarp cutting a 
Qf2b alluvial fan surface located just south of 
Lubkin Creek. View is to the west.



24

which is in the footwall of an east-facing fault 
scarp that exhibits 10.2 m of vertical offset.

Stop 6: Golden Bear dike near Indepen-
dence Creek

Getting there: Retrace route to north along 
Foothill Rd. approximately 2.8 miles toward 
Onion Valley Rd. This stop is approximately 
1.5 miles south of Onion Valley Rd. Park along 

the road at the foot of the boulder-covered hill, 
387490, 4068130.

The Golden Bear dike crops out from the 
valley fl oor to the range crest and beyond, 
crossing the crest north of Forester Pass to 
eventually disappear in the headwaters of the 
Kern River (Fig. 6). West from this locality, it 
is possible to trace the dike from the foothills 
up the range front to the crest of the Sierras 
(Fig. 18). Here, in the foothills, the dike is shat-
tered and dismembered owing to range-front 
faulting and landsliding. However, most of the 
large boulders mantling the slope are distinc-
tive porphyritic Golden Bear dike (Fig. 19). 
West of the Independence fault (Moore, 1963), 
the dike is intact, strikes nearly east-west, dips 
steeply, and is 10 to15 m wide.

The Golden Bear dike is a K-feldspar 
quartz monzonite porphyry with euhedral 
zoned phenocrysts of K-feldspar that range 2 to 
4 cm in length and commonly display Carlsbad 
twins. Plagioclase is subhedral, subequant and 
typically 1 to 4 mm in diameter. Quartz typi-
cally occurs as distinctive equant, euhedral, 
and bipyramidal crystals 2 to 5 mm in diam-
eter. Mafi c minerals include both biotite and 
rare hornblende.

Figure 18: Golden Bear dike on the south 
side of Pinyon Creek drainage, eastern fl ank 
of Sierra Nevada, viewed looking west from 
Onion Valley Rd. Dashed lines follow the 
outcrop trace of the dike. The prominent peak, 
Mt. Bradley (13,289ʼ), is carved in the 102 Ma 
Bullfrog leucogranite, another tie point across 
Owens Valley. Stop 6 is along the range front 
just left (south) of photo.

Figure 19: Characteristic texture of Golden 
Bear and Coso dikes; note large alkali feldspar 
phenocrysts.

Figure 20. View northeast across Tinemaha 
Reservoir to south side of “Strange Hill”. 
Steeply plunging folds involve the conglomer-
atic facies of the Mt. Morrison Sandstone (Dm) 
as well as overlying Squares Tunnel Fm (Ds) 
and Triassic Union Wash Fm (Tr). Photo by 
C.H. Stevens.
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Stop 7: Tinemaha Reservoir overlook

Getting there: This stop is east of Highway 
395 near the Poverty Hills, about 8 miles south 
of Big Pine. From Crocker St. in Big Pine 
drive 8.6 miles south and turn left (east) at the 
Tinemaha Reservoir overlook. Drive 0.2 miles 
and turn left, then 0.7 miles to the top of the 
hill and the overlook, 390500, 4102010.

From this overlook a series of dark, low 
hills are visible to the east-northeast at the base 
of the Inyo Range (Fig. 20). These hills consist 
of Paleozoic and structurally interleaved Trias-
sic rocks that contrast with the lighter colored 
Proterozoic and Cambrian rocks forming the 
main range front.

The northernmost of the low hills, in-
formally termed “Strange Hill” (Stevens and 
Stone, 2002), exposes the conglomeratic facies 
of the Mount Morrison Sandstone. This unit 
contains clasts of black chert and fragments of 
tabulate coral in a calcareous sandstone matrix, 
and is conformably overlain by well-bedded 
black chert of the Upper Devonian Squares 
Tunnel Formation. Vertically plunging folds 
exposed on the south side of Strange Hill in-
volve both the Devonian rocks and overlying 
Mississippian and Triassic rocks. 

The conglomerate facies of the Mount 
Morrison Sandstone is interpreted as the back 
fi ll of a submarine channel that fed coarse sand 

from the Devonian continental shelf to a major 
submarine fan complex presently exposed in 
the Mount Morrison pendant, 65+ km to the 
northwest in the eastern Sierra Nevada (Ste-
vens and Greene, 1999). 

Stop 8: Hilton Creek fault scarp

Getting there: This stop is west of Crowley 
Lake between Bishop and Mammoth Lakes. 
From Line St. in Bishop, drive 31 miles north 
on Highway 395 to McGee Creek Rd. Turn left 
(west) and cross the frontage road, then ascend 
the fan. The road climbs over a lateral moraine 
and descends into McGee Canyon; 1.9 miles 
from Highway 395, turn left into the camp-
ground, 342410, 4158730.

The campground in McGee Canyon is 
built in the lee of a tall fault scarp that cuts 
Tioga-age (20-25 ka) moraines (Fig. 21). Using 
a leveling rod, Abney level, and Brunton com-
pass, Berry (1997) measured surface offsets 
across this scarp of 25.7 m on the north side of 
the creek but only 14.3 m on the south side of 
the creek. Given the estimated age of the mo-
raine, these measurements indicate a late Pleis-
tocene vertical slip rate of 1.0-1.3 mm/yr and 
0.6-0.7 mm/yr on the north and south sides, 
respectively, 1.5 to 6 times faster than at Shep-
herd-Symmes creeks (Le et al., in review). 

In 1999 Stephanie Briggs (then a UNC 
undergraduate) used differential GPS to survey 
the scarp on the northern moraine. She found 
vertical offset of 23 m in the sharp ridge crest 
on the moraine, and determined that the slip 
vector was within a degree or two of directly 
down-dip; thus, in the past 20,000 years or so 
there has been negligible strike slip across this 
fault.

The youthful appearance of the scarp and 
its height indicate signifi cant activity in the 
20,000 years or so since the moraines were 
produced. Lipshie (2001) recounted recent ac-
tivity:

“The May 1980 earthquakes pro-
duced an additional 2 to 6 in. (5 to 15 cm) 
of vertical offset along the fault near the 

Figure 21: Quaternary fault scarp with 23 m 
pure dip-slip offset in late Pleistocene (Tioga) 
lateral moraine, McGee Creek (Stop 8). Large 
boulder in scarp at arrow rolled into the camp-
ground during an earthquake in 1999 (see text).
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campground (Taylor and Bryant, 1980, p. 
60). The new cracks and scarps degraded 
rapidly and were virtually unrecogniz-
able in most areas after about six weeks 
(Taylor and Bryant, p. 55). In July 1998, 
a magnitude 5.3 earthquake dislodged a 
large granitic boulder from near the top 
of the main scarp (Sharp et al., 1999, 
p. 32) and it bounced to the base of the 
slope, coming to rest about 40 ft (12 m) 
from a campsite picnic table. The earth-
quake occurred at night, and although 
the campsite was occupied, the campers 
did not discover the errant boulder until 
morning (Marina West, Orange County 
Water District, oral communication, 
1999). The boulder, which is nearly 12 
ft (3.5 m) across, can still be seen near 
the campsite on the north side of the 
McGee Creek Campground. Also note 
the patched asphalt pavement where the 
boulder bounced across the main road.”

The boulder that fell in 1998 is clearly vis-
ible embedded in the fault scarp in the photos 
on p. 234 of Sharp and Glazner (1997).

Since 1982, Art Sylvester has periodically 
measured a leveling line across this fault scarp 
and resurveyed that line in July, 1998, after 

the boulder-dislodging earthquake. His stud-
ies showed no vertical deformation associated 
with this earthquake (Sylvester, 2004).

Stop 9: Devonian rocks at McGee Creek

Getting there: This stop is located a short hike 
from the end of the road in McGee Canyon. 
From the campground turnoff, proceed west 
1.4 miles to the end of the road and park near 
341032, 4157482. Hike about 0.5 miles west 
up the canyon on the upper (northern) of the 
two parallel trails, to a cluster of large (1-2 m 
in diameter) boulders on the left (south). The 
boulders are near 340400, 4157140.

The boulders here are derived from the 
prominent gray band of cliffs visible to the 
north on McGee Mountain. They provide an 
excellent sample of the conglomeratic facies of 
the Mount Morrison Sandstone, which is here 
composed of coarse-grained calcareous quartz 
sandstone and conglomerate containing clasts 
of black chert, brown-weathering argillite, and 
grey limestone with fragments of Devonian 
tabulate corals. On McGee Mountain these 
rocks occupy a major channel that cuts deeply 
into the underlying stratigraphy, removing the 
Aspen Meadow Formation and much of the 
Ordovician Convict Lake Formation (Stevens 
and Greene, 1999).

The conglomeratic facies here is lithologi-
cally identical to the conglomerate at Strange 
Hill near Tinemaha Reservoir, and is inter-
preted as a continuation of the same submarine 
channel feeding the Mount Morrison subma-
rine-fan complex, dextrally offset 65 km across 
the Tinemaha fault in the Owens Valley. 

On McGee Mountain these rocks are 
folded into a large, vertically plunging syncline 
that opens to the north and is visible in the ver-
tically dipping bedding in the cliffs above here 
(Fig. 22). Rusty brown-weathering Cambrian 
and Ordovician units form the slopes below, 
and similar appearing black chert and argillite 
of the Upper Devonian Squares Tunnel Forma-
tion are exposed near the top of the cliffs in the 
core of the syncline. 

Figure 22. Light gray conglomeratic facies 
of the Mt. Morrison Sandstone outlines a verti-
cally plunging syncline on the southwest face 
of McGee Mountain, visible from Stop 9. Cm 
– Mt. Aggie Fm, Oc – Convict Lake Fm, Dm 
– Mt. Morrison Sandstone, Ds – Squares Tun-
nel Fm, Qm –glacial moraine.



27
The McGee Mountain syncline is one of 

a number of enigmatic, map scale, vertically 
plunging folds in the Mount Morrison pen-
dant (Greene and Stevens, 2002). Stevens and 
Greene (2000) suggested that these folds may 
have formed by refolding of pre-existing north-
west-trending folds during late Triassic de-
formation, but this suggestion is controversial 
(e.g., Wise, 1996) and defi nitive evidence is 
lacking. Predominantly outcrop-scale vertically 
plunging folds are a characteristic feature of 
deformation in the Tinemaha area (Stevens and 
Stone, 2002), and these distinctive folds form 
part of the basis for correlation with McGee 
Mountain. 

DAY 3: CACTUS FLAT AND LITTLE 
LAKE

Stop 10: Fish Springs cinder cone and faults

Getting there: This stop is in the Big Pine 
volcanic fi eld south of Big Pine. From Crocker 
St. in Big Pine, drive 4.8 miles south on High-
way 395 to North Fish Springs Rd. Turn right 
(west) and drive south on North Fish Springs 
Rd. about 1.5 miles and park near 388620, 
4104680.

This spot offers a view of the Sierran es-
carpment (especially good in morning light) 
and the Fish Springs cinder cone (Fig. 23). The 
cone was dated at about 0.31 Ma by 39Ar/40Ar 
analysis of partially degassed granite xenoliths 
(Martel et al., 1987). The western fl ank of the 
cone is cut by a strand of the Owens Valley 
fault zone. Martel et al. (1987) estimated that 
the western part of the cone was elevated 76 
± 8 m by movement on this strand, with little 
or no strike-slip movement. As at Stop 8, any 
dextral displacement was taken up elsewhere. 
Martelʼs analysis indicates ~0.24 mm/yr verti-
cal displacement since ~314 ka. Several fan 
surfaces surrounding the cone were mapped 
and dated by CRN analyses (Zehfuss et al., 
2001). Vertically offset fan surfaces yield CRN 
ages ranging from 136 ± 17 ka to 8.1 ± 1.9 ka 
and vertical offset values ranging from 31 ± 3 
m to 1.3 ± 0.3 m, indicating a late Pleistocene 
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Qfa

Qfw (136±17)

Qfw
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3.1±0.9
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Figure 23. Aerial photograph showing 
the Fish Springs fault cross-cutting the Fish 
Springs cinder cone and surrounding late 
Pleistocene alluvial fan surfaces, west of Stop 
10. Fish Springs cone, vertically offset 76 ± 8 
m across the fault, has been dated at 314 ± 36 
ka (Martel et al., 1987). Alluvial fan surfaces, 
CRN ages (in parentheses), and vertical offset 
measurements (italics) are from Zehfuss et 
al. (2001). Solid ball on the hanging wall of 
normal faults.

Figure 24: Westernmost outcrop of Coso 
dike swarm in the Coso Range (Stop 11). View 
is NW from Cactus Flat.  The dike is ~20 m 
thick, strikes west,  and forms the prominent 
crags on skyline; the skyline behind is un-
derlain by Pliocene mafi c volcanic rocks that 
overlap the dike.
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to Holocene slip rate of ~0.23 mm/yr (Zehfuss 
et al., 2001), the same as the longer-term esti-
mate of Martel et al. (1989). These vertical slip 
rate estimates are comparable to rates found 
by Le et al. (in review) at Shepherd-Symmes 
creeks (Stop 5; Table 2). 

Stop 11: Coso dike at Cactus Flat

Getting there: This stop is located approxi-
mately 5 miles southeast of Olancha. From 
Olancha, drive south on Highway 395 about 
1.5 miles to Cactus Flat Rd. (opposite the fi re 
station). Turn left (east) and drive past the 
pumice mine, staying on the right fork in the 
road. Two and a half miles beyond the mine, 
bear left at the fork, and 0.4 miles beyond this 
turn left at a side road at 419290, 4006820. 
If passable, continue down this road approxi-
mately 0.5 miles and park at 419570 4007610; 
if not passable, walk to observe the dike ~0.8 
mile to the north. There is obvious outcrop of 
the Coso dike in the hillside NNW of the park-
ing area at 418980 4008240.

Cretaceous dikes in the Coso Range were 
fi rst described by Duffi eld et al. (1980) as 
steeply dipping, west-striking, conspicuously 
K-feldspar- and quartz-phyric granitic dikes 
that are up to 10 m thick. Whitmarsh (1998) 
named these dikes the Coso dike swarm, 

mapped the dikes in signifi cant detail, and ob-
tained a preliminary U-Pb zircon date of ~84 
Ma from a thick dike in the swarm exposed 
near Upper Centennial Flat. One of us (AFG) 
made a reconnaissance trip into the Coso 
Range in 1996 and noted the strong similarity 
between the Coso and Golden Bear dikes and 
proposed that the two areas might once have 
been contiguous. Kylander-Clark (2003) tested 
and strengthened this correlation.

At this locality the Coso dike (Fig. 24) is 
over 20 m wide, strikes 281°, and dips ~80°N. 
The quartz monzonite porphyry contains euhe-
dral K-feldspar phenocrysts, 1 to 5 cm long 
that locally exhibit Carlsbad twinning. Plagio-
clase occurs as small (2 to 4 mm) subhedral, 
subequant grains. Quartz occurs in euhedral 
bipyramids that range from 2 to 8 mm in di-
ameter. Biotite is the major mafi c mineral, oc-
curring as small (typically 1 mm) subhedral to 
euhedral grains. The dike continues on strike 
to the east, but is diffi cult to follow from a dis-
tance.

Stop 12: Little Lake, east

Getting there: This locality is east of Little 
Lake. Turn east off of Highway 395 at the 
Cinder Rd. exit. Continue on Cinder Rd. ap-
proximately 1.9 miles to the power line road 

N
1 kilometer

12

13

80

81

47

40

69

60
60

36 32

25 22
81

36 32

Cenozoic

Mesozoic

Independence dike

granite
diorite/granodiorite

granodioritic gneiss
(locally migmatite)

breccia zone

Owens Valley fault zone

shear zone
(dextral reverse)

gneissic foliation

mylonite folation/lineation

Stop 13

Stop 12

�

Figure 25. Simplifi ed geologic map of the Little Lake area (modifi ed from Bartley et al., in re-
view).  Distribution of granite and diorite/granodiorite units east of the Owens Valley fault zone from 
Whitmarsh (1998). Stereoplot shows foliation (great circles) and lineation (dots) in shear zones east 
of the fault zone.  Stops 12 and 13 are indicated with stars.



29
(past the turn to Fossil Falls and past the cinder 
quarry). Turn right (south) down the power line 
road and continue approximately 4.4 miles to 
a parking area on top of a hill, on your right, 
under the power lines. Park at 418900 3976100 
and walk to small prospect pits on the north 
side of the hill at 418850, 3976630.

The Little Lake structural block (Fig. 25) 
exposed at this stop and in the mountains di-
rectly to the east, is composed of Jurassic (165 
Ma; Whitmarsh, 1998) plutonic rocks that lack 
a penetrative fabric and, mainly as a result of 
pervasive magma mingling, vary in composi-
tion from diorite to leucogranite. This hetero-
geneous plutonic complex is intruded by Juras-
sic (148 Ma; Whitmarsh, 1998) Independence 
dikes that vary in composition roughly as much 
as their wall rocks do. Some of the dikes are 
well exposed near the parking area and, be-
cause here the dikes are more erosion-resistant 
than their wall rocks, nearly all of the craggy 
outcrops on the hills to the east are dikes. A tra-
verse of the skyline to the southeast of the stop 
yielded 9.1% dilation by dike intrusion (Fig.7; 
Bartley et al., in review).

