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ABSTRACT
The three largest earthquakes in the last 25 years in southern California occurred on
faults located adjacent to the southern San Andreas fault, with the M7.3 1992 Landers
and M7.1 1999 Hector Mine earthquakes occurring in the eastern California shear zone
(ECSZ) in the Mojave Desert, and the M7.2 2010 El Mayor-Cucapah earthquake
occurring along the Laguna Salada fault in northern Baja California, Mexico. The
locations of these events near to but not along the southern San Andreas fault (SSAF) is
unusual in that the last major event on the SSAF occurred more than 300 years ago, with
an estimated recurrence interval of 215 ± 25 years. The focus of this dissertation is to
address the present-day deformation field along the North America-Pacific plate
boundary in southern California and northern Baja California, through the analysis of
GPS data, and elastic block and viscoelastic earthquake models to determine fault slip
rates and rheological properties of the lithosphere in the plate boundary zone. We
accomplish this in three separate studies. The first study looks at how strain is partitioned
northwards along-strike from the southern San Andreas fault near the Salton Sea. We
find that estimates for slip-rates on the southern San Andreas decrease from ~23 mm/yr
in the south to ~8 mm/yr as the fault passes through San Gorgonio Pass to the northwest,
while ~13-18 mm/yr of slip is partitioned onto NW-SE trending faults of the ECSZ where
the Landers and Hector Mine earthquakes occurred. This speaks directly to San Andreas
earthquake hazards, as a reduction in the slip rate would require greater time between
events to build up enough slip deficit in order to generate a large magnitude earthquake.
The second study focuses on inferring the rheological structure beneath the Salton
Trough region. This is accomplished through analysis of postseismic deformation
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observed using a set of the GPS data collected before and after the 2010 El MayorCucapah earthquake. By determining the slip-rates on each of the major crustal faults
prior to the earthquake, we are able to model the pre-earthquake velocity field for
comparison with velocities measured using sites constructed post-earthquake. We then
determine how individual site velocities have changed in the 3 years following the
earthquake, with implications for the rate at which the lower crust and upper mantle
viscously relax through time. We find that the viscosity of the lower crust is at least an
order of magnitude higher than that of the uppermost mantle, and hypothesize that this is
due to mafic material emplaced at the base of the crust as the spreading center developed
beneath the Salton Trough since about 6 Ma. The final study investigates crustal
deformation and fault slip rates for faults in the northern Mojave and southern Walker
Lane regions of the ECSZ. Previous geodetic studies estimated slip-rates roughly double
those inferred via geological dating methods in this region for NW striking strike-slip
faults, but significantly smaller than geologic estimates for the Garlock fault. Through
construction of a detailed elastic block model, which selects only active fault structures,
and applying a new, dense GPS velocity field in this region, we are able to estimate sliprates for the strike-slip faults in the ECSZ that are much closer to those reported from
geology.

10

INTRODUCTION
The San Andreas fault, a right-lateral transform fault serves as the connection by
which North America-Pacific plate motion is accommodated between the spreading
centers of the Gulf of California in the south, and the trench accommodating subduction
of the Gorda and Juan de Fuca plates beneath North America along the coasts of
California, Oregon, and Washington in the north. Transform motions began along the
western margin of the North American continent at approximately 26-28 Ma [Atwater,
1970; Powell and Weldon, 1992; Dickinson, 1996]. However, the southern San Andreas
fault as we know it today, did not become a through-going structure accommodating the
bulk of the relative plate motion in southern California until the opening of the northern
Gulf of California at ~6 Ma [e.g. Oskin et al., 2001; Oskin and Stock, 2003]. This shift of
the main plate boundary from offshore Baja California to the interior allowed for dextral
shear to develop along structures through the Transverse Ranges and Salton Trough of
southern California. This was also the time period (~10-6 Ma) when the dextral faults in
the eastern California shear zone (ECSZ) likely initialized [Dokka and Travis, 1990ab].
More recently, additional NW-striking strike-slip faults have developed in southern
California, with the initiation of the Elsinore fault between 1.2 and 2.5 Ma [e.g. Hull and
Nicholson, 1992; Dorsey et al., 2012] and its reorganization into its current, throughgoing structure about 0.9 Ma [Magistrale and Rockwell, 1996] followed by initiation of
the San Jacinto fault at ~1.5 Ma [e.g. Morton and Matti, 1993; Janecke et al., 2010].
Presently, south of the Big Bend of the San Andreas fault, the San Andreas and San
Jacinto faults are the two primary structures, accommodating ~35 mm/yr of slip [e.g.
Bennett et al., 1996; Becker et al., 2005; Fay and Humphreys, 2005; Meade and Hager,
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2005], which is ~70% of the total North America-Pacific relative plate motion of ~50
mm/yr [e.g. Argus et al., 2010; DeMets et al., 2010]. At present, studies of the
geodetically measured strain rate infer that the dextral faults of the ECSZ accommodate
as much as 26% of the total plate motion [e.g. Sauber et al., 1994], while geologic slip
rate estimates based on either observed cumulative slip on faults since ~10.6 Ma [e.g.
Dokka and Travis, 1990ab] or measured offset of displaced alluvial fans [Oskin et al.,
2008] for the faults of the ECSZ imply that only ~9-14% of the total plate motion budget
is accommodated in this region. Earthquake clustering [Rockwell et al., 2000] has been
proposed as one explanation for the discrepancy between the two sets of rates [Dolan et
al., 2007; Oskin et al., 2008]. The M7.3 1992 Landers and M7.1 1999 Hector Mine
earthquakes occurred recently in the southern ECSZ, and may be part of a recent cluster
of earthquakes in there. Importantly, the slip rates inferred from geodetic rates might be
higher than those averaged over the longer geologic time scales due to ongoing
viscoelastic relaxation following Landers and Hector Mine [e.g. Segall, 2002; Dixon et
al., 2003]. However, the differences are unlikely to be entirely driven by earthquake
cycle effects, as geodetic fault slip rates estimated from trilateration networks pre-dating
the Landers earthquake [Sauber et al., 1994] are consistent with more recent geodetic
results.
Given the breadth of the North America-Pacific deformation field in southern
California, which involves numerous interrelated faults, it is important to precisely
determine the rate of strain accumulation for each of the major faults, in order to assess
the seismic hazards associated with each fault segment. One approach to precisely
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determine present-day strain rates and fault slip rates for individual faults is through the
modeling of Global Positioning System (GPS) data across southern California.
GPS networks designed for studies of crustal deformation associated with plate
tectonics and earthquakes have expanded significantly since the early 1990s, providing
unprecedented spatial and temporal coverage in many regions, especially in the plate
boundary zone of southern California. The 1990s saw the development of two spatially
focused continuous GPS (CGPS) networks in southern California, the 7-station
Permanent GPS Geodetic Array (PGGA) [Bock et al., 1993; Wdowinski et al., 1997]
followed by the 70 sites of the Southern California Integrated GPS Network (SCIGN),
located primarily in the Los Angeles Basin. A substantial increase in the spatial coverage
of the SCIGN network from 70 to ~250 sites in southern California occurred in the four
years following the M7.1 1999 Hector Mine earthquake. In 2003, the Plate Boundary
Observatory (PBO), the geodetic component of the NSF-funded EarthScope project,
began installation of 891 CGPS sites throughout the western U.S., aimed at monitoring
plate boundary zone deformation. 188 of these 891 stations were installed in southern
California and southwestern Arizona. In conjunction with new site installation, PBO also
began incorporating and upgrading ~200 existing CGPS sites into its network, including
about half of the existing SCIGN sites.
Campaign GPS surveys were the primary mode of GPS data collection throughout the
1990s and into the early 2000s, with the observations spread among many different
organizations and universities. Researchers associated with the Southern California
Earthquake Center (SCEC) organized and processed campaign GPS data for ~1800 sites,
in addition to data from CGPS, Very Long Baseline Interferometry (VLBI), and
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trilateration sites from 1970-2004 throughout southern California and northern Baja
California, Mexico [Shen et al., 2011]. Additional campaign networks, such as those of
the Mobile Array of GPS for Nevada Transtension (MAGNET) and the United States
Geological Survey’s Fort Irwin Network, provide additional spatial and temporal
coverage of crustal deformation throughout the ECSZ.
The individual stations that comprise the various GPS networks collect raw carrierbeat phase measurements at prescribed intervals, typically 15 or 30 seconds, with new
stations able to record observations at 1 Hz. Processing of the raw GPS data involves
applying absolute antenna phase center, atmospheric delay, and ocean loading models,
and utilizing precise orbital and Earth orientation parameters provided by the
International GNSS Service (IGS). The dispersive effects of the ionosphere are mitigated
using linear combinations of carrier frequencies. The non-hydrostatic component of the
tropospheric contribution to the delay (the “wet” delay) is unpredictable and must be
estimated from the data. Carrier phase range ambiguities are also estimated and fixed to
integer values, providing precise measurements of the distances between the ground
based GPS antenna and the orbiting satellites. This ranging information is used to
determine the precise locations of the GPS stations’ reference point relative to a global
Earth-fixed frame of reference. This process is completed using one of the available GPS
processing software packages, such as GAMIT/GLOBK [Herring et al., 2010ab],
developed by researchers at the Massachusetts Institute of Technology, or the GIPSYOASIS software package, which was developed by researchers at the Jet Propulsion
Laboratory.
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The data products resulting from these analyses include precise coordinate time series
relative to the terrestrial reference frame. Reference frames typically used to study
crustal deformation in southern California include the ITRF2005- and ITRF2008-North
America reference frames [Altamimi et al., 2007; Altamimi et al., 2011], the Stable North
America Reference Frame (v 1.0) [Blewitt et al., 2005], or the NA12 North America
reference frame [Blewitt et al., 2013]. There are slight differences between the three
choices of frames, primarily deriving from the selection of stations that define the frame
and whether glacial isostatic adjustment of the North American continent was accounted
for in defining the frame. However, each frame was developed with stations in common,
allowing for transformation between the three different frames.
From the coordinate time series data, secular rates of site motion may be estimated by
linear regression, minimizing the misfit of a linear trend to the observed data. Additional
parameters are also typically estimated from the time series, such as annual or semiannual site motions, coseismic offsets and postseismic rate changes associated with
earthquakes, and breaks associated with antenna phase center changes resulting from the
changing of GPS antenna. The resulting secular rate of site motion represents the
velocity of a station relative to the chosen reference frame. Some examples of geologic
applications of GPS measurements include measuring motions of the tectonic plates [e.g.
Sella et al., 2002; Argus et al., 2010], deformation associated with volcanic activity [e.g.
Hreinsdóttir et al., 2014], the motion of glaciers [e.g. Frezzotti et al., 1998; Magnússon et
al., 2011], the spatio-temporal distribution of water vapor in the troposphere [e.g.
Kursinski et al., 2008; Adams et al., 2011], and estimates for slip rates across single (or
multiple) fault strands [e.g. Bennett et al., 1997; Spinler et al., 2010].
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One approach to modeling a GPS determined crustal velocity field is by using an
elastic block model to represent distributed deformation, with the goal to estimate fault
slip rates, block rotation rates, and possibly other characteristics of the deformation field
[e.g. Matsu’ura et al., 1986; McCaffrey, 1996; Bennett et al., 1996; Meade and Hager,
2005]. This approach associates strain within each crustal block with the faults forming
the boundaries by applying the back-slip approach using the theory of elastic dislocations
[e.g. Okada, 1985]. Multiple block modeling studies have been undertaken along the
North America-Pacific plate boundary at scales varying from models with only three
crustal blocks in northern Baja California [e.g. Dixon et al., 2002] to studies
incorporating 46 crustal blocks throughout the western U.S. [Pearson et al., 2014]. This
approach to estimating slip rates for crustal faults has been used multiple times for the
southern California region [e.g. Bennett et al., 1996; Bennett et al., 1997; McClusky et al.,
2001; Becker et al., 2005; McCaffrey, 2005; Meade and Hager, 2005; Spinler et al.,
2010]. However, many of these models were constructed at regional scales (> 5° by 5°
model region), reducing their ability to refine detailed slip rate estimates along complex
fault zones. Moreover, data for some of these previous works was quite sparse, limiting
the ability to resolve slip rates on individual faults. Many earlier block model studies
constrained the motions along their model faults based on velocity solutions comprised
primarily of campaign GPS observations, as they occurred prior to the large expansion of
the PBO Network throughout southern California. This is especially apparent in the
ECSZ region, where previous block model studies represented the complex region of
dextral faults with just a single or few model fault strands extending from the southern
San Andreas fault zone through the Mojave Desert and up to the Garlock fault, due to
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either data coverage being too sparse [Meade and Hager, 2005] or the spatial scale of
their model being relatively large [McCaffrey, 2005]. In Appendices A and C of this
dissertation, we approach this issue by compiling dense GPS data sets, using available
observations from a mix of campaign and CGPS data, and limiting our block modeling
regions to a much smaller scale (≤ 2° by 2° model region). This allows us to investigate
how slip changes along individual fault strands and how crustal blocks bounded by active
faults both translate and rotate about vertical axes. This approach allows for a more
direct comparison of fault slip rates based on GPS to those determined from geologic
studies, which typically pertain to a geographically limited location on a single fault
strand.
Additionally, as GPS networks developed in southern California, there were three
large (>M7) earthquakes located within the plate boundary zone. The M7.3 1992
Landers and M7.1 1999 Hector Mine earthquakes occurred on dextral strike-slip faults
located in the southern ECSZ, whereas the M7.2 2010 El Mayor-Cucapah earthquake
occurred on the Laguna Salada fault in northern Baja California, Mexico. A significant
expansion in the number of continuous GPS stations occurred in the months to years
following the Hector Mine earthquake, allowing for numerous studies of the postseismic
deformation signal, with models for viscous flow in the lower crust and/or upper mantle
[Pollitz et al., 2001; Freed and Bürgmann, 2004; Freed et al., 2007], poroelastic
relaxation of the upper crust [Fialko, 2004], and deep afterslip occurring on a plane
beneath the coseismic rupture zone [Owen et al., 2002]. However, all of these studies
were conducted using GPS data for the post-earthquake period only. It is difficult to
accurately describe any possible long-term changes to the secular rate following large
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magnitude earthquakes as a result of viscoelastic relaxation of the crust and upper mantle,
without detailed knowledge of the secular rates prior to those large magnitude
earthquakes.
To address this issue, in Appendix B, we create a crustal block model for the region
surrounding the El Mayor-Cucapah (EMC) earthquake, and estimate block motions and
fault slip rates using data for the ~16 year period prior to the earthquake. This allows us
to accurately infer the pre-EMC velocity at any location within our block model for direct
comparison to rates estimated from data collected during the post-EMC period. Changes
to the secular rates following an earthquake can provide useful constraints on the
viscoelastic relaxation processes that are occurring in the lower crust and uppermost
mantle. Many previous studies have analyzed observed postseismic deformation to
investigate the rheologic properties of the lower crust and upper mantle, following
earthquakes in the North America-Pacific plate boundary zone, including the Landers
[Pollitz et al., 2000; Fialko, 2004; Freed and Bürgmann, 2004], Hector Mine [Pollitz et
al., 2001; Pollitz, 2003; Freed and Bürgmann, 2004; Freed et al., 2007], and El MayorCucapah earthquakes [Pollitz et al., 2012]. In Appendix B, we describe an expansion of
continuous GPS networks in the northern Baja California region and use data from these
new stations to infer the rheological structure beneath the Salton Trough assuming a
layered viscoelastic halfspace.
In this dissertation, we present the results of detailed GPS time-series analyses,
leading to updated velocity field estimates for three separate regions in southern
California and northern Baja California, Mexico. We report updated fault-slip rate
estimates for the major active structures in each region, using crustal block models
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constrained by the velocity fields. Finally, we investigate the rheologic structure beneath
the Salton Trough region, inferred from models for long-term changes in crustal velocity
associated with the El Mayor-Cucapah earthquake in 2010.
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SUMMARY OF WORK
The methods, observations, results, and conclusions of my work are presented in the
papers that are included as appendices to this dissertation. I present a summary of the
most important findings of each of these projects below.
In Appendix A, my coauthors and I investigate the distribution of fault-slip in the
Eastern Transverse Ranges Province (ETR), a transition zone between the southern San
Andreas fault and the eastern California shear zone (ECSZ) in southern California.
Joshua Tree National Park, a geographically extensive wilderness area, encompasses a
significant portion of the ETR. This wilderness designation heavily restricts the number
of CGPS stations that may be built within the park region. To address this limitation, in
collaboration with the National Parks Service, we established the Joshua Tree Integrative
Geodetic Network (JOIGN), a collection of 12 new GPS monuments within the park
suitable for semi-continuous and campaign observation. In addition, we also adopted 9
additional pre-existing geodetic benchmarks located within or near the park. The new
network greatly improved the spatial density of GPS station coverage throughout the
ETR. In addition to the 21 campaign sites of JOIGN, we incorporated 15 additional
campaign stations located primarily in the San Bernardino Mountains to the northwest,
along with 46 CGPS stations located throughout the study region. We analyzed the full
range of data, spanning 1994-2009, to create a GPS velocity field for the ETR and its
vicinity. We then used the GPS velocity field to constrain four independent elastic block
models. We tested models with varying numbers of faults and crustal blocks, based on
mapped faults, patterns of seismicity, interpretations from an isostatic gravity anomaly
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map, as well as theorized developing structures from the literature (i.e. “Landers-Mojave
earthquake line” from Nur et al., 1993).
We selected a preferred model based on agreement with published geologic slip rates,
paleomagnetic rotation rates, normalized root-mean-square (NRMS) misfit to the
observed data, and the Bayesian Information Criterion (BIC) [Schwarz, 1978]. We found
that all four of our tested models fit the observed data roughly equally well based on BIC
scores and NRMS values. However, our preferred model, which incorporates
transrotation of the ETR blocks, as well as a young through-going structure connecting
the southern San Andreas fault to the ECSZ through the western region of Joshua Tree
National Park, provided the best fit to the ~5°/Myr clockwise rotation rate estimated from
paleomagnetic studies [e.g. Carter et al., 1987; Dickinson, 1996] with rotation rates
inferred for the Joshua Tree and Chiriaco crustal blocks of 5.3 ± 0.3 and 4.6 ± 0.3 °/Myr,
respectively. In all the models we tested, we found that the slip rate estimated for the
southern San Andreas fault decreased along-strike to the northwest from ~23 mm/yr to 58 mm/yr. This trend is also found in the Holocene and Late Pleistocene geologic
estimates along this section of the San Andreas fault. However, we found a summed slip
rate of 13-18 mm/yr for the faults in the ECSZ, which is more than double the maximum
geologic rate reported by Oskin et al. [2008]. This study helps inform seismic hazards
assessments, as the reduction in slip along the San Andreas fault could indicate an
increased recurrence interval, assuming comparable slip-per-event for the different
segments of the fault. It is also possible that the San Andreas fault through San Gorgonio
Pass is no longer the preferred path for rupture to follow, instead following the newly
developing Mojave line path through the ETR and into the ECSZ.
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In Appendix B, we investigate the long-term postseismic deformation signal
following the 2010 M7.2 El Mayor-Cucapah (EMC) earthquake, in northern Baja
California, Mexico. From this analysis, we were able to investigate the rheological
structure beneath the Salton Trough region. The presence of CGPS data in Baja
California was quite sparse prior to the EMC event, so we led a project to install six new
CGPS stations in northern Baja California, located at distances chosen to best address the
viscoelastic postseismic response to the earthquake. In order to understand the
postseismic deformation signal following an earthquake, we first focused on an
assessment of the pre-earthquake motions at each station. As these newly constructed
stations didn’t exist prior to the EMC event, we developed a crustal block model using
velocities estimated at stations operating during the eight years prior to the earthquake.
From this block model, we were able to estimate the pre-EMC velocity at each of the
newly constructed stations.
With this new information, we compared the post-EMC velocity estimates inferred
for the time period 2011.25-2013.25 (one to three years post-EMC), to the rates we
estimated for the pre-EMC period at a total of 26 CGPS sites. The residual velocities
after subtracting pre-EMC velocity estimates from post-EMC estimates decrease with
distance from the rupture, and exhibit a pattern of motion symmetric about the rupture,
consistent with a slip on a right-lateral strike-slip fault [e.g. Segall, 2010]. We interpret
these differences as postseismic deformation associated with viscoelastic relaxation
associated with elastic stresses induced by the EMC earthquake. To explore the
implications for the viscoelastic structure of the Salton Trough, we constructed an
earthquake deformation model using the Fortran codes PSGRN/PSCMP [Wang et al.,
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2006]. These codes allow for the calculation of coseismic displacements and a
postseismic displacement time-series based on a given fault slip model, and assumed
layered viscoelastic rheology structure for the lithosphere. We applied the fault slip
model from Wei et al. [2011]. However, in comparing the coseismic displacements
observed from analysis of the coordinate time-series data and those estimated from the
forward model, we find a systematic scale difference of 0.85 ± 0.1, with the rates
estimated using the forward model with the Wei et al. [2011] fault-slip model being
larger than what we observed. We propose that the differences between the two rates
stems from the inclusion of InSAR data spanning the first month following the EMC
event into the fault-slip model. The InSAR images likely record deformation associated
with short-time scale rapid afterslip or poroelastic responses to the event, thus raising the
total slip for the event.
We calculated the expected displacements at each of our 26 CGPS sites at one year
and three years duration following the EMC earthquake. By differencing the two values,
then dividing by the two-year window between estimates, we determine a postseismic
velocity change. We then apply the scale factor of 0.85 to the Wei et al. [2011] slip
model. Then we tested 999 different rheologic models, for which we varied the viscosity
of the lower crust and the upper mantle layers. The preferred rheologic structure is the
set of two viscosities that best reproduce the observed differences between the pre- and
post-EMC rates. We find that the best-fitting rheologic structure contains a lower crust
with a viscosity of 9x1019 Pa-s and an uppermost mantle viscosity of 5x1018 Pa-s, with 3sigma confidence intervals of 2x1019 to 1x1022 Pa-s and 4-6x1018 Pa-s for the lower crust
and upper mantle, respectively. All models tested that fall within 3-sigma confidence
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interval of the best-fitting model indicate a strong lower crust compared to uppermost
mantle, with the vast majority of at least an order of magnitude stronger. Given the
presence of high heat flow in the Salton Trough region [Lachenbruch et al., 1985; Doser
and Kanamori, 1986; Bonner et al., 2003], we suggest that the lower crust is likely
composed of mafic material, emplaced in the lower crust during development of the
spreading center. This inference is supported by a lack of an observable gravity low
across the Salton Trough [Fuis et al., 1984; Lachenbruch et al., 1985], as well as an
increase in the p-wave velocity from 5.65 km/s to 7.2 km/s or higher at a depth of ~15
km, indicative of a mafic composition [Fuis et al., 1984; Han et al., 2013].
In Appendix C, my coauthors and I investigate the slip rates of faults in the northern
Mojave region of the ECSZ. Geologic slip rate estimates summed across the ECSZ south
of the Garlock fault indicate maximum slip rates of ~6-7 mm/yr [Oskin et al., 2008].
Summed geodetic rates for the ECSZ south of the Garlock fault range from 12-16 mm/yr
[e.g. McClusky et al., 2001; Becker et al., 2005; McCaffrey, 2005; Meade and Hager,
2005], while summed rates north of the Garlock range from 9-13 mm/yr [e.g. Dixon et
al., 2000; McClusky et al., 2001; Bennett et al., 2003; McCaffrey, 2005; Meade and
Hager, 2005]. One possibility for the discrepancy is that geodetic rates in the southern
ECSZ sense ongoing postseismic relaxation following the Landers and Hector Mine
earthquakes. However, it has also been proposed that the difference is associated with an
ongoing earthquake cluster, elevating the geodetic rates compared to the longer-term
geologic rates [Dolan et al., 2007; Oskin et al., 2008]. Previous geodetic block modeling
studies incorporated GPS data sets that were sparse in the ECSZ, and comprised
primarily of campaign measurements. The majority of stations until recently were
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located in the southern portion of the ECSZ. This limited the resolution of crustal
deformation using block models for this region, where slip was attributed to only a few
long, linear model faults between the Pinto Mountain fault in the south and the Garlock
fault to the north. In our study, we made use of a significant increase in the number of
available GPS stations and longer observation period since the time of previous
investigations. We analyzed CGPS data spanning up to 11 years for the region, which
wasn’t available to previous block modeling studies. We also included campaign
datasets that span ~20 years in the northern Mojave. This served to greatly increase
station density in the region, particularly with CGPS observations. We also created a
more detailed crustal block model relative to previous studies, attempting to accurately
represent all mapped faults identified as active during the Holocene and Latest
Pleistocene. We used this relatively large data set and detailed block model to infer slip
rates for each of the model faults in our region. We estimate summed strike-slip rates
across the ECSZ for profiles north and south of the Garlock fault of 9.1 ± 0.3 and 7.0 ±
0.6 mm/yr, respectively. For the profile south of the Garlock fault, the rates we estimated
are much lower than previous geodetic estimates, yet fit within the upper bounds of the
geologic slip rate estimates of Oskin et al. [2008]. Our rates for the northern profile fit
within the lower end of the reported uncertainty of most of the geodetic rates and closer
to geologic rates. Our left-lateral strike-slip rate estimates for the Garlock fault decrease
along strike from ~5 mm/yr for the western segments to ~3 mm/yr on the eastern
segments. These values are consistent with the low end of the reported geologic rates,
and are slightly higher than previous geodetic rates. We note a significant and potentially
important discrepancy between the total rate of motion inferred from geodetic data across
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the southern Mojave region relative to the northern Mojave region. This observation
appears to isolate the previously identified discrepancy between geologic and geodetic
rate estimates to the southern Mojave region. Understanding the relationship between the
southern and northern portions of the ECSZ within the Mojave region will require further
investigation.
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Abstract
We present the first results from a dense network of 36 campaign and 46 continuous
GPS stations located in the Eastern Transverse Ranges Province (ETR), a transition zone
between the southernmost San Andreas fault (SSAF) and eastern California shear zone
(ECSZ). We analyzed the campaign data together with available data from continuous
GPS stations for the period 1994-2009. We use the GPS velocity estimates to constrain
elastic block models to investigate fault-loading rates representing four hypotheses
characterized by different fault-block geometries. Fault-block scenarios include blocks
bounded by the east-striking left-lateral Pinto Mountain, Blue Cut, and Chiriaco faults of
the ETR, blocks bounded by a right-lateral north-northwest striking structure (the
“Landers-Mojave earthquake line”) that cuts obliquely across the ETR and mapped
Mojave Desert faults, and combinations of these end-member hypotheses. Each model
implies significantly different active fault geometries, block rotation rates, and slip rates
for ETR and ECSZ structures. All models suggest that SSAF slip rate varies appreciably
along strike, generally consistent with rates derived from tectonic geomorphology and
paleoseismology, with a maximum of ~23 mm/yr right-lateral along the southernmost
Coachella Valley strand, decreasing systematically to <10 mm/yr right-lateral through the
San Gorgonio Pass region. Slip rate estimates for the San Jacinto fault are ~12 mm/yr for
all models tested. All four models fit the data equally well in a statistical sense.
Qualitative comparison among models and consideration of geologic slip rates and other
independent data reveals strengths and weaknesses of each model.
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1. Introduction
Potential for a magnitude Mw≥7.5 earthquake is generally regarded as high along the
southernmost San Andreas fault (SSAF) zone in southern California [e.g., Sykes and
Seeber, 1985; Working Group on California Earthquake Probabilities, 1995; Bennett et
al., 1996; Fialko, 2006; Field et al., 2009]. Simulated ground shaking assuming rupture
of the Coachella Valley and San Bernardino strands of the fault during a single great
earthquake demonstrate significant hazards for major population centers in San
Bernardino, Riverside, and Los Angeles counties [Olsen et al., 2006; Jones et al., 2008].
However, two of the largest southern California earthquakes in the past several decades,
the 1992 Mw 7.3 Landers and 1999 Mw 7.1 Hector Mine earthquakes, occurred in the
Mojave Desert portion of the eastern California shear zone (ECSZ) adjacent to the
southern San Andreas fault (Figure 1). One interpretation of these events, and other
smaller events such as the 1947 Mw 6.5 Manix, 1948 Mw 6.0 Desert Hot Springs, 1986
Mw 5.6 North Palm Springs, and the 1992 Mw 6.1 Joshua Tree and Mw 6.5 Big Bear
earthquakes (Figure 1), is that they represent a natural, but rather diffuse component of
the deformation cycle characterizing the plate boundary zone [e.g., Press and Allen,
1995; Seeber and Armbruster, 1995]. According to this view, spatially-diffuse,
temporally-intermittent seismicity does not contribute appreciably to the long-term
pattern of deformation which is dominated by more frequent large to great earthquakes
on the main plate boundary structures such as the SSAF. If correct, contemporary
seismic hazard along the southern San Andreas fault, which has not ruptured in recent
time, would be considered high depending in part on the rate at which elastic strain is
accumulating in the upper crust surrounding the fault (i.e. the rate of elastic loading). On
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the other hand, the pattern of recent earthquakes has stimulated vigorous discussion of
alternative models for plate boundary kinematics involving present-day reorganization of
the SSAF-ECSZ system [e.g., Nur et al., 1993; Du and Aydin, 1996; Meade and Hager,
2005; Li and Liu, 2006], consistent with a reduction of slip rate on the portion of the San
Andreas fault zone between Cajon Pass and San Gorgonio Pass through the Holocene, or
a transient phase of elevated strain rate relative to the longer term geologic rate [e.g.
Dolan et al., 2007; Oskin et al., 2008]. If new (or reactivated) ECSZ faults are forming
(or becoming more active) at the expense of this portion of the San Andreas fault zone,
the likelihood of a through-going rupture involving both the Coachella Valley and San
Bernardino segments may need to be reconsidered. Moreover, geological observations
pertaining to time scales of hundreds of thousands to millions of years might have little
bearing on contemporary seismic hazards associated with the greater San Andreas fault
system.
Important tests of these competing hypotheses can be obtained from a detailed
understanding of the recent slip history of the SSAF and neighboring fault zones. Slip
rate is an important parameter for active tectonics in large part because the rate at which
slip accrues is a function of the frequency and magnitude of past, and by extrapolation
future, earthquakes. The most direct measures of recent slip rate derive from the timing
of cumulative slip recorded in the geology. However, the extent to which these slip rate
averages representing past intervals of time provide an accurate characterization of
present and future fault behavior is complicated by the fact that fault systems do evolve
over time.
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The rate of interseismic elastic loading, which may be inferred using geodetic
methods and deformation models, provides an important complement to direct
measurement of past fault slip, with similar application to present-day mechanics and
hazards. Assuming that elastic strain accumulation within a fault system will eventually
be released by displacement along faults, geodesy provides an indication of how far-field
plate motion may be partitioned as slip within the plate boundary fault system. The rate
at which elastic strain accumulates across any particular fault is often considered a proxy
for the rate of fault slip that will be accrued over one or more future earthquake cycles.
In a spatially-complex, rapidly-deforming plate boundary zone that experiences
frequent large earthquakes, such as the Pacific-North America boundary zone of southern
California, determination of fault slip rates by geodetic methods is complicated by (1)
frequent coseismic displacements, (2) the poorly characterized rheological properties of
the crust and upper mantle, and (3) the complex geometry of the crustal fault systems.
Frequent earthquakes hamper determination of precise interseismic site velocities by
displacing monuments, and thereby introducing additional parameters that need to be
determined from the data. In addition, viscous relaxation of earthquake-induced stress
concentrations in the lower crust and/or upper mantle, frictional afterslip or ductile shear
within or below the fault zone, poroelastic rebound, or some combination of these
processes may modify the interseismic strain rate field for years (or longer) following a
large earthquake [e.g., Bürgmann and Dresen, 2008], such that crustal motions associated
with elastic loading are difficult to separate from motions associated with ongoing
relaxation. The complexity of the spatial distribution of faults within a broad plate
boundary zone limits our ability to interpret strain accumulation because, when upper
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crustal faults lie in close proximity to one another, their elastic strain fields overlap such
that it can be difficult to distinguish one fault from another based on the surface velocity
field alone without detailed knowledge of the subsurface fault geometry and the extent of
localization in the subseismogenic lithosphere.
In this paper we use data from a new dense GPS network in the Eastern
Transverse Ranges Province (ETR), together with data from neighboring continuous GPS
stations, to investigate strain accumulation and fault slip rates on southern San Andreas
and ECSZ faults, with the goal of refining geodetic constraints on fault slip rate. In
particular, we explore the importance of ETR faults in the transition zone between the
SSAF and ECSZ and along strike variations in strain accumulation along the SSAF.

In

Sections 2 and 3, we review previous literature upon which we develop competing
hypotheses for southern California fault kinematics. We describe the GPS data set that
forms the basis of our study in Section 4. In Section 5, we provide a detailed description
of our fault modeling procedure. We discuss the results of our modeling in Section 6 and
their implications for fault kinematics and seismic hazards in southern California in
Section 7.

2. Background
Competing hypotheses for present-day behavior of the SSAF and ECSZ are difficult
to discriminate using existing geologic and geodetic rate data due to the wide range of
estimates reported in the literature. Apparent differences can be explained by (1)
systematic measurement errors not accounted for by reported ranges of uncertainty [e.g.,
Bird, 2007], including earthquake cycle effects associated with viscous relaxation of
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stress from past earthquakes [e.g., Dixon et al., 2003]; (2) temporal changes in slip rate,
such that geomorphologic, paleoseismologic, and geodetic inferences record slip rate
averages over different intervals, and thus reveal different apparent rates [e.g., Friedrich
et al., 2003; Bennett et al., 2004; Niemi et al., 2004; Bennett, 2007; Oskin et al., 2008];
and/or (3) along strike variation in slip rate, such that point estimates determined by
geologic methods appear to contrast with one another and/or with the spatially averaged
rates determined by geodesy. The first of these possibilities may eventually resolve
itself as new and improved measurement and modeling techniques give rise to new
precise slip rate estimates that supersede older, less precise estimates. It is nevertheless
important to investigate the possibility of spatial and temporal variability using the best
available estimates.
Table 1 summarizes current slip rate estimates for strands of the southern San
Andreas fault south of Cajon Pass (Figure 1). Available data for the southernmost
portion of the fault, south of San Gorgonio Pass, consist of latest Pleistocene rate
estimates from a site at Biskra Palms Oasis [van der Woerd et al., 2006; Behr et al.,
2008, 2010], a Holocene estimate from a site at Thousand Palms Oasis [Fumal et al.,
2002], and geodetic estimates representing an integrated along-strike constraint on fault
slip rate [Becker et al., 2005; Fay and Humphreys, 2005; Meade and Hager, 2005;
Fialko, 2006; Lundgren et al., 2009]. The Biskra Palms site is located at the southern
end of the Mission Creek strand of the SSAF, north of the Coachella Valley segment.
Uncertainty associated with published Biskra Palms estimates has been assessed in detail
by Behr et al. [2010], who provide a rate estimate of 12 to 22 mm/yr, with a preferred
range being 14-17 mm/yr. The Thousand Palms Oasis site is located to the northwest of
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Biskra Palms, along the Mission Creek strand. Fumal et al. [2002] estimate a rate of 4±2
mm/yr for this site. This low rate spans only the Mission Creek fault, one of two major
strands of the San Andreas fault at this location, and is probably not representative of the
rate across the San Andreas fault as a whole. Evidence for Holocene slip on the Mission
Creek fault dies out ~22 km northwest of Thousand Palms Oasis [Jennings, 1994; Yule,
2009], and is likely that the low slip rate at Thousand Palms Oasis is a reflection of
northwestward tapering slip along this strand, with the majority of the 14-17 mm/yr of
slip measured at Biskra Palms being carried by the Banning fault.
Most of the previous geodetic estimates for fault slip rate are consistent with one
another to within their reported uncertainties, with a mean rate of 22.9±0.4 mm/yr, and
normalized (NRMS) and weighted (WRMS) RMS variations (see Appendix A for
definition of these RMS statistics) about the mean value of 1.2 and 1.1 mm/yr,
respectively, with the rates estimated by Lundgren et al. [2009] deviating most from the
mean rates. However, these geodetic rates represent along-strike averages. Thus, it is
difficult to assess the significance of comparisons with the site-specific estimates
provided by geology. Moreover, although small, variability among the published
geodetic estimates is important in light of the fact that overlapping subsets of data were
used. Differences most likely derive primarily from the differences in fault model
parameterizations that were adopted, with models differing both geometrically and
rheologically, as well as whether or not independent plate motion velocity boundary
conditions were imposed in the block model. For example, Meade and Hager [2005]
and Becker et al. [2005] estimated rates assuming a homogeneous elastic rheology for
one segment of the SSAF that encompassed both the Coachella Valley and parts of the
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Mission Creek strand. Fay and Humphreys [2005], Fialko [2006], and Lundgren et al.
[2009] used viscoelastic models to estimate rates only along the Coachella Valley
segment of the SSAF. The latter investigators tested various rheological assumptions,
including the effects of possible contrasts in shear modulus across fault zones, as well as
earthquake cycle effects. An additional source of uncertainty that we consider in detail
below is the effect of model fault geometry, particularly the effect of secondary faults, on
geodetic slip rate estimates.
Multiple rate estimates are also available for the portion of the San Andreas fault
system between Cajon Pass and San Gorgonio Pass. The average slip rate along this
portion of the San Andreas fault is 27-40 mm/yr since the inception of faulting began
between 4 and 6 Ma [Moore and Curray, 1982; Matti et al., 1992; Powell and Weldon,
1992; Oskin et al., 2001; Oskin and Stock, 2003], based on a ~160 km offset of a Triassic
megaporphyritic monzogranite [Frizzell et al., 1986] (Table 1). However, these estimates
are very uncertain because the age of initiation for the southern San Andreas fault is not
precisely known, having been inferred from the age of opening of the Gulf of California.
Localization of Pacific-North America plate boundary zone deformation in the Gulf may
have progressed slowly [e.g. DeMets and Dixon, 1999]. Using the ~6 Ma age of opening
in the northern Gulf of California [Oskin et al., 2001; Oskin and Stock, 2003], the longterm average southern San Andreas slip rate would be ~27 mm/yr. This rate is consistent
with a well-determined Holocene to latest Pleistocene rate for Cajon Pass of 25±4~mm/yr
[Weldon and Sieh, 1985]. The latter rate is also similar to many of the geodetic estimates
for slip rate along the Coachella Valley segment (Table 1). However, recent geologic and
geodetic work on the San Bernardino section of the San Andreas fault indicates that slip
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rate decreases systematically southeastward from Cajon Pass. For example, estimates
representing the latest Pleistocene time-scale (14-34 ka) decrease from ~25~mm/yr at
Cajon Pass [Weldon and Sieh, 1985] to values as low as 11±7 mm/yr along the central
part of the San Bernardino section [McGill et al., 2008, 2010]. Geodetic estimates using
a single model fault representing the San Bernardino, Mill Creek, and Mission Creek
strands south of Cajon Pass are in the range of 5 mm/yr [Meade and Hager, 2005], a
factor of two or more lower than the rates found by Weldon and Sieh [1985] and McGill
et al. [2008, 2010].
The Pleistocene slip rate estimate for the combination of the different fault strands
that comprise the central San Jacinto fault over its ~1.5-2 Myr lifetime is 17.8!!.!
mm/yr
!!.!
[Janecke, 2008]. Kendrick et al. [2002] similarly infer a late Pleistocene rate for the
northern San Jacinto fault of ≥ 20 mm/yr using a model relating measured uplift within a
~100 ka restraining step-over to the inferred strike-slip motion required to produce that
uplift. In contrast, latest Pleistocene rate estimates are somewhat lower. Rockwell et al.
[1990] report rates of ~12 mm/yr for the San Jacinto fault near Anza, where the fault
zone is condensed onto a single strand (the Clark fault). These rates are based on offset
alluvial fan deposits for three late Pleistocene time periods (past 14 kyr, past 17 kyr, and
past 50 kyr). Uncertainties constrain the rates to the interval ~7-20 mm/yr. Farther
south, the Clark fault slips at a rate of 8.9±2.0 mm/yr [Blisniuk et al., 2010], but the rate
of the sub-parallel Coyote Creek strand at this latitude is not known. Geodetic estimates
of San Jacinto slip rate also span a broad range (Table 1). Slip rate estimates derived
using homogeneous elastic models range from 12 to 15 mm/yr [Becker et al., 2005;
Meade and Hager, 2005], whereas rate estimates based on viscoelastic models range
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between 15 and 24 mm/yr [Fay and Humphreys, 2005; Fialko, 2006; Lundgren et al.,
2009], generally higher than the rates derived using the purely elastic models.
There are fewer independent rate estimates for eastern California shear zone (ECSZ,
Figure 1) faults, adjacent to the San Bernardino strand of the SSAF. Existing estimates
for late Pleistocene and present-day geodetic rates differ by a factor of two (Table 1); the
~100 kyr estimate for the ECSZ is 6±2~mm/yr, based on displaced late-Pleistocene
alluvial fans and mid- to late-Pleistocene lava flows throughout the ECSZ [Oskin et al.,
2008], whereas geodetic rate estimates representing the sum across the entire ECSZ
[Sauber et al., 1994; Becker et al., 2005; Meade and Hager, 2005] are in the range of 1215 mm/yr. The geodetic rates are consistent with one another to within their reported
uncertainties. The mean geodetic rate is 14.4±0.9~mm/yr, with normalized and weighted
RMS variations about the mean of 0.9 and 1.5 mm/yr, respectively. As pointed out by
Meade and Hager [2005] and Oskin et al. [2008] the large difference between geodetic
and geologic rates is not likely to be entirely due to postseismic strain associated with the
1992 Landers and 1999 Hector Mine earthquakes, because some of the geodetic rates
[e.g., Sauber et al., 1994] represent the period before the earthquakes.
Paleoseismological investigations following the 1992 Landers earthquake revealed that
the southern part of the ECSZ experiences clustered earthquake recurrence and may be
currently in the midst of a cluster phase beginning with recent prehistoric earthquakes
and continuing with the 1992 Landers and 1999 Hector Mine earthquakes [e.g., Rockwell
et al., 2000; Dolan et al., 2007]. Inter-cluster periods may last thousands of years, and
the most recent major cluster prior to the present one was ~5-9 ka [Rockwell et al., 2000].
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Several faults within the ETR may play an important role in distributing slip from the
southernmost San Andreas fault into the ECSZ. These faults have been incorporated into
past geological models of the SSAF [Powell and Weldon, 1992; Dickinson, 1996;
Langenheim and Powell, 2009], but have not previously been studied in detail using
geodetic data. The Pinto Mountain fault has been active in the Holocene with a ~10 kyr
left-lateral slip rate estimate of 1.8±0.5~mm/yr for a site called the Oasis of Mara (Figure
1) determined by measuring offset alluvial gravels [Cadena et al., 2004]. The Blue Cut
fault (Figure 1) has been active during the Pleistocene [Hope, 1966, 1969; Bachellor,
1978], but the Chiriaco fault does not appear to have been [Powell, 1981]. Langenheim
and Powell [2009] used gravity and magnetic surveys, and geologic mapping to infer
total offsets for faults within the ETR. The total left-lateral offsets are 13-18 km, 3-9 km,
and 8-11 km for the Pinto Mountain, Blue Cut, and Chiriaco faults, respectively, and a
total sinistral offset across the region of 34-40 km, including slip on lesser faults
[Langenheim and Powell, 2009]. On the basis of rather limited data, Langenheim and
Powell [2009] also infer that the sinistral faults in the region between the Pinto Mountain
and Chiriaco faults initiated in the late Miocene, with most or all displacement occurring
in the past 6-7 Ma. If this is correct, the measured bedrock offsets yield minimum leftlateral slip rate estimates of ~2, ~1, and ~1.5 mm/yr, for the Pinto Mountain, Blue Cut,
and Chiriaco faults respectively, and a sinistral rate of 5-6 mm/yr across the zone as a
whole. The agreement of the ~2 mm/yr rate thus inferred for the Pinto Mountain fault
with Cadena et al., [2004] measurement of the Holocene slip rate for that fault lends
some credence to Langenheim and Powell's [2009] inference of a 6-7 Ma initiation age
for these sinistral faults, and consequently to the crude slip rate estimates presented above
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for the Blue Cut and Chiriaco faults. A 6-7 Myr initiation age also makes sense given the
similar age for the inland-jump in the plate boundary to the present San Andreas fault
location [Oskin et al., 2001; Oskin and Stock, 2003], and the 6-10 Ma age of initiation of
rotation in the region [Richard, 1993]. Meade and Hager [2005] provide a geodetic
estimate for Pinto Mountain fault slip rate of 9.4±0.9~mm/yr, in stark contrast to the rates
in the Holocene and since inception reported above. They did not consider the Blue Cut
or Chiriaco faults, but even the inferred slip rate across the whole zone of sinistral faults
since inception (5-6 mm/yr) is considerably less than Meade and Hager's [2005]
estimate.

3. Postseismic deformation
As discussed above, any study of fault slip rates inferred from geodetic measurements
of interseismic velