Elevated shear zone loading rate during an
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ABSTRACT

We compare geodetic velocity to geologic fault slip rates to show that tectonic loading was
doubled across the eastern California shear zone (ECSZ) during a cluster of major earth-
quake activity. New slip rates are presented for six dextral faults that compose the ECSZ in
the central Mojave Desert. These rates were determined from displaced alluvial fans dated
with cosmogenic ’Be and from a displaced lava flow dated with “Ar/*Ar. We find that the
sum geologic Mojave ECSZ slip rate, <6.2 + 1.9 mm/yr, is only half the present-day geodeti-
cally measured velocity of 12 + 2 mm/yr. These rates account for cumulative fault slip and
geodetic observations that span the 60-km-wide shear zone; therefore this difference cannot
be attributed to postseismic relaxation. Redistribution of tectonic loading over the earthquake
cycle at a regional scale suggests that earthquake clustering may be enhanced via feedback
with weakening of ductile shear zones.

Keywords: transient deformation, earthquake clustering, Eastern California shear zone, slip rate,

cosmogenic dating.

INTRODUCTION

Major earthquakes may cluster regionally
over periods from years to centuries, as observed
historically (Kagan and Jackson, 1991) and
in paleoseismic records (Marco et al., 1996;
Rockwell et al., 2000; Dawson et al., 2003;
Dolan et al., 2007). Understanding the origin
of this clustering behavior would significantly
improve forecasts of near-term seismic hazard.
One explanation for short-term clustering is
fault loading from postseismic static stress
increase and viscoelastic relaxation (Dieterich,
1994; Pollitz et al., 2003). However, this load-
ing is limited in extent and magnitude; thus trig-
gered earthquakes are expected only for faults
already close to failure. Because most of the
stress on faults that is eventually released as
earthquakes arises directly from relative plate
motion, changes in how this tectonic loading is
partitioned among a set of faults could also give
rise to clusters of earthquake activity. Identify-
ing such systematic variation of velocity and
its relationship to earthquake clusters has been
difficult due to a lack of sufficient geologic and
geodetic data across an entire fault system.
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As a test for elevated loading rate during
an active earthquake cluster, we compare new
geologic slip rates against geodetic velocity
across six dextral faults that compose the east-
ern California shear zone (ECSZ) at 34.7°N, in
the central Mojave Desert (Fig. 1). Paleoseis-
mic investigations by Rockwell et al. (2000)
indicate clusters of earthquake activity on this
fault system ca. 9 ka, 4-5 ka, and since 1.5 ka.
The most recent cluster also includes historic
large earthquakes on two of the six faults—
the Camp Rock and Pisgah-Bullion faults
ruptured in My, >7.0 earthquakes in 1992 and
1999, respectively. The geodetic rate of strain
accumulation across the Mojave ECSZ was
12 =2 mm/yr prior to the My, 7.3 1992 Landers
earthquake (Sauber et al., 1994). Though post-
seismic relaxation contaminates later geodetic
data from the Mojave Desert, elsewhere in the
ECSZ, rates since 1992 are consistent with
12 + 2 mm/yr of strain accumulation (Bennett
et al., 2003; Meade and Hager, 2005).

By compiling a complete slip-rate budget we
need only compare this to the cumulative geo-
detic displacement rate across the ECSZ to test
for elevated tectonic loading rate. This approach
avoids the ambiguity inherent in interpreting

overlapping strain fields from closely spaced
faults (e.g., Dixon et al., 2003). Another advan-
tage of this approach is that geodetic observa-
tions at shear-zone scale are not as sensitive to
perturbations to the strain field induced by post-
seismic afterslip and viscoelastic relaxation. For
example, <1 cm of motion due to viscoelastic
relaxation was observed >100 km from the 1999
Hector Mine earthquake (Freed et al., 2007).

QUATERNARY FAULT SLIP RATES
Active dextral faults of the central Mojave
Desert (Fig. 1) are well suited for compilation
of a displacement rate budget across the ECSZ.
Major faults here are well documented from
near-continuous bedrock exposures (Dibblee,
1961). Paleomagnetism of a widespread tuff
marker indicates negligible distributed shear
displacement via block rotation (Wells and Hill-
house, 1989). Slip rates that average over more
than five earthquakes have thus far been docu-
mented for only two of the six dextral faults.
One, the Pisgah-Bullion fault, slips at a rate of
~0.8 mm/yr, determined from offset mid- to late
Pleistocene basalt flows (Hart et al., 1988). We
revise this rate upward to 1.0 + 0.2 mm/yr based
on new mapping and “°Ar/*Ar dating one of
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Figure 1. A: Index map of southwest North America showing geodetic provinces from
Bennett et al. (2003) and location of Mojave block. Velocities of geodetically stable regions
are shown relative to Colorado Plateau. ECSZ—eastern California shear zone in Mojave
block. Shear zone continues northward into western Great Basin province. GF—Garlock
fault. B: Index map of the Mojave block with active faults and locations of recent earthquake
ruptures. Circles show localities of slip-rate measurements that sum to <6.2 + 1.9 mm/yr
across the ECSZ. GPS—global positioning system.

these markers (see the GSA Data Repository').
The second, the Calico fault, slips at a rate of
1.8 + 0.3 mm/yr, determined from offset late
Pleistocene alluvial fans (Oskin et al., 2007).

In order to complete the slip-rate data set we
established new offset measurements and geo-
chronology from late Pleistocene alluvial fans
displaced by the Helendale, Lenwood, Camp
Rock, and Ludlow faults (Fig. 2). Regionally
correlative alluvial fan surfaces, produced by epi-
sodic, climate-driven fan aggradation and inci-
sion, are present throughout the Mojave Desert
region (Bull, 1991). We mapped displaced allu-
vial fans and inset channels along a portion of
each fault with the aid of high-resolution air-
borne laser scanner topography surveys with
resolution of ~2 measurements/m* and elevation
precision of 10 cm. Fan generations were corre-
lated in the field based on preservation of deposi-
tional morphology, inset relationships, and clast
weathering, as well as desert varnish, pavement,
and soil development (Oskin et al., 2007). Ages
of alluvial fan surfaces were determined from in
situ accumulation of cosmogenic '’Be in quartz-
bearing sediment. We used a high-latitude sea-
level '"Be production rate of 5.1 + 0.3 atoms/g/yr
scaled for sample elevation and latitude (Stone,
2000). All ages and slip rates are stated with 95%
confidence intervals.

Slip rates of the Lenwood and Helendale
faults (Table 1) were defined from displaced Q2,
alluvial fan deposits characterized by subdued

!GSA Data Repository item 2008119, supplemen-
tal maps of fault offsets, field photographs, and 'Be
and “Ar/*Ar age data, is available online at www.
geosociety.org/pubs/ft2008.htm, or on request from
editing@geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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depositional morphology, poor to moderately
developed pavement, light brown varnish coat-
ings, and poorly to moderately developed argil-
lic soils. Displaced fans dated with the depth-
profile method (Anderson et al., 1996) yielded
ages of 56 £ 21 ka and 37 + 7 ka with 50%—70%
of the '°Be concentration inherited prior to depo-
sition (Fig. 3). These dates are consistent with a
57 = 9 ka morphologically similar alluvial fan
surface displaced by the Calico fault, where
the inherited '"Be concentration was minimal
(Oskin et al., 2007).

The Camp Rock and Ludlow faults (Table 1)
displace Q2, alluvial fans and stream terraces
characterized by smooth, darkly varnished
desert-pavement surfaces and well-developed
argillic soils. Amalgamated samples of vein
quartz pebbles from preserved fan surfaces
southwest of the Camp Rock fault yielded ages of
109 + 30 ka and 78 + 28 ka, after subtracting
an inherited '’Be concentration estimated from
a sample from the sediment source stream. A
sample from a portion of the Q2, fan north-
east of the fault yielded an anomalously young
24 + 28 ka inheritance-corrected age that indi-
cates erosional removal of the original fan depo-
sitional surface. All together, these dates are
insufficient to confidently assign an age for Q2,.
Because Q2, predates emplacement of Q2,, we
use a minimum age of 50 + 20 ka to conserva-
tively estimate maximum slip rates.

DISCUSSION

Our results (Table 1) show that the pre-1992
12 +£ 2 mm/yr geodetic velocity exceeds by a
factor of two the <6.2 = 1.9 mm/yr integrated
geologic slip rate across the Mojave ECSZ.
The discrepancy between geologic and geodetic

velocities is unlikely to be the result of signifi-
cant unrecognized faulting. Active faults with
slip rates as low as ~0.4 mm/yr and >5 k.y. span
between earthquakes (Rockwell et al., 2000) are
well expressed geologically (Dibblee, 1961) and
geomorphically in the arid landscape (Fig. 2). We
have observed distributed shear in zones to ~2 km
wide surrounding ECSZ faults. As described for
the case of the Calico fault (Oskin et al., 2007),
such deformation accounts for only 10%-30%
of fault slip and is overall unlikely to account for
the rate discrepancy. Rare ruptures of secondary
fault strands with very low (<0.1 mm/yr) rates of
activity, such as occurred on the Lavic Lake fault
during the 1999 Hector Mine earthquake (Rymer
et al., 2002), could account for some additional
missing slip. However, accounting for 5 mm/yr
of slip over a span of at least 30 k.y. since forma-
tion of abundant Q2, alluvial fan surfaces would
require 2150 m of additional fault displacement.
This missing displacement should have produced
numerous secondary fault ruptures that would be
recognizable in the landscape. The majority of
long-term geologic deformation (Dibblee, 1961)
and historic earthquake activity has been local-
ized onto known active faults (Fig. 1) where
these alluvial fans are demonstrably cut by late
Quaternary faulting (Fig. 2).

Elastic strain accumulation from the Mojave
section of the San Andreas fault could signifi-
cantly affect geodetically measured deformation
of the ECSZ. The model of Savage and Lisowski
(1998), using a locking depth of 25 km, explains
as much as 4 mm/yr of excess velocity in the
western Mojave Desert. However, such an
explanation cannot account for the similarly
high geodetic velocity across the ECSZ east of
the Sierra Nevada—Great Valley block, farther
from the San Andreas fault (Fig. 1). Thus Meade
and Hager (2005) found that a self-consistent
block-model-based inversion of the geodetic
data requires an ~15 km San Andreas fault lock-
ing depth and that strain accumulation within
the Mojave Desert region is largely attributed to
local dextral faulting.

Elevated strain accumulation during an
earthquake cluster in the ECSZ supports that
time-dependent ductile shear zone strength
may modulate tectonic loading and earthquake
production on this fault system. Explanation
of time-dependent shear zone strength requires
both weakening and strengthening over a sig-
nificant volume of lithosphere at time scales
comparable to the earthquake cycle. Dolan et al.
(2007) suggested that shear zones undergo strain
hardening during periods of elevated loading and
anneal and weaken during less active phases.
Strain hardening in the ductile regime is most
likely to be significant immediately following
an earthquake, when high stresses at the base of
a rupture can induce transient deformation via
glide-controlled creep (Trepmann and Stockhert,
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Figure 2. Maps of land-
forms offset by dextral
faults in the Mojave
eastern California shear
zone. Gray-scale base
maps depict topographic
slope, with steeper areas
darker, overlain by eleva-
tion contours: 10 m inter-
val for overview maps,
left, and 1 m interval
for detail maps, right.
Dashed boxes show
locations of detail maps.
All maps are oriented
northwest-southeast,
parallel to regional fault
strike. Offsets are calcu-
lated from displaced inset
channel walls except for
Camp Rock fault, where
up to 70 m offset of a
Q2, alluvial fan edge was
measured. Projection of
shutter ridges into chan-
nels and deflection of
streams are consistent
with preferred offsets of
19 mand 29 m for the Lud-
low and Lenwood faults,
respectively. Deflection
of stream E and capture
of streams F and G are
consistent with as much
as 45 m maximum post-
Q2, slip on Helendale
fault. (See footnote 1 for
additional figures depict-
ing restorations of off-
sets and photographs of
slip-rate sites.) UTM—
Universal Transverse
Mercator.

2003). Most ductile deformation likely occurs in
the dislocation (power law) creep regime, where
strain rate is set by the rate of recovery processes
that counteract work hardening (Tsenn and
Carter, 1987; Hirth and Tullis, 1992). Thus in
the absence of other mechanisms, power-law
creep is unlikely to lead to the observed varia-
tion of loading rate.

We hypothesize that one or more feedback
mechanisms link clusters of large earthquakes
to transient weakening of shear zones. In the
semi-brittle regime, coseismic fracture may
periodically introduce fluids that enhance
power-law creep (Hirth and Tullis, 1992) and
lower frictional strength (Chester, 1995). High
postseismic stresses may also induce grain-
size reduction, enhancing diffusion creep and
grain-boundary sliding (e.g., Montési and Hirth,
2003). These mechanisms could promote posi-
tive feedback between earthquakes and weaken-
ing of shear zones consistent with the prolonged
(~1 k.y.) periods of clustered earthquake activity
inferred from paleoseismic records (Rockwell
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et al., 2000; Dolan et al., 2007). Strengthening
of ductile shear zones could result as fluids are
consumed in metamorphic reactions and grain
size equilibrates to ambient stress. Strain hard-
ening may also arise from pinning of brittle
fault tips against a kinematically incompatible
intersecting fault, such as occurs where dextral
faults of the ECSZ meet the sinistral Garlock
fault (Fig. 1). Such a mechanism could drive
oscillation of loading between these conjugate
systems, as proposed by Peltzer et al. (2001).

CONCLUSION

New fault slip-rate data from the ECSZ
establish that an ongoing cluster of earthquake
activity here is accompanied by an ~2x aver-
age tectonic loading rate. This elevated loading
directly increases seismic hazard (Dieterich,
1994). We attribute elevated loading to transient
strain weakening of ductile shear zones, and
hypothesize that major earthquakes promote
this strain weakening and lead to positive feed-
back that gives rise to earthquake clustering.

TABLE 1. FAULT OFFSETS, AGES, AND SLIP RATES
IN THE EASTERN CALIFORNIA SHEAR ZONE

Offset Age Slip rate
Fault (m) (ka) (mml/yr)
Helendale* <45 56 + 21 <0.8+0.3
Lenwood? 29+5 377 0.8+0.2
Camp Rock* <70 >50+20 <1.4+0.6
Calico 100 + 10 57+9 1.8+0.3
Pisgah-Bullion 725 + 85 752 =110 1.0+£0.2
Ludlow 19+4 >50+20 <0.4+0.2

Note: Errors added in quadrature. Sum of slip
rates is <6.2 + 1.9 mm/yr. Sum error includes °Be
production rate uncertainty.

*Maximum offset used to calculate maximum rate.

fUsing minimum 19 m offset lowers minimum
Lenwood fault slip rate to 0.5 mm/yr.

Recognition of an elevated strain accumulation
rate with attendant changes in major earthquake
activity has far-reaching implications for time-
dependent seismic hazard. For areas where earth-
quake clusters have been recognized, such as
the Los Angeles region (Dolan et al., 2007), an
active (inactive) strain accumulation mode could
substantially increase (decrease) earthquake risk.
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Figure 3. Depth profiles of '°Be concentra-
tion from Q2, fans adjacent to Helendale
and Lenwood faults with modeled surface
ages (for '°Be concentration data, see Data
Repository [see footnote 1]). We use a value
of 2.0 g/cm? for sediment bulk density, typi-
cal for unconsolidated, poorly sorted allu-
vium. Gray bands depict 95% standard error
of mean concentration as exponential func-
tion of depth. For the Lenwood fault, we
found that inheritance was less for pebble-
sized samples than for sand. These inde-
pendent curves yield identical mean ages of
37 ka; 95% confidence of +7 ka was deter-
mined by normalizing to common inheri-
tance. For Helendale fault, we analyzed bulk
samples with sand- through small-pebble-
sized grains and did not resolve grain-size
dependent inheritance. Slowing of sediment
accumulation rate in upper part of Helendale
profile, evidenced in the field by anoma-
lously thick argillic soil, could have resulted
in excess inherited '"Be acquired during
sediment burial. Mean ages modeled with
0.02 + 0.01 mm/yr sediment accumulation in
upper 50-100 cm ranged from 55 ka to 59 ka,
indistinguishable from mean age assum-
ing uniform sediment accumulation rate.
Modern stream samples, shown below each
graph, are overall consistent with shielded
"Be concentrations at depth. We attribute
low °Be in modern stream sand at Lenwood
fault site to Holocene eolian input.
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