Individual dikes in the area range up to 
>10 m thickness, yet we were unable to trace 
any individual dike as much as 200 m because 
the dikes are transected by numerous NW- to 
N-striking ductile-brittle shear zones. The 
shear zones, which commonly are well exposed 
in numerous prospect pits that dot the area, 
mainly dip steeply to moderately westward and 
consist of greenschist-facies (white mica-chlo-
rite-albite-epidote±biotite) phyllonite. Linea-
tion and shear-sense indicators (S-C composite 
foliations, asymmetric porphyroclasts, mica 
fi sh) indicate varying proportions of dextral 
and reverse displacement (Bartley et al., in 
review). We have been unable to correlate any 
dike across any of the shear zones, suggest-
ing that displacements across individual shear 
zones may be large. The shear zones decrease 
systematically in abundance eastward toward 
the main axis of the Coso Range. Timing rela-
tions, kinematics, and spatial distribution of the 
shear zones suggest that they may be represen-

tative of structures that accommodated signifi -
cant offset across Owens Valley.

Stop 13: Little Lake, west

Getting there: This locality is west of Little 
Lake. Heading south on Highway 395, exit 
at the southernmost Little Lake Rd. exit 
(PLEASE NOTE: if approaching this stop from 
the north, this will be the SECOND Little Lake 
Rd. exit. If approaching from the south, this 
will be the FIRST Little Lake Rd. exit). After 
exiting, turn left (south) on Little Lake Rd. 
Stay left at a fork at 0.2 miles and park at the 
locked gate 0.5 miles further. Walk along the 
road toward the microwave tower to the south. 
417450 3977140. 

Roadcuts along the microwave access road 
expose rocks of the Sierran block including 
granodiorite and granodiorite gneiss, variably 
intruded by 10 to 20-cm-thick mafi c dikes, all 
of which are thoroughly shattered (Fig. 25). 
Like plutonic rocks of the Little Lake block, 
the granodiorite yielded a U/Pb age near 165 
Ma (Bartley et al., in review), but geologic 
similarities between the Little Lake block and 
adjacent Sierra rocks end there. The grano-
diorite varies much less in composition than 
Little Lake plutonic rocks, contains a pervasive 
gneissic fabric that is locally migmatitic, and 
contains quartzite and calc-silicate rock inclu-
sions not seen in the Coso Range. The dikes in 
the granodiorite are uniformly mafi c, rarely as 
thick as 1 m, vary widely in orientation, and 
account for only 1-2% dilation. In areas where 
geochronology and cross-cutting relations 
distinguish Jurassic Independence dikes from 
associated Cretaceous dikes (Coleman et al., 
2000; Mahan et al., 2003), all of these charac-
teristics correspond to Cretaceous dikes. 

Note that rocks of the Little Lake block are 
exposed on the west side of Highway 395 in 
low outcrops along the west side of Little Lake 
Rd. immediately north of here (on and around 
hill at 418060 3977100). We conclude that 
there is an almost complete geologic mismatch 
between the Little Lake block and the adjacent 
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Sierra Nevada, and infer that the boundary in 
between, which is concealed by alluvium, is a 
major locus of tectonic offset. 

It presently is unknown to what degree the 
shattering seen in the roadcuts, occurring in a 
swath as wide as 1 km at the foot of the range 
but absent on the ridge above, is related to 
strike slip versus normal slip across the range-
bounding fault. 

REFERENCES CITED

Atwater, T., and Stock, J., 1998, Pacifi c-North 
America plate tectonics of the Neogene 
southwestern United States: an update: In-
ternational Geology Review, v. 40, p. 375-
402.

Bacon, S.N., Pezzopane, S.K., and Burke, R.M, 
2002, Paleoseismology on the Owens Val-
ley Fault and Holocene stratigraphy of plu-
vial Owens Lake near Lone Pine, eastern 
California: Geological Society of America 
Abstracts with Programs, v. 34, p. 27. 

Bartley, J.M., Glazner, A.F., Coleman, D.S., 
Kylander-Clark, A.K.C., and Friedrich, 
A.M., in review, Large dextral offset across 
Owens Valley, California, and its possible 
relation to tectonic unroofi ng of the south-
ern Sierra Nevada, in Till, A. B., Roeske, 
S. M., Foster, D. A. and Sample, J. C., eds., 
Exhumation Processes Along Major Conti-
nental Strike-slip Fault Systems: Geologi-
cal Society of America Special Paper.

Bartley, J. M., Friedrich, A. M., Glazner, A. F., 
Coleman, D. S., and Kylander-Clark, A., 
2003, Large Laramide dextral shear across 
Owens Valley, eastern California, and ex-
tensional unroofi ng of the southern Sierra 
Nevada: Geological Society of America 
Abstracts with Programs, v. 35, p. 305.

Beanland, S., and Clark, M.M., 1994, The Ow-
ens Valley fault zone, eastern California, 
and surface rupture associated with the 
1872 earthquake: U.S. Geological Survey 
Bulletin 1982, 29 p.

Bennett, R.A., Wernicke, B.P., Davis, J.L., 
Elosegui, P., Snow, J.K., Abolins, M.J., 

House, M.A., Stirewalt, G.L., and Ferrill, 
D.A., 1997, Global Positioning System 
constraints on fault slip rates in the Death 
Valley region, California and Nevada: Geo-
physical Research Letters, v. 24, p. 3073-
3076.

Bennett, R., Wernicke, B., Niemi, N.A., Fried-
rich, A.M., and Davis, J.L., 2003, Contem-
porary strain rates in the northern Basin 
and Range Province from GPS data: Tec-
tonics, v. 22, p. 1-31. 

Berry, M. E., 1990, Soil-geomorphic analysis 
of late Quaternary glaciation and faulting, 
eastern escarpment of the central Sierra 
Nevada, California [Ph.D. thesis]: Boulder, 
University of Colorado, 376 p.

Berry, M.E., 1997, Geomorphic analysis of 
late Quaternary faulting on Hilton Creek, 
Round Valley and Coyote warp faults, east-
central Sierra Nevada, California, USA: 
Geomorphology, v. 20, p. 177-195.

Bierman, P.R., Gillespie, A.R., and Caffee, 
M.W., 1995, Cosmogenic ages for earth-
quake recurrence intervals and debris fl ow 
fan deposition, Owens Valley, California: 
Science, v. 270, p. 447-450.

Brogan, G.E., Kellogg, K.S., Slemmons, D.B., 
and Terhune, C.L., 1991, Late Quaternary 
faulting along the Death Valley-Furnace 
Creek fault system, California and Nevada: 
U.S. Geological Survey Bulletin 1991, 23 
p.

Burchfi el, B. C., Hodges, K. V., and Royden, 
L. H., 1987, Geology of Panamint Valley-
Saline Valley pull-apart system, California: 
Palinspastic evidence for low-angle geom-
etry of a Neogene range-bounding fault: 
Journal of Geophysical Research, v. 92, p. 
10,422-10,426.

Butler, P. R., Troxel, B. W., and Verosub, K. L., 
1988, Late Cenozoic history and styles of 
deformation along the southern Death Val-
ley fault zone, California: Geological Soci-
ety of America Bulletin, v. 100, p. 402-410.

Carl, B. S., and Glazner, A. F., 2002, Extent 
and signifi cance of the Independence dike 
swarm, eastern California: Geological So-



31
ciety of America Memoir, v. 195, p. 117-
130.

Carl, B. S., Glazner, A. F., Bartley, J. M., 
Dinter, D. A., and Coleman, D. S., 1998, 
Independence dikes and mafi c rocks of the 
eastern Sierra: guidebook and roadlog, in
Behl, R. J., ed., Guidebook to Field Trip 
#4: Long Beach, CA, California State Uni-
versity Long Beach Department of Geo-
logical Sciences, 26 p.

Chen, J. H., and Moore, J. G., 1982, Uranium-
lead isotopic ages from the Sierra Nevada 
batholith, California: Journal of Geophysi-
cal Research, v. 87, p. 4761-4784.

Christensen, M. N., 1966, Late Cenozoic 
crustal movements in the Sierra Nevada of 
California: Geological Society of America 
Bulletin, v. 77, p. 163-182.

Clark, M.M., 1972, Range-front faulting: cause 
of anomalous relations among moraines 
of the eastern slope of the Sierra Nevada, 
California: Geological Society of America 
Abstracts with Programs, v. 4, p. 137

Clark, M.M., and Gillespie, A.R., 1993, Varia-
tions in late Quaternary behavior along 
and among range-front faults of the Sierra 
Nevada, California: Geological Society of 
America Abstracts with Programs, v. 25, p. 
21.

Coleman, D.S., Glazner, A.F., Bartley, J.M., 
and Carl, B.S., 2000, Cretaceous dikes 
within the Jurassic Independence dike 
swarm in eastern California: Geological 
Society of America Bulletin, v. 112, p. 504-
511.

dePolo, C.M., 1989, Seismotectonics of the 
White Mountain fault system, eastern Cali-
fornia and western Nevada [M.S. thesis]: 
Reno, University of Nevada, 354 p.

Diggles, M. F., 1987, Mineral resource poten-
tial map of the South Sierra Wilderness 
and the South Sierra Roadless Area, Inyo 
and Tulare Counties, California: U.S. Geo-
logical Survey Map MF-1913-A, scale 
1:48,000.

Diggles, M. F., Dellinger, D., and Conrad, J., 
1987, Geologic map of the Owens Peak 

and Little Lake Canyon Wilderness Study 
areas, Inyo and Kern Counties, California: 
U.S. Geological Survey Map MF-1927-A, 
scale 1:48,000.

Dixon, T.H., Robaudo, S., Lee, J., and Reheis, 
M.C., 1995, Constraints on present-day 
Basin and Range deformation from space 
geodesy: Tectonics, v. 14, p. 755-772.

Dixon, T.H., Miller, M., Farina, F., Wang, H., 
and Johnson, D., 2000, Present-day motion 
of the Sierra Nevada block, and some tec-
tonic implications for the Basin and Range 
province, North American Cordillera: Tec-
tonics, v. 19, p. 1-24.

Dixon, T.H., Norabuena, E., and Hotaling, L., 
2003, Paleoseismology and Global Posi-
tioning System: Earthquake-cycle effects 
and geodetic versus geologic fault slip rates 
in the eastern California shear zone: Geol-
ogy, v. 31, p. 55-58.

Dokka, R.K., and Travis, C.J., 1990, Late Ce-
nozoic strike-slip faulting in the Mojave 
Desert, California: Tectonics, v. 9, p. 311-
340.

Duffi eld, W. A., Bacon, C. R., and Dalrymple, 
G. B., 1980, Late Cenozoic volcanism, 
geochronology, and structure of the Coso 
Range, Inyo County, California: Journal of 
Geophysical Research, v. 85, p. 2381-2404.

Flesch, L. M., Holt, W. E., Haines, A. J., and 
Shen-Tu, B., 2000, Dynamics of the Pa-
cifi c-North American plate boundary in the 
Western United States: Science, v. 287, p. 
834-836.

Friedrich, A. M., Lee, J., Wernicke, B. P., 
and Sieh, K., 2004, Geologic context of 
geodetic data across a Basin and Range 
normal fault, Crescent Valley, Nevada: 
Tectonics, v. 23, TC2015, doi:10.1029/
2003TC001528.

Gan, W., Svarc, J.L., Savage, J.C., and 
Prescott, W.H., 2000, Strain accumulation 
across the eastern California shear zone at 
latitude 36°30ʼN: Journal of Geophysical 
Research, v. 105, p. 16229-16236.

Gilbert, G.K., 1884, A theory of the earth-
quakes of the Great Basin, with a practical 



32
application: American Journal of Science, 
v. 27, p. 49-53.

Gillespie, A.R., 1982, Quaternary glacia-
tion and tectonism in the southern Sierra 
Nevada, Inyo County, California [Ph.D. 
thesis]: Pasadena, California Institute of 
Technology, 738 p.

Glazner, A.F., Bartley, J.M., and Carl, B.S., 
1999, Oblique opening and noncoaxial 
emplacement of the Jurassic Independence 
dike swarm, California: Journal of Struc-
tural Geology, v. 21, p. 1275-1283.

Glazner, A. F., Walker, J. D., Bartley, J. M., and 
Fletcher, J. M., 2002, Cenozoic evolution 
of the Mojave block of southern California: 
Geological Society of America Memoir 
195, p. 19-41.

Greene, D.C., and Stevens, C.H., 2002, Geo-
logic map of Paleozoic rocks in the Mount 
Morrison pendant, eastern Sierra Nevada, 
California: California Division of Mines 
and Geology Map Sheet 53, scale 1:24,000.

Hammond, W. C., and Thatcher, W., 2004, 
Contemporary tectonic deformation of 
the Basin and Range province, western 
United States: 10 years of observation with 
the Global Positioning System: Journal 
of Geophysical Research, v. 109, p. 8403 
(doi:10.1029/2003JB002746).

Hobbs, W.H., 1910, The earthquake of 1872 in 
the Owens Valley, California: Beitrage zur 
Geophysik, v. 10, p. 352-385.

Kistler, R.W., 1993, Mesozoic intrabatholithic 
faulting, Sierra Nevada, California, in
Dunne, G.C., and McDougall, K.A., eds., 
Mesozoic Paleogeography of the Western 
United States--II: Society for Sedimentary 
Geology (SEPM), Pacifi c Section Book 71, 
p. 247-261. 

Klinger, R.E., 1999, Tectonic geomorphology 
along the Death Valley fault system: evi-
dence for recurrent late Quaternary activity 
in Death Valley National Park, in Slate, 
J.L., ed., Proceedings of Conference on 
Status of Geologic Research and Mapping 
in Death Valley National Park: U.S. Geo-
logical Survey Open-File Report 99-0153, 

p. 132-140.
Klinger, R.E., and Piety, L.A., 1999, Late Qua-

ternary fl exural-slip folding and faulting in 
the Texas Springs syncline, Death Valley 
National Park, in Slate, J.L., ed., Proceed-
ings of conference on status of geologic 
research and mapping in Death Valley Na-
tional Park: Geological Survey Open-File 
Report 99-0153, p. 159-161.

Kylander-Clark, A. R. C., 2003, Correlation of 
Golden Bear and Coso dike sets: Implica-
tion for post-Cretaceous offset across Ow-
ens Valley, California [M.S. thesis]: Chapel 
Hill, University of North Carolina, 105 p.

Kylander-Clark, A.R.C., Coleman, D.S., 
Glazner, A.F., and Bartley, J.M., in press, 
Evidence for 65 km of dextral slip across 
Owens Valley, California, since 83 Ma: 
Geological Society of America Bulletin.

Le, K., 2004, Late Pleistocene to Holocene 
extension along the Sierra Nevada frontal 
fault system [M.S. thesis]: Ellensburg, Cen-
tral Washington University, 74 p.

Le, K., Lee, J., Owen, L.A., and Finkel, R., in 
review, Late Quaternary slip rates along the 
Sierra Nevada frontal fault zone, Califor-
nia: Evidence for slip partitioning across 
the western margin of the Eastern Califor-
nia Shear Zone/Basin and Range Province: 
Geology.

Lee, J., Spencer, J., and Owen, L., 2001, Ho-
locene slip rates along the Owens Valley 
fault, California: Implications for the recent 
evolution of the eastern California shear 
zone: Geology, v. 29, p. 819-822.

Lindgren, W., 1911, The Tertiary gravels of the 
Sierra Nevada of California: U. S. Geologi-
cal Survey Professional Paper, v. 73, 226 p.

Lipshie, S. R., 2001, Geologic guidebook to 
the Long Valley-Mono Craters region of 
eastern California: Santa Ana, California, 
South Coast Geological Society, 270 p.

Lubetkin, L., and Clark, M.M., 1988, Late 
Quaternary activity along the Lone Pine 
fault, eastern California: Geological Soci-
ety of America Bulletin, v. 79, p. 509-512.

Machette, M. N., Personius, S.F., Nelson, A.R., 



33
Bucknam, R. C., and Hancock, P.L., 1992, 
The Wasatch fault zone, U.S.A.: Annales 
Tectonicae, v. 6, p. 5-39.

Mahan, K.H., Bartley, J.M., Coleman, D.S., 
Glazner, A.F., and Carl, B.S., 2003, Sheet-
ed intrusion of the synkinematic McDoogle 
pluton, Sierra Nevada, California: Geologi-
cal Society of America Bulletin, v. 115, p. 
1570-1582.

Martel, S.J., 1984, Late Quaternary activity on 
the Fish Springs fault, Owens Valley fault 
zone, California [M.S. thesis]: Palo Alto, 
Stanford University, 112 p. 

Martel, S.J., Harrison, T.M., and Gillespie, 
A.R., 1987, Late Quaternary vertical dis-
placement rate across the Fish Springs 
fault, Owens Valley fault zone, California: 
Quaternary Research, v. 27, p.113–129.

Martel, S.J., Harrison, T.M., and Gillespie, 
A.R., 1989, Letter to the editor: Adjust-
ments to calculated Quaternary displace-
ment rates across the Fish Springs fault, 
Owens Valley fault zone, California: Qua-
ternary Research, v. 32, p. 342–343. 

McClusky, S. C., Bjornstad, S. C., Hager, B. 
H., King, R. W., Meade, B. J., Miller, M. 
M., Monastero, F. C., and Souter, B. J., 
2001, Present day kinematics of the eastern 
California shear zone from a geodetically 
constrained block model: Geophysical Re-
search Letters v. 28, p. 3369-3372.

Miller, M.M., Johnson, D.J., Dixon, T.H., and 
Dokka, R.K., 2001, Refi ned kinematics of 
the eastern California shear zone from GPS 
observations, 1993-1994: Journal of Geo-
physical Research, v. 106, p. 2245-2263.

Monastero, F. C., Sabin, A. E., and Walker, J. 
D., 1997, Evidence for post-early Miocene 
initiation of movement on the Garlock fault 
from offset of the Cudahy Camp Forma-
tion, east-central California: Geology, v. 25, 
p. 247-250.

Monastero, F. C., Walker, J. D., Katzenstein, A. 
K., and Sabin, A. E., 2002, Neogene evolu-
tion of the Indian Wells Valley, east-central 
California, in Glazner, A.F., Walker, J.D., 
and Bartley, J.M., eds., Geologic evolution 

of the Mojave Desert and Southwestern 
Basin and Range: Geological Society of 
America Memoir 195, p. 199-228.

Moore, J. G., 1963, Geology of the Mount Pin-
chot quadrangle, southern Sierra Nevada, 
California: U.S. Geological Survey Bulle-
tin, v. 1130, 152 p.

Moore, J. G., 1981, Geologic map of the 
Mount Whitney quadrangle, Inyo and Tu-
lare Counties, California: U.S. Geological 
Survey Map GQ-1012, scale 1:62,500.

Moore, J. G., and Hopson, C. A., 1961, The In-
dependence dike swarm in eastern Califor-
nia: American Journal of Science, v. 259, p. 
241-259.

Oskin, M., and Iriondo, A., 2004, Large-mag-
nitude transient strain accumulation on the 
Blackwater fault, eastern California shear 
zone: Geology, v. 32, p. 313-316.

Oswald, J.A. and Wesnousky, S.G., 2002, Neo-
tectonics and Quaternary geology of the 
Hunter Mountain fault zone and Saline Val-
ley region, southeastern California: Geo-
morphology, v. 42, p. 255-278.

Peltzer, G., Crampe, F., Hensley, S., and Rosen, 
P., 2001, Transient strain accumulation and 
fault interaction in the eastern California 
shear zone: Geology, v. 29, p. 975-978.

Ratajeski, K., Glazner, A. F., and Miller, B. V., 
2001, Geology and geochemistry of mafi c 
and felsic plutonic rocks in the Cretaceous 
intrusive suite of Yosemite Valley, Califor-
nia: Geological Society of America Bulle-
tin, v. 113, p. 1486-1502.

Reheis, M.C., and Sawyer, T.L., 1997, Late 
Cenozoic history and slip rates of the Fish 
Lake Valley, Emigrant Peak, and Deep 
Springs fault zones, Nevada and California: 
Geological Society of America Bulletin, v. 
109, p. 280-299.

Rockwell, T. K., Lindvall, S., Herzberg, M., 
Murbach, D., Dawson, T., and Berger, G., 
2000, Paleoseismology of the Johnson 
Valley, Kickapoo, and Homestead Valley 
faults; clustering of earthquakes in the east-
ern California shear zone: Bulletin of the 
Seismological Society of America, v. 90, p. 



34
1200-1236.

Ross, D. C., 1962, Correlation of granitic plu-
tons across faulted Owens Valley, Califor-
nia: U.S. Geological Survey Professional 
Paper 450-D, p. D86-D88.

Ross, D. C., 1965, Geology of the Indepen-
dence quadrangle, Inyo County, California: 
U.S. Geological Survey Bulletin B1181-O, 
p. O1-O64.

Saleeby, J. B., Kistler, R. W., Longiaru, S., 
Moore, J. G., and Nokleberg, W. J., 1990, 
Middle Cretaceous silicic metavolcanic 
rocks in the Kings Canyon area, central 
Sierra Nevada, California: Geological Soci-
ety of America Memoir, v. 174, p. 251-270.

Savage, J.C., and Lisowski, M., 1995, Strain 
accumulation in Owens Valley, California: 
Bulletin of the Seismological Society of 
America, v. 85, p. 151-158.

Savage, J.C., Lisowski, M., and Prescott, W.H., 
1990, An apparent shear zone trending 
north-northwest across the Mojave Desert 
into Owens Valley, eastern California: Geo-
physical Research Letters, v. 17, p. 2113-
2116.

Schroeder, J., 2003, Quaternary fault slip his-
tory of the White Mountains fault zone, 
California [M.S. thesis]: Ellensburg, Cen-
tral Washington University, 62 p.

Sharp, G. M., West, M. D., and Steiner, 1999, 
Long Valley caldera, Mammoth Lakes, 
and northern Owens Valley fi eld trip road 
log, in Baldwin, J., Hughes, K., Sharp, G. 
M., Steiner, E., and West, M. D., eds., The 
Long Valley caldera, Mammoth Lakes, 
and Owens Valley region, Mono County, 
California: South Coast Geological Society 
Field Trip Guidebook 27, p. 2-53.

Sharp, R. P., and Glazner, A. F., 1997, Geology 
Underfoot in Death Valley and Owens Val-
ley: Missoula, Montana, Mountain Press, 
321 p.

Simpson, C., 1986, Determination of move-
ment sense in mylonites: Journal of Geo-
logical Education, v. 34, p. 246-261.

Smith, G. I., 1962, Large lateral displacement 
on the Garlock fault, California, as mea-

sured from an offset dike swarm: American 
Association of Petroleum Geologists Bul-
letin, v. 46, p. 85-104.

Snow, J. K., and Wernicke, B. P., 2000, Ce-
nozoic tectonism in the central Basin and 
Range: magnitude, rate, and distribution of 
upper crustal strain: American Journal of 
Science, v. 300, p. 659-719.

Sternlof, K.R., 1988, Structural style and kine-
matic history of the active Panamint-Saline 
extensional system, Inyo County, Califor-
nia [M.S. thesis]: Cambridge, Massachu-
setts Institute of Technology, 30 p.

Stevens, C.H., and Greene, D.C., 1999, Stra-
tigraphy, depositional history, and tectonic 
evolution of Paleozoic continental-margin 
rocks in roof pendants of the eastern Sierra 
Nevada, California: Geological Society of 
America Bulletin, v. 111, p. 919-933. 

Stevens, C.H., and Greene, D.C., 2000, Geolo-
gy of Paleozoic rocks in eastern Sierra Ne-
vada roof pendants, California, in Lageson, 
D.R., Peters, S.G., and Lahren, M.M., eds., 
Great Basin and Sierra Nevada: Boulder, 
Colorado, Geological Society of America 
Field Guide 2, p. 237-254. 

Stevens, C.H., and Stone, P., 2002, Correlation 
of Permian and Triassic deformations in 
the western Great Basin and eastern Sierra 
Nevada: Evidence from the northern Inyo 
Mountains near Tinemaha Reservoir, east-
central California: Geological Society of 
America Bulletin, v. 114, p. 1210–1221.

Stevens, C.H., Stone, P., and Greene, D.C., 
2003, Correlation of Permian and Triassic 
deformations in the western Great Basin 
and eastern Sierra Nevada: Evidence from 
the northern Inyo Mountains near Tine-
maha Reservoir, east-central California: 
Reply: Geological Society of America Bul-
letin, v. 115, p. 1309-1311.

Stevens, C. H., Stone, P., Dunne, G. C., 
Greene, D. C., Walker, J. D., and Swanson, 
B. J., 1997, Paleozoic and Mesozoic evolu-
tion of east-central California: International 
Geology Review, v. 39, p. 788-829.

Stockli, D.F., 1999, Regional timing and spatial 



35
distribution of Miocene extension in the 
northern Basin and Range province [Ph.D. 
thesis]: Palo Alto, California, Stanford Uni-
versity, 239 p.

Stockli, D. F., Dumitru, T. A., McWilliams, 
M. O., and Farley, K. A., 2003, Cenozoic 
tectonic evolution of the White Mountains, 
California and Nevada: Geological Society 
of America Bulletin, v. 115, p. 788-816.

Sullivan, W. A., 2003, Geometry, kinematics, 
and age of the northern half of the White 
Mountain shear zone, eastern California 
and Nevada [M.S. thesis]: Blacksburg, Vir-
ginia Polytechnic Institute and State Uni-
versity, 45 p.

Sylvester, A.G., 2004, McGee Creek leveling 
line, http://www.geol.ucsb.edu/projects/
geodesy/level_lines/X0036_McGEE_
CREEK.html.

Taylor, G. C., and Bryant, W. A., 1980, Sur-
face rupture associated with the Mammoth 
Lakes earthquakes of 25 and 27 May, 1980: 
California Division of Mines and Geology 
Special Report, v. 150, p. 49-67.

Topping, D. J., 1993, Paleogeographic recon-
structions of the Death Valley extended 
region: Evidence from Miocene large rock-
avalanche deposits in the Amargosa Chaos 
Basin: Geological Society of America Bul-
letin, v. 105, p. 1190-1213.

Unruh, J., Humphrey, J., and Barron, A., 2003, 
Transtensional model for the Sierra Nevada 
frontal fault system, eastern California: Ge-
ology, v. 31, p. 327-330.

USGS, 2004, United States Geological Survey 
Quaternary Fault and Fold Database for the 
United States: http://earthquakes.usgs.gov/
qfaults/nv/index.html.

Vines, J. A., 1999, Emplacement of the Santa 
Rita Flat pluton and kinematic analysis of 
cross-cutting shear zones, eastern Califor-
nia [M.S. Thesis]: Blacksburg, Virginia, 
Virginia Polytechnic Institute and State 
University, 89 p.

Wernicke, B., and Snow, J. K., 1998, Cenozoic 
tectonism in the central Basin and Range: 
motion of the Sierran to Great Valley block: 

International Geological Review, v. 40, p. 
111-118.

Wesnousky, S.G., Barron, A.D., Briggs, R.W., 
Caskey, J., Kumar, S., and Owen, L., in 
press, Paleoseismic transect across the 
northern Great Basin, USA: Journal of 
Geophysical Research.

Whitmarsh, R. W., 1998, Geologic map of the 
Coso Range: Geological Society of Ameri-
ca Online Map Series, DOI 10.1130/1998-
whitmarsh-coso.

Wise, J.M., 1996, Structure and stratigraphy of 
the Convict Lake block, Mount Morrison 
pendant, eastern Sierra Nevada, California 
[M.S. thesis]: Reno, University of Nevada, 
321 p. 

Wise, J.M., 2003, Correlation of Permian and 
Triassic deformations in the western Great 
Basin and eastern Sierra Nevada: Evidence 
from the northern Inyo Mountains near 
Tinemaha Reservoir, east-central Cali-
fornia: Comment: Geological Society of 
America Bulletin, v. 115, p. 1307-1308.

Wood, D. J., and Saleeby, J. B., 1997, Late 
Cretaceous-Paleocene extensional collapse 
and disaggregation of the southernmost Si-
erra Nevada Batholith: International Geol-
ogy Review, v. 39, no. 11, p. 973-1009.

Zehfuss, P. H., Bierman, P. R., Gillespie, A.R., 
Burke, R. A., and Caffee, M.C., 2001, Slip 
rates on the Fish Springs fault, Owens Val-
ley, California, deduced from cosmogenic 
10Be and 26Al and soil development on fan 
surfaces: Geological Society of America 
Bulletin, v. 113, p. 241-255.

Zhang, P., Ellis, M., Slemmons, D.B., and 
Mao, F., 1990, Right-lateral displacements 
and the Holocene slip rate associated with 
prehistoric earthquakes along the southern 
Panamint Valley fault zone: Implications 
for southern Basin and Range tectonics and 
coastal California deformation: Journal of 
Geophysical Research, v. 95, p. 4857-4872.


