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[1] The Death Valley-Fish Lake Valley fault zone (DV-
FLVFZ) is a prominent dextral fault system in the eastern
California shear zone (ECSZ). Combining offset measurements
determined with LiDAR topographic data for two alluvial fans
with terrestrial cosmogenic nuclide 10Be ages from the fan
surfaces yields a late Pleistocene slip rate of �2.5 to 3 mm/yr
for the northern part of the DV-FLVFZ in Fish Lake Valley.
These rates are slower than the late Pleistocene rate determined
for the system in northern Death Valley, indicating that slip
rates decrease northward along this major fault zone. When
summed with the slip rate from the White Mountains fault, the
other major fault in this part of the ECSZ, our results suggest
that either significant deformation is accommodated on
structures east of Fish Lake Valley, or that rates of seismic
strain accumulation and release have not remained constant
over late Pleistocene to Holocene time. Citation: Frankel, K. L.,

J. F. Dolan, R. C. Finkel, L. A. Owen, and J. S. Hoeft (2007), Spatial

variations in slip rate along the Death Valley-Fish Lake Valley fault

system determined from LiDAR topographic data and cosmogenic
10Be geochronology, Geophys. Res. Lett., 34, L18303, doi:10.1029/

2007GL030549.

1. Introduction

[2] The degree to which fault loading and strain release
rates are constant in time and space is one of the most
fundamental, unresolved issues in modern tectonics. In
particular, data concerning the manner in which strain is
distributed across plate boundaries in time and space are
necessary to understand the complex behavior of plate
boundary fault systems and the lithospheric deformation
that they accommodate. Such analyses require a comparison
of slip rate data over a wide range of temporal and spatial
scales.
[3] The Death Valley-Fish Lake Valley fault zone (DV-

FLVFZ) is thought to accommodate much of the relative
Pacific-North America plate motion east of the San Andreas

fault (Figure 1). Although numerous geodetic campaigns
have addressed issues of strain accumulation along this part
of the plate boundary [e.g., Dixon et al., 1995, 2000, 2003;
Bennett et al., 2003, and references therein], only a few
field-based studies have attempted to measure longer-term
(1,000 to 100,000 year) geologic slip rates along this fault
system [Brogan et al., 1991; Reheis and Sawyer, 1997;
Frankel et al., 2007]. The relative scarcity of field-based
studies utilizing quantitative geochronologic techniques to
investigate deformational processes over millennial to
million-year time scales has made it difficult to assess the
behavior of the plate boundary in the region.
[4] Here, we use a multidisciplinary approach that

encompasses analysis of high-resolution LiDAR digital
topographic data combined with terrestrial cosmogenic
nuclide (TCN) 10Be geochronology to determine late Pleis-
tocene slip rates along the northern part of the DV-FLVFZ
in Fish Lake Valley (FLV). Our results reveal spatial
variations in strain release rates along the DV-FLVFZ that
have important implications for understanding the dynamics
of Pacific-North America plate boundary deformation
within the ECSZ.

2. Eastern California Shear Zone Kinematics

[5] The ECSZ and its northern continuation, the Walker
Lane belt, extend for >800 km through the Mojave Desert
and northward along the western edge of the Basin and
Range. This system of predominantly right-lateral faults
(Figure 1) is thought to accommodate 9.3 ± 0.2 mm/yr
(�20%) of elastic strain accumulation along Pacific-North
America plate boundary [Bennett et al., 2003]. Displacement
from theMojave segment of the ECSZ is funneled northward
across the Garlock fault onto the Owens Valley, Panamint
Valley-Hunter Mountain-Saline Valley, Death Valley-Fish
Lake Valley, and Stateline fault zones (Figure 1). A number
of northeast-trending faults transfer slip between the faults of
Owens and Panamint Valleys and the DV-FLVFZ (Figure 1)
[Dixon et al., 1995; Reheis and Dixon, 1996; Lee et al.,
2001]. Farther north, dextral motion between the Sierra
Nevada block and North America is focused on two faults
bounding the White Mountains: the White Mountains fault
zone (WMFZ) to the west and the DV-FLVFZ to the east.
Modeling of GPS data suggests the DV-FLVZ is storing
strain at a rate of 4 to 10 mm/yr, while the WMFZ stores
strain at 1 to 5 mm/yr [Dixon et al., 1995, 2000]. Thus, at
latitude 37.5�N, geodetic data suggest that almost all plate-
boundary deformation east of the SAF is accommodated on
the WMFZ and northern part of the DV-FLVFZ.
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[6] Due to the lack of numerical dates on offset alluvial
landforms in most previous studies, long-term slip-rate
estimates vary widely for the DV-FLVFZ in FLV. Estimates
of late Pleistocene slip rates range from 1 to 9 mm/yr,
indicating that the DV-FLVFZ may accommodate almost
none, to essentially all, of the deformation in the northern
ECSZ over this time period [Reheis and Dixon, 1996;
Reheis and Sawyer, 1997]. To the south, in northern Death
Valley, TCN 10Be and 36Cl geochronology of the offset Red
Wall Canyon alluvial fan yields a slip rate of �4.5 mm/yr
(Figure 1) [Frankel et al., 2007]. The right-lateral slip rate
along the WMFZ, based on offset alluvial fans dated by
TCN 36Cl, is 0.3 to 0.4 mm/yr over late Pleistocene time
scales [Kirby et al., 2006].

3. LiDAR and Fault Displacement

[7] The use of high-resolution LiDAR digital topographic
data to survey offset alluvial landforms along the DV-
FLVFZ is a key part of this study. The LiDAR data were
collected with a 33 kHz Optech 2033 ALTM laser source.
Point spacing was nominally 1.1 m along-track at nadir,
2.2 m along-track at the scan edge, and 0.73 m cross-track.
The flight line spacing was 215 m, which yielded 100%
swath overlap, resulting in a shot density of �3 points/m2.
Individual data points were gridded at 1 m cell size using a
kriging algorithm to produce a digital elevation model
(DEM) with 1 m horizontal, and 5 to 10 cm vertical,

precision [Shrestha et al., 1999]. The DEM was imported
into ArcGIS where thalweg positions, and hillshade, slope
aspect, and topographic maps were derived from the LiDAR
data. We used these data to precisely determine fault offsets
at two sites along the northern part of the DV-FLVFZ
(Figures 2 and 3; auxiliary material Figure S1).1

3.1. Furnace Creek Offset

[8] The Furnace Creek alluvial fan in central FLV is
offset right-laterally along two parallel strands of the DV-
FLVFZ (Figures 1 and 2). Previous offset estimates for late
Pleistocene alluvial fans along this segment of the fault
range widely, from 111 m to >550 m [Brogan et al., 1991;
Reheis et al., 1995; Reheis and Sawyer, 1997]. We used a
prominent beheaded channel incised through the fan sur-
face, together with the morphology of the entire fan, to
reconstruct the offset Qfio deposit (Figure 2; unit Qfi of
Reheis et al. [1995]). The hillshaded DEM image, topo-
graphic contour map, and channel thalwegs allowed us to
accurately restore the offset channel (Figure 2). The slope
aspect map aided in the reconstruction of the fan apex as
well as the offset channel because it allowed us to highlight
subtle topographic features by abrupt changes in
slope direction (Figure 2). Based on these data, along
with topographic profiles collected across the fan surfaces

Figure 1. Map of topography and Quaternary faults in the northern ECSZ. 1, Red Wall Canyon alluvial fan; 2, Furnace
Creek alluvial fan (Figure 2); 3, Indian Creek alluvial fan (Figure 3). GF, Garlock fault; BM, Black Mountains; DV, Death
Valley; PM, Panamint Mountains; HMF, Panamint Valley-Hunter Mountain-Saline Valley fault zone; OVF, Owens Valley
fault zone; DV-FLVF, Death Valley-Fish Lake Valley fault zone; IM, Inyo Mountains; GM, Grapevine Mountains; SLF,
Stateline fault zone; EV, Eureka Valley; WMF, White Mountains fault zone; WM, White Mountains; EPF, Emigrant Peak
fault zone; LV, Long Valley caldera; SR, Silver Peak Range; SPLM, Silver Peak-Lone Mountain extensional complex.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/gl/
2007gl030549. Other auxiliary material files are in the HTML.
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parallel to the fault (auxiliary material Figures S2 and S3),
we determined the late Pleistocene strike-parallel displace-
ment at Furnace Creek to be 290 ± 20 m. The uncertainty in
this offset is based on the width of the offset channel. The
LiDAR images in Figure 2, particularly the slope aspect
map, show this is likely a unique solution to the displace-
ment restoration at this site.

3.2. Indian Creek Offset

[9] Although the Indian Creek fan in northern FLV is
deformed by multiple normal faults, the dextral component

of offset is largely localized along a single strand (Figures 1
and 3). Late Pleistocene offset at this site was previously
estimated at �122 m, based on the offset of a single
abandoned channel [Reheis et al., 1993; Reheis and Sawyer,
1997]. Our new data allow a revision of this estimate.
Retrodeformation of the Qfiy deposit (unit Qfi of Reheis
et al. [1993]) on the Indian Creek fan based on the hill-
shade, slope aspect, and topographic maps, and channel
thalwegs allowed us to restore at least four, and possibly six,
offset channels incised through the fan surface, in addition
to an abrupt change in fan slope direction (Figure 3). Using

Figure 2. (a) Hillshaded geologic (after Reheis et al. [1995]), (c) slope aspect, and (e) topographic maps of the Furnace
Creek alluvial fan from LiDAR data (location 2 in Figure 1). (b, d, f)The Furnace Creek fan is retro-deformed 290 ± 20 m
based on these data. Hatched pattern in Figures 2a and 2b indicates a fan surface of similar age, but set into the Qfio unit.
Contour interval in Figures 2e and 2f is 1 m. White circles in Figure 2a show sample locations.
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the average thalweg offsets of four prominent channels on
the fan surface, including the channel used by Reheis et al.
[1993] and Reheis and Sawyer [1997], we revise the late
Pleistocene displacement at Indian Creek to 178 ± 20 m
(Figure 3). The standard deviation of the four offset meas-
urements is 7 m. However, we use a more conservative
estimate of 20 m based on channel widths as the uncertainty
in our offset measurement.

4. Alluvial Fan Geochronology

[10] We quantified the age of the Furnace Creek and
Indian Creek alluvial fans by measuring the concentration

of in-situ-produced TCN 10Be in boulders on the fan
surfaces [Lal, 1991; Gosse and Phillips, 2001]. Samples
were collected from the top 2 to 5 cm of large boulders on
stable parts of fan surfaces mapped as unit Qfi by Reheis et
al. [1993, 1995] (auxiliary material Figure S4). The offset
alluvial fans are characterized by subdued to moderately
incised channels, well-developed desert pavement surround-
ing boulders, moderate to dark coatings of desert varnish on
clasts, and a well-developed soil with a 5-to-10-cm-thick,
silty vesicular A horizon and an argillic B horizon with
moderate clay-film accumulation and stage II to III carbonate
development [Reheis and Sawyer, 1997].

Figure 3. (a) Hillshaded geologic (after Reheis et al. [1993]), (c) slope aspect, and (e) topographic maps of the Indian
Creek alluvial fan from LiDAR data (location 3 in Figure 1). (b, d, f) The Indian Creek fan is retro-deformed 178 ± 20 m
based on these data. Contour interval in Figures 3e and 3f is 1 m. White circles in Figure 3a indicate sample locations.
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[11] We measured 10Be/9Be ratios for each sample by
accelerator mass spectrometry at Lawrence Livermore
National Laboratory. Sample ages were determined from
10Be concentrations with the CRONUS-Earth on-line
10Be-26Al exposure age calculator (Version 1; http://hess.ess.
washington.edu/math/), using 10Be production rates based on
Stone [2000] (auxiliary material Tables S1 and S2).

4.1. Furnace Creek Fan Age

[12] Nine TCN samples were collected from the offset
Qfio surface on the Furnace Creek alluvial fan in central
FLV (Figure 2). The nine samples range in age from 64 ±
5 ka to 112 ± 8 ka (Figure 4a; auxiliary material Table S1).
Eight of the nine samples form a tight cluster of ages in the
probability distribution in Figure 4a. The distribution of
these eight samples is taken as evidence that the fan surface
has remained relatively stable and that the samples have
been exposed to cosmic rays in their current configuration
since deposition. The youngest sample is clearly an outlier
(Figure 4a), and after reexamination of the sample location,
we think this boulder was recently exhumed from the
eroded southwestern edge of the alluvial fan. We therefore
take the age of the fan to be the mean and standard deviation

of the remaining eight samples, which yields an age of 94 ±
11 ka (Figure 4a). This age falls near the middle of the 50 to
130 ka age estimated by Reheis and Sawyer [1997] for the
Furnace Creek fan on the basis of soil development and
surface morphology.

4.2. Indian Creek Fan Age

[13] At the Indian Creek alluvial fan we collected eight
TCN samples from the displaced Qfiy surface (Figure 3).
The samples range in age from 59 ± 4 ka to 81 ± 6 ka
(Figure 4b; auxiliary material Table S2). Although some-
what younger, the samples from Indian Creek exhibit a
strong, single peak similar to the Furnace Creek data, as
shown in the probability distribution in Figure 4b. As with
the Furnace Creek samples, we take this to indicate that the
boulders share a similar exposure history and have remained
at the surface in their present geometry since deposition.
The relatively tight cluster of ages yields a mean age and
standard deviation of 71 ± 8 ka, which we take as the age
of the Indian Creek alluvial fan (Figure 4b). This age
agrees well with the previously reported age of 50 to
130 ka estimated on the basis of soil development and
surface morphology [Reheis and Sawyer, 1997].

5. Fault Slip Rates

[14] The TCN 10Be exposure ages from the surfaces of
the Furnace Creek and Indian Creek alluvial fans are
interpreted to be maximum ages with regard to calculating
slip rates because the incised, offset channels must have
formed at some unconstrained time after deposition. In
addition, our rates do not take into account extensional
faulting along the western White Mountains piedmont or
potential off-fault deformation. As such, the slip rates
reported here should be interpreted as minima, although
we are confident that we have captured nearly all of the
right-lateral displacement along the fault zone.
[15] Combining the 290 ± 20 m of offset at Furnace

Creek with the 94 ± 11 ka age of the offset Qfio surface
yields a slip rate of 3.1 ± 0.4 mm/yr in central FLV. This rate
is within the broad range of 1.5 to 9.3 mm/yr estimated by
Reheis and Sawyer [1997] for this site. A slightly slower
slip rate of 2.5 ± 0.4 mm/yr results from the 178 ± 20 m
offset of a 71 ± 8 ka old surface at Indian Creek in northern
FLV. Previous slip rate estimates at this site ranged from 1.1
to 3.3 mm/yr [Reheis and Sawyer, 1997].

6. Implications for ECSZ Strain Distribution

[16] Previous work suggests that as strain is transferred
from the Owens Valley and Panamint Valley-Hunter Moun-
tain-Saline Valley faults, via down-to-the-northwest normal
faults, into FLV, rates of deformation should increase on the
NW-trending, northern DV-FLVFZ [Dixon et al., 1995,
2000; Reheis and Dixon, 1996; Lee et al., 2001]. In contrast,
our results show that slip rates on the DV-FLVFZ actually
decrease northward. The geologic rate for the DV-FLVFZ
from the dextrally offset Red Wall Canyon fan in northern
Death Valley, measured over a similar time scale, is
�4.5 mm/yr (10Be dates yield a minimum slip rate of
>4.2 +1.9/–1.1 mm/yr; 36Cl geochronology provides a rate
of 4.7 +0.9/–0.6 mm/yr) [Frankel et al., 2007]. To the
north, in FLV, this rate slows to �2.5 to 3 mm/yr.

Figure 4. Probability density functions of TCN 10Be ages
from the Furnace Creek and Indian Creek alluvial fans in
Fish Lake Valley. (a) Furnace Creek fan. Vertical grey bar
represents the mean and standard deviation of the eight ages
from the Qfio surface (Figure 2) that contribute to the main
peak. (b) Indian Creek fan. Vertical grey bar represents the
mean and standard deviation of ages from the Qfiy surface
(Figure 3).
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[17] Moreover, taking into account the 0.3 to 0.4 mm/yr
late Pleistocene right-lateral slip rate of the WMFZ [Kirby
et al., 2006], the total long-term rate of deformation
accommodated by the two major faults at �37.5�N is less
than 4 mm/yr of the 9.3 ± 0.2 mm/yr region-wide rate of
dextral shear determined from geodesy [Bennett et al.,
2003]. This implies that either: (1) deformation at the
latitude of FLV is accommodated by structures other than
the DV-FLVFZ and WMFZ; or (2) the region is currently
experiencing a strain transient similar to that in the Mojave
segment of the ECSZ [e.g., Oskin and Iriondo, 2004].
[18] If strain rates have remained constant during the late

Pleistocene and Holocene, as has been suggested at the
latitude of northern Death Valley [Frankel et al., 2007], then
approximately half of the total strain budget in the northern
ECSZ must be accommodated off of the two main faults,
either through Long Valley caldera [e.g., Kirby et al., 2006]
or to the east of FLV. Given the northward decrease in slip
rate along the DV-FLVFZ documented here, we suspect that
most of the strain is accommodated to the east. Oldow et al.
[1994] and Petronis et al. [2002] demonstrated that faults
east of FLV (Figure 1) acted as extensional transfer zones
and accommodated vertical axis block rotation between
the nascent DV-FLVFZ and Walker Lane from the mid-
Miocene through the Pliocene. Our results suggest these
structures may still play an important role in accommodat-
ing strain transfer from the ECSZ to the active faults of
the Walker Lane in western Nevada. In particular, the
�2.5 mm/yr rate from the Indian Creek fan implies that
the Emigrant Peak fault accommodates �0.5 mm/yr of
elastic strain, in agreement with the late Pleistocene rate
of 0.4 to 1.3 mm/yr estimated for this fault [Reheis and
Sawyer, 1997].
[19] If true, the ECSZ-Walker Lane transition zone must

begin south of the Mina deflection, from the Emigrant Peak
fault zone through the Silver Peak-Lone Mountain exten-
sional complex [Oldow et al., 1994] in a broader, more
diffuse zone than previously recognized (Figure 1). As the
ECSZ and Walker Lane become a more structurally mature
component of the Pacific-North America plate boundary,
strain may localize on individual structures such as the
DV-FLVFZ in FLV and the WMFZ in Owens Valley [e.g.,
Faulds et al., 2005; Wesnousky, 2005]. It appears, however,
that since at least the late Pleistocene, and likely earlier, the
northernmost part of the ECSZ may have accommodated
deformation in a zone spanning a width of >100 km from
Owens Valley in the west to the western margin of the
Great Basin east of FLV.
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0537901, EAR-0537580, and EAR-0538009, a NASA Earth System
Science Fellowship, a LLNL UEPP Fellowship, and assistance from the
U.S. Department of Energy (UC-LLNL contract W-7405-Eng-48). LiDAR
data were collected by NCALM. T. Dixon and J. Oldow provided
thoughtful reviews.
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