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The Eastern California shear zone in the Mojave Desert, California, accommodates nearly a quarter of
Pacific-North America plate motion. In south-central Mojave, the shear zone consists of six active faults,
with the central Calico fault having the fastest slip rate. However, faults to the east of the Calico fault
have larger total offsets. We explain this pattern of slip rate and total offset with a model involving a
crustal block (the Mojave Block) that migrates eastward relative to a shear zone at depth whose position

and orientation is fixed by the Coachella segment of the San Andreas fault (SAF), southwest of the
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transpressive “big bend” in the SAF. Both the shear zone and the Garlock fault are assumed to be a direct
result of this restraining bend, and consequent strain redistribution. The model explains several aspects
of local and regional tectonics, may apply to other transpressive continental plate boundary zones, and
may improve seismic hazard estimates in these zones.
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1. Introduction

Relative motion between the Pacific and North America plates
in the southwestern US is accommodated either by the San An-
dreas fault in California, or the Eastern California shear zone
(ECSZ), sometimes termed the Walker Lane north of the Garlock
fault (Sauber et al., 1986, 1994; Dokka and Travis, 1990a,b; Dixon
et al, 1995, 2000, 2003; Wesnousky, 2005; Lifton et al., 2013;
Thatcher et al, 2016) (Fig. 1). The shear zone formed or acceler-
ated when the southern part of the plate boundary jumped inland
to form the modern Gulf of California, resulting in the transpres-
sional “big bend” in the San Andreas fault (Atwater and Stock,
1998; Oskin and Stock, 2003; McQuarrie and Wernicke, 2005). This
restraining bend causes high compressional and shear stresses in
the adjacent crust, and influences many aspects of regional tecton-
ics. In particular, the shear zone acts as a stress and strain bypass
to the restraining bend (e.g., Liu et al., 2010; Plattner et al., 2010).
The shear zone is also closely linked to a change in motion of the
Sierra Nevada block (north of the Mojave block) in Late Miocene
time, from a mainly westward direction relative to stable North
America, associated with Basin and Range extension, to its cur-
rent northwesterly direction (Atwater and Stock, 1998; Wernicke
and Snow, 1998). Marine incursion into the northern Gulf of Cal-
ifornia is dated at 6.2 &= 0.2 Ma (Bennett et al., 2015) and it is
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likely that the shear zone formed or accelerated around or shortly
before this time, i.e., 6-8 Ma (Oskin and Stock, 2003). McQuarrie
and Wernicke (2005) place shear zone initiation somewhat earlier,
10-11 Ma. This relative youth, combined with excellent exposures
in the arid southwestern US, make the shear zone an important
“natural laboratory” for the study of fault evolution and earthquake
hazard, especially for complex continental plate boundary zones
and restraining bends.

There is an interesting contrast between the expression of the
shear zone north and south of the Garlock fault (Fig. 1). North of
the Garlock fault, the shear zone consists of three well-defined
transtensional fault zones that lie within extensional basins, the
westernmost basins of the Basin and Range province. From east to
west, these fault zones are the Death Valley-Furnace Creek - Fish
Lake Valley fault zone, the Panamint Valley - Hunter Mountain-
Saline Valley fault zone, and the Owens Valley-Airport Lake fault
zone. South of the Garlock fault, there is little or no extension, no
well-developed basins, and more numerous (six) but less mature
(lower offset) active strike-slip faults. The Garlock fault reflects the
differential extension between the two regions (Davis and Burch-
fiel, 1973), moving in a left-lateral sense at rate of ~5-7 mm/yr in
its western and central sections, decreasing to the east (e.g., McGill
et al,, 2009; Ganev et al., 2012; Dolan et al,, 2016). Curiously, the
ECSZ does not exhibit obvious offset across the Garlock fault, al-
though the Garlock fault is known to be active based on mapped
Holocene offsets.

Another curious feature of the ECSZ in the Mojave Desert is
a mismatch between the slip rates of the various faults compris-


https://doi.org/10.1016/j.epsl.2018.04.050
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:thd@usf.edu
https://doi.org/10.1016/j.epsl.2018.04.050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2018.04.050&domain=pdf

T.H. Dixon, S. Xie / Earth and Planetary Science Letters 494 (2018) 60-68 61

37°N

T

&
p /Jgﬁ_ a”,
= b ’8 \

36°N

35°N

34°N

/()\_VQC;‘/\}
A" <
=X \f - N\ N
- \ \\ %X\
N N ¥~ N X

33°N !

119°wW 118°w

117°W

116°W

115°wW

Fig. 1. Fault map of the study area. Red triangles represent locations of late Quaternary fault slip rate estimates (Oskin et al., 2008). Blue circles mark locations of total
offset estimates (Miller and Morton, 1980; Dokka, 1983; Glazner et al., 2000; Jachens et al., 2002; Oskin et al., 2007; Lease et al., 2009; Andrew and Walker, 2017). Dashed
line represents inferred fault trace of the Bristol-Granite Mountains Fault Zone (Lease et al., 2009). Beach balls mark the 1992 Mw 7.3 Landers and 1999 Mw 7.1 Hector
Mine earthquakes (USGS Earthquake Hazards Program). Fault database from USGS and California Geological Survey. AM is Avawatz Mountains. Fault names are: BGMFZ -
Bristol-Granite Mountains fault zone; Blackwater fault; CF - Calico fault; CRF - Camp Rock fault; Coachella SAF - Coachella section of the San Andreas fault; DVF - Death
Valley fault; FCFZ - Furnace Creek fault zone; GF - Garlock fault; HF - Helendale fault; HMF - Hunter Mountain fault; LF - Lenwood fault; LuF - Ludlow fault; Mojave SAF
- Mojave section of the San Andreas fault; WWF - White Wolf fault; OVF - Owens Valley fault; PVF - Panamint Valley fault; PF - Pisgah fault; SJF - San Jacinto fault. (For
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

ing the shear zone (highest on the central fault, the Calico fault,
see Fig. 2a and Oskin et al. (2007, 2008)), and the total displace-
ment on these faults (highest on the easternmost fault, the Bristol-
Granite Mountains fault zone; Fig. 2b, Table S1). Dokka and Travis
(1990a) suggested that there had a westward shift in the activ-
ity of ECSZ faults since their inception. In this paper, we present a
simple kinematic model that explains these observations, as well
as several other aspects of the regional tectonics.

2. Slip rate and total displacement data
2.1. Slip rate

Oskin et al. (2007, 2008) measured surface displacements and
ages on six major dextral faults comprising the ECSZ (Helendale,
Lenwood, Camp Rock, Calico, Pisgah, and Ludlow). These data
suggest that the central (Calico) fault has the fastest slip rate
(Fig. 2a), and the overall summed slip rate for the six faults is
<6.2 + 1.9 mm/yr significantly slower than the cumulative defor-
mation rate across the shear zone derived from geodetic data (e.g.,
Sauber et al., 1994; Liu et al,, 2015). Some authors have explained
this difference by off-fault deformation: part of the total slip that
occurs during earthquakes is not manifested by on-fault displace-
ment, thus slip rates estimated by geologic methods using offset

markers along surface fault traces could miss significant displace-
ment (Shelef and Oskin, 2010; Herbert et al., 2014). Dolan and
Haravitch (2014) suggest that off-fault deformation is likely to be
more significant for low offset “immature” faults compared to large
offset mature faults. Given that all six active faults studied by Os-
kin et al. (2007, 2008) have total offset <15 km (Fig. 2b), these are
immature faults using the criterion of Dolan and Haravitch (2014).
Hence, off-fault deformation is likely to be significant.

By studying deformed geologic features at several sites in the
Mojave ECSZ, Shelef and Oskin (2010) found that off-fault deforma-
tion over zones of 1-2 km width accommodates 0 to ~25% of the
total displacement, decreasing away from the fault. In a broader
study, Herbert et al. (2014) used a boundary element model to
suggest that off-fault deformation accounts for 40% + 23% of the
total strain across the ECSZ. If we assume that this latter ratio
is representative, and scale the slip rates for all active ECSZ fault
(Table S1) then the cumulative deformation rate across the ECSZ
is 10.3 £ 5.1 mm/yr (60%, or 6.2 mm/yr, is accommodated by
well-defined active faults, and 40%, or 4.1 mm)/yr, is accommo-
dated as off-fault deformation and unmapped minor faults). This
rate is equivalent within uncertainties to the rate estimated from
geodetic data, both for the Mojave section and for the shear zone
north of the Garlock fault (Dixon et al., 2000; Miller et al., 2001;
Lifton et al., 2013; Xie et al., 2018). Wetmore et al. (2017) and
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Fig. 2. Present-day slip rates and total offsets for several major faults comprising
the ECSZ in the southern and central Mojave Desert. Distance is calculated across
Pacific-North America plate motion direction from west to east, starting at the
Helendale fault (Supplementary Fig. S1). Data for slip rates in (a) (Supplementary
Table S1) are from Oskin et al. (2008) (black dots with error bar) and inferred value
for BGMFZ (0 mm/yr, black dot without error bar) based on evidence for inactivity
(Bedford et al., 2006). Red dots are scaled slip rates assuming 40% off-fault defor-
mation (Herbert et al., 2014). Where multiple values are reported, the unweighted
mean is used as the best estimate, and the range indicates uncertainty. For single
values, if no uncertainty is reported, uncertainty is assumed to be +10%. Additional
details are given in Table S2.

Xie et al. (2018) report preliminary surface exposure ages of a large
(1110 m) offset Pleistocene alluvial fan on the Calico fault, sug-
gesting a slip rate averaged over the last few hundred thousand
years of 3.2 &+ 0.4 mmy/yr, consistent with Oskin et al. (2008)’s re-
sult that the Calico fault has the fastest slip rate among ECSZ faults.
While more work is required to validate the apparent agreement
between geodetic results and the “adjusted” geological slip rates
(after accounting for off-fault deformation and a possibly faster
Calico fault) this agreement encourages us to consider simple uni-
formitarian models, with a constant ECSZ slip rate (summed across
all faults) for the last few million years.

In the model to be presented, we use published geological slip
rates (Fig. 2a) to scale the relative slip rates among the various
ECSZ faults; in the event that off-fault deformation is in the range
of 40%, then our model recovers the full or close to full rate for all
time periods considered. If off-fault deformation is less, the model
makes predictions of slip rate history and fault initiation time that
are still useful, but predicts slip rates that would faster than the
current rate, and predicts initiation times that would be later than
the actual initiations times.

2.2. Total displacement

Fig. 2b and Table S2 summarize the fault displacement data
used in this study. Pertinent points are summarized here. By us-
ing surface markers from an early Miocene structural belt, Dokka
(1983) estimated total displacements on some of the major active
faults across the central Mojave Desert, obtaining offsets between
1.5 and 14.4 km. Based on offset crustal magnetic anomaly pairs,
Jachens et al. (2002) estimated 12.0 km displacement for the Lud-
low fault. At the eastern margin of the ECSZ, Lease et al. (2009)
found a minimum 24 km dextral offset based on reconstruction
of a paleo-valley along the Bristol-Granite Mountains fault zone.

Geologic data suggest that this fault is currently inactive (Bed-
ford et al., 2006). Thus, the Bristol-Granite Mountains fault zone
was likely an active part the ECSZ in the past, but has since be-
come inactive (Lease et al., 2009). From Table S2, the cumulative
displacement for all ECSZ faults sums to ~63 km, close to the
cumulative offset estimates of Dokka and Travis (1990a) (65 km),
Glazner et al. (2002) (45-60 km) and Lease et al. (2009) (67 km).

3. Model description

We propose an evolutionary model for the Mojave section of
the ECSZ that reconciles the observation that the fault with the
fastest present-day slip rate (Calico fault) is not the fault with the
largest total displacement. Our model builds on earlier suggestions
that the ECSZ is part of a major through-going sub-crustal fault
system extending from the southern part of the San Andreas fault
(SAF) to northern Owens Valley, accommodating a significant frac-
tion of Pacific-North America plate motion in this region (Dokka
and Travis, 1990a,b; Savage et al., 1990). The model involves east-
southeast displacement of the Mojave block relative to the adjacent
Pacific plate, but a relatively fixed zone of shear at depth that is
closely linked to the Coachella segment of the SAF to the south,
presumably in the ductile lower crust/upper mantle. New faults
form at pre-existing weaknesses in the brittle upper crust of the
Mojave block as it passes through and over this zone of active
shear (Fig. 3). Once a fault has moved out of this active zone, its
slip rate goes to zero and its offset is fixed (Fig. 4). The model re-
lies on three main assumptions:

1) The ECSZ is kinematically and dynamically linked to Pacific-
North America plate motion and the big bend in the SAF, as
suggested by many previous authors (e.g., Dokka and Travis,
1990a,b; Savage et al., 1990; Thatcher et al., 2016; Ye and Liu,
2017) and its average strike is closely aligned with the direc-
tion of Pacific-North America motion (Supplementary Fig. S1).
The southern limit of the ECSZ is thus defined by the point
where the SAF changes strike from northwest-southeast to
west-northwest-east-southeast, i.e., near the restraining bend
at the northern end of the Coachella section of the SAF, whose
strike is about the same as the direction of Pacific-North
America plate motion (DeMets and Merkouriev, 2016) (Supple-
mentary Fig. S1). Relative to regions southwest of the Mojave
section of the SAF, the Mojave block moves south-southeast
with a speed equivalent to the SAF slip rate here (34 mm)/yr,
estimated from UCERF3, Field et al.,, 2013). Assuming the big
bend is oriented approximately 30° from the plate motion di-
rection, the component of block motion perpendicular to plate
motion is about 17 mm/yr. We use this as the block migra-
tion rate relative to the shear zone at depth, assumed to be
“pinned” to the Coachella segment of the SAF.

An important corollary is the assumption of steady state con-
ditions: since Pacific-North America motion has been essen-
tially constant over the last few million years (e.g., Atwater
and Stock, 1998; DeMets and Dixon, 1999; DeMets and Merk-
ouriev, 2016), we similarly assume that ECSZ motion has been
steady on time scales of 10% years or long over the same pe-
riod. Shorter term variation on individual faults (e.g., Dolan et
al,, 2007), is not precluded by our model. DeMets and Merk-
ouriev (2016) suggest that the Pacific-North American plate
rate has varied by less than 2% since 8 Ma, while plate di-
rection has changed by several degrees; both are insignificant
for purposes of our study. While the surficial expression of
the shear zone continues to evolve (e.g., Dixon et al., 1995)
and individual faults may accommodate varying amounts of
shear at different times, we assume that the underlying shear
zone, both north and south of the Garlock fault, has accom-
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Fig. 4. Map-view cartoon showing time evolution of the shear zone and offset accu-
mulation across individual faults for our ECSZ model. Grey shaded area shows active
shear domain, relatively fixed above the shear zone at depth. Dark grey bars rep-
resent dikes or other features in the migrating upper crust that can become offset
markers when displaced by faulting. Dotted lines represent weak zones that have
not yet become faults yet (lower case fi-f3). Solid lines represent active faults (up-
per case Fy-F3). Dashed line indicates a fault that has become inactive (F3 in c
and d).

modated an average of 10-12 mm/yr of northwest-directed
dextral shear for the last few million years.

2) North of the Garlock fault, the Walker Lane straddles a rhe-
ologic boundary, clearly seen in heat flow data (Dixon et al.,
2000), and presumably associated with Basin and Range exten-
sion and thinned lithosphere (Lachenbruch et al., 1994; Flied-
ner and Ruppert, 1996). Exploitation of this weakened litho-
sphere by the shear zone has localized shear within the ductile

lower crust and uppermost mantle (e.g., Plattner et al., 2010;
Liu et al, 2010), and promotes a few well-developed faults
in the overlying brittle upper crust (Fig. 3b). Strain weaken-
ing stabilizes the position of the shear zone in both the upper
and lower crust on time scales of a few million years unless
the kinematic boundary conditions change significantly. Since
the Mojave block has not experienced the same amount of
extension, it lacks well-defined lithospheric-scale weak zones,
perhaps contributing to its more complex fault mosaic. Never-
theless, the relatively fixed location of the shear zone to the
north (eastern boundary of the Sierra Nevada block) and south
(Coachella section of the SAF) constrains the locus of shear
within the Mojave block at any given time.

Left-lateral motion across the Garlock fault means that the
Mojave block translates eastward relative to the Sierra Nevada
block. Right lateral motion across the SAF on the Mojave
block’s southern boundary means that the Mojave block also
has an eastward component of motion relative to the Pacific
plate. Regardless of reference frame, upper crustal faults in
the Mojave Block that accommodate right-lateral shear even-
tually become misaligned with respect to the shear zones to
the north and south (Fig. 3a). Once this occurs, the eastern-
most shear zone faults in the Mojave block are abandoned, and
new faults form to the west in order to accommodate on-going
shear. We further assume that the Garlock fault was active by
the time the big bend formed, and may have formed at about
the same time (Burbank and Whistler, 1987; Monastero et al.,
1997). Hence the Garlock fault has likely influenced ECSZ evo-
lution for all or most of the period of ECSZ activity.

3

—

Fig. 3b shows a cross-section view of the model, with a narrow
zone of right-lateral shear at depth. When the brittle upper crust
passes over this ductile shear zone, new faults form when stress is
sufficient to cause displacement on pre-existing weaknesses, some
of which coalesce and reach the surface. Once a fault has migrated
out of this zone of shear, it becomes inactive and accumulates no
more displacement (dashed line in Fig. 3).

Our model permits a quantitative derivation of slip rate and to-
tal offset history for the seven faults in the Mojave ECSZ, with a
few additional assumptions. For simplicity slip is assumed to be
localized onto individual faults (i.e., off-fault deformation is zero,
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and all slip is fault-accommodated) and slip rate on each fault is
scaled such that the cumulative slip rate is 10.3 mm/yr and re-
mains constant:

n
Vecsz =) Ris (1)
k=0

where Vgcsz is the cumulative slip rate (10.3 mm/yr), Ri is the
slip rate of the k-th fault at time t before present, and n is the
number of active faults at time t. Due to changes in the number of
faults and their locations relative to the shear zone at depth, the
slip rate of an individual fault is treated as a variable to satisfy the
overall constant cumulative slip rate and slip distribution shown in
Fig. 2:

Ryt = se(al s +by) (2)

where li; is the location of the k-th fault at time ¢, represented
by the across-shear zone distance (x-axis in Fig. 2), and q; and b,
are coefficients of a piecewise function (shown by the pink line
in Fig. 2a) at the corresponding location, derived from the geo-
logic slip rate. To the west of the current Helendale fault location,
the piecewise function is derived by extending the function be-
tween the Helendale and Lenwood faults. A scaling factor s; is
used to ensure that the total slip rate is constant, in the sense
that the historical slip rate function will have the same shape
as present, but with different amplitude (Fig. S2). Due to limited
data, we implement a piecewise function to reconstruct slip his-
tory. A smoother slip rate distribution function (e.g., a bell-shaped
distribution) would give a smoother solution. Our model essen-
tially assumes that for a given period with a fixed number of active
faults, fault slip rates increase when moving towards the centerline
of the shear zone, and decrease when moving away from the shear
zone. Historical location I ; of the k-th fault in equation (2) is cal-
culated using:

le.e =lko — Vmpt (3)

where I o is the current location of the k-th fault, and V3 is the
across-shear zone speed of the Mojave Block (~17 mm/yr). At a
given time t before present, total displacement (D ) for the k-th
fault is given by:

t

Dyt = Do — / Ry cdt (4)
0

where Dy g is the current displacement of the k-th fault.

We reconstruct historic fault location, slip rate and total dis-
placement from the present time back to the initiation time for
each fault using equations (1)-(4), assuming positivity (no-left-
lateral motion is allowed) and a constant cumulative slip rate. Time
step size in the integration of equation (4) is <1 ka (typically 1 ka,
<1 ka at times when new faults initiated). A different step size
would not change the solutions significantly. Fig. 5 shows the re-
constructed slip histories. Step changes are due to changes in the
number of active faults. Fig. S3 shows slip rate versus historical lo-
cation of these faults. While the solutions are model-dependent,
they do satisfy all available data on fault location, total displace-
ment, current summed slip rate across the ECSZ, and the current
slip rate of individual faults, adjusted for an assumed value of off-
fault deformation as described above.

The model reconstructions allow some aspects of fault evo-
lution, such as initiation time and maximum slip rate, to be
quantified. For example the Lenwood fault initiated most re-
cently, ca. ~1.3 Ma. Based on the piecewise slip rate distribution
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Fig. 5. Slip rate and total offset as a function of time for the seven faults in the
Mojave Desert ECSZ. Top, a-g: Fault slip rate history based on total offsets and
present-day slip rates. Grey line marks the initiation time for each fault. Base, h:
Displacement history for individual faults, displacement at zero age is mapped total
offset.

function used in our model, slip rate of the currently inactive
Bristol-Granite Mountains fault zone decreased gradually after
it passed the current location of the Ludlow fault. However, it
could have become inactive at any location prior to arriving at
its present location; the slip rates of other active faults would
increase accordingly. Nevertheless, the Bristol-Granite Mountains
fault zone was once the dominant fault in the ECSZ, accommodat-
ing >10 mmy/yr slip for some period of time prior to becoming
inactive.

4. Discussion

The likelihood of a major earthquake on a given fault is related
to the slip rate of that fault. Discrepancies between slip rate esti-
mates for a given fault, as determined by different techniques or
over different time intervals, are therefore important, and signal
one of two things: Either our knowledge of slip rate is imperfect,
i.e., the discrepancy is not real, but rather an artifact of incomplete
or poor data; or seismic hazard is increasing or decreasing with
time, depending on whether the slip rate is increasing or decreas-
ing with time, so that only the present-day slip rate is relevant.
Many studies have therefore focused on the origin of slip rate dis-
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crepancies (e.g., Minster and Jordan, 1987; Bennett et al., 2004;
Brown et al., 2005; Oskin et al., 2008; Thatcher, 2009; Cowgill et
al., 2009; Mohadjer et al., 2017).

Our kinematic model provides a simple explanation for a num-
ber of observations in the Mojave Desert region of California, in-
cluding the time-variable slip rates that characterize several ECSZ
faults (e.g., Oskin and Iriondo, 2004). It also explains other key fea-
tures of local and regional tectonics, including:

1) Why the Calico fault has the fastest slip rate (it currently lies
in the center of the shear zone, where shear strain rates are
highest);

2) Why the presently fastest fault (Calico fault) does not have the
largest total offset (it is younger than some faults to the east,
and hence has had less time to accumulate displacement);

3) Why total offset increases to the east (eastern faults initiated
earlier and experienced longer periods of slip);

4) Why the fault with the largest offset (Bristol-Granite Moun-
tains fault zone) is not currently active (it has moved out of
the active zone of shear);

5) Why faults east of the Calico fault have present-day slip rates
that are less than longer-term average slip rates (they have
move away for the central high strain rate part of the shear
zone);

6) Why the shear zone in the Mojave Desert is not displaced in a
left-lateral sense as it crosses the Garlock fault (it continually
reforms by activating new upper crustal faults);

7) Why ECSZ faults do not cross the Garlock fault (southeast
translation of the Mojave block moves ECSZ faults away from
the Garlock fault, hence the faults must continually propagate
to the northwest).

8) Why ECSZ faults in the Mojave Desert are less mature than
their counterparts north of the Garlock fault (individual faults
have been active for less time, and therefore have accumulated
less total offset).

Net eastward motion of the Mojave Block relative to the Sierra
Nevada block (of order 30 km assuming it has been going on
for 5 million years) may promote formation of several pull-apart
basins near the block’s western boundary. A particularly well-
developed one is located immediately east of the intersection of
the Garlock and San Andreas faults (Jachens et al, 2002). This
basin is not clear in topographic data because it is filled with
sediments derived from high-relief areas to the west (Supplemen-
tary Fig. S4). However regional gravity data show a strong nega-
tive isostatic gravity anomaly here, consistent with a basin filled
with lower density sediments (Supplementary Fig. S5). This area is
also characterized by several recent normal fault earthquakes, with
focal mechanisms consistent with east-southeast-west-northwest
directed extension (Supplementary Fig. S6). A simple model in-
volving extension on a listric normal fault (Supplementary Fig. S5)
suggests about 20 + 5 km of west-east or west-northwest—east-
southeast extension on the modeled basin. Corresponding com-
pressional deformation on the block’s eastern boundary is much
less - the Garlock fault ends in the Avawatz mountains south of
Death Valley in a series of small thrust faults with north-south
strikes (Fig. 1 and Duvall et al., 2017). The contrast in deformation
style on the block’s western and eastern boundaries reflects the
block’s motion relative to stable North America. In other words, the
Pacific plate, the Sierra Nevada block, and the Mojave block all ex-
perience a component of westward motion relative to stable North
America, but the Mojave block has the lowest westward velocity
component in this reference frame. Thus, it experiences significant
extensional deformation on its western boundary, but only modest
contractional deformation on its eastern boundary.

Our model ignores several aspects of shear zone evolution
and regional tectonics, for example, the rotational aspects of re-
gional deformation, which could influence fault re-orientation (e.g.,
Luyendyk, 1991; Nur et al., 1993), although Valentine et al. (1993)
note that post-10 Ma rotation in most of the Mojave block is small.
We also assume that the shear zone is a relatively stationary fea-
ture north of the Garlock fault. However, this section of the shear
zone also experiences displacement relative to the Coachella sec-
tion of the San Andreas fault, albeit at lower rates compared to the
Mojave block, potentially influencing its evolution in similar ways.
For example, the easternmost of the three major dextral fault zones
north of the Garlock fault, the Death Valley-Furnace Creek fault
zone, has large total offset (68 +4 km; Snow and Wernicke, 1989)
and was likely active by at least 6-8 Ma. In contrast, the Hunter
Mountain-Panamint Valley system to the west has a much smaller
offset (9.3 & 1.4 km; Burchfiel et al,, 1987) and a much younger
initiation age, ~2.8 Ma (Lee et al., 2009). Finally, we assume that
the rate of dextral shear across the shear zone has been constant
over the last few million years. Evolution of the Elsinore and San
Jacinto faults during this period could have “bled off” some of the
compressional stresses associated with the big bend, perhaps re-
ducing the rate of dextral shear on the shear zone.

Our model does not specify the depth extent of the shear zone
or the thickness of the translating Mojave crust. Rather than the
entire crust or lithosphere, it is possible that only the brittle upper
crust of the Mojave block translates east relative to the shear zone,
separated from the ductile lower crust by a mid-crustal decolle-
ment. Fuis et al. (2007) describe evidence for such a feature based
on active and passive seismic imaging. The mid-crustal decolle-
ment allows the upper crust to escape laterally with minimal de-
formation, despite strong contractional stresses. The lower crust
would thicken or be subducted in this model, forming a crustal
root.

Our kinematic model also does not specify the stresses that
drive the Mojave Block’s relative eastward motion, which could
be driven from below or from the side. Bartley et al. (1990) and
Jackson (1992) first pointed out that north-south contraction in
a deforming continental zone could lead to lateral extrusion of a
crustal block (side-driven model), accommodated by paired left-
lateral and right-lateral faults (Fig. 3a in Jackson, 1992); such a
model could apply to the Mojave, with north-south contraction as-
sociated with the big bend driving the block’s relative eastward
motion via tectonic escape (e.g., Dolan et al., 2007). Formation of
the Garlock fault would thus be closely connected with formation
of the big bend, a model that is consistent with limited age data
(Burbank and Whistler, 1987; Monastero et al, 1997). Compres-
sional stresses associated with the transpressional big bend are
therefore accommodated in two main ways in this model: thrust
faulting south of the bend, on faults that strike mostly parallel to
the big bend, e.g., in the Los Angeles basin, and strike slip faulting
north of the bend on the Garlock fault, nearly perpendicular to the
bend, accommodating lateral escape of the Mojave Block.

The Garlock fault plays a dual role in the kinematics of the Mo-
jave Block. In addition to accommodating lateral escape, it also ac-
commodates differential extension between the Mojave Block and
the Sierra Nevada block. The latter experiences a component of
west-directed extension relative to stable North America, reflect-
ing summed extension across three major valleys: Owens Valley,
Panamint Valley, and Death Valley (Fig. 1). The Garlock fault slip
rate therefore decreases eastward, reaching zero by the time it is
east of Death Valley (Fig. 1). The Mojave Block lacks such well-
defined extensional valleys, perhaps reflecting the relative east-
ward “push” it experiences associated with its lateral escape.

Our explanation for the long-term southeastward motion of the
Mojave Block relative to the Pacific plate and initial formation of
the Garlock fault also has implications for the long-term evolution
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of that fault. Since the Garlock fault by definition is the northwest
boundary of the Mojave block, forming at the location where the
San Andreas fault changes strike to form the big bend, the bound-
ary fault must continually reform to the northwest as the block
migrates to the southeast. The White Wolf fault, ~30 km north-
west of the Garlock fault (Fig. 1) may represent the future northern
boundary of the Mojave Block.

While the current slip rate of an active fault is a key variable
in seismic hazard estimation, there are several challenges to its
accurate estimation in rapidly evolving plate boundary zones:

1) Is a given fault currently active?

2) If so, what is its present slip rate?

3) Is the fault accelerating, such that past activity may not predict
future earthquake potential?

4) Could rapid evolution of the broader plate boundary zone
lead to spatial complexity, and earthquakes on previously un-
mapped faults with limited surface expression?

Many continental plate boundary zones experiencing transpres-
sional tectonics exhibit complexity on par with SAF big bend-ECSZ
system. Aspects of our model may apply to these systems. Fuis
et al. (2007) have called attention to similarities between the SAF
big bend-ECSZ system and South Island, New Zealand. Another
example is the Arabia-Eurasia collision zone, where the Arabian
plate moves north and collides with Eurasia. Westward extrusion
of the Anatolian block in response to this collision via paired right-
lateral (North Anatolian fault) and left-lateral (East Anatolian fault)
is well known (e.g., Jackson, 1992). The region to the east expe-
riences eastward block extrusion (Jackson, 1992, and Supplemen-
tary Fig. S7) and has been the site of numerous deadly earthquakes
on previously unmapped or poorly mapped faults. These include
the 26 December 2003 Mw 6.6 Bam earthquake, the deadliest
earthquake of 2003, killing approximately 30,000 people (Talebian
et al., 2004; Fialko et al., 2005) and the 12 November 2017 Mw 7.3
earthquake near the Iran-Iraq border, the deadliest earthquake of
2017, killing more than 600 people. Eastern Iran in particular bears
strong similarity to our study area, with northward convergence of
the Arabian plate helping to drive eastward extrusion of the Lut
block (Berberian, 2005; Walker et al., 2013). The block is bounded
to the north by the left-lateral east-west striking Doruneh fault,
analogous to the Garlock fault, and is cut by numerous right lateral,
north-south striking strike-slip faults in the central and eastern
portions of the block, analogous to the ECSZ. Many of these faults
have limited displacement and are poorly expressed at the sur-
face, a characteristic of immature faults and a direct prediction of
our model. One of these faults was responsible for the deadly Bam
earthquake (Supplemental Fig. S7)

5. Conclusions

We have presented a simple kinematic model for the evolution
of the eastern California shear zone (ECSZ) that builds on early
suggestions that the shear zone is a through-going sub-crustal fault
system extending from the southern San Andreas fault to northern
Owens Valley, a distance of about 500 km. The model assumes
that shear zone formation is closely linked to Pacific-North Amer-
ica plate motion and the inland jump of the plate boundary in
mid-Miocene time to form the Gulf of California, and consequent
formation of the transpressive “big bend” of the San Andreas fault
(SAF), immediately north of the Coachella section of the SAF. Mo-
tivated by the observation that Pacific-North America motion has
been relatively steady for the last few million years, we assume
that ECSZ motion has been similarly steady during this time, ac-
commodating 10-12 mm/yr of northwest-directed dextral shear.
In contrast to the steadiness of underlying shear, the surficial ex-

pression of faults that manifest this shear is a complex mosaic,
especially in the Mojave block, which moves east-southeast relative
to the Coachella section of the SAF. This relative motion eventually
causes some ECSZ faults to become mis-aligned with the under-
lying shear zone and be abandoned. A kinematic model involving
a constant translation rate explains many features of the local and
regional tectonics, including the present pattern of slip rates (high-
est in the central fault within the shear zone, the Calico fault)
and total offsets (highest in the currently inactive Bristol-Granite
Mountains fault zone to the east). Our model may apply to other
transpressive continental plate boundary zones, including parts of
the Arabia-Eurasia collision zone, and may improve seismic hazard
estimates in these regions.
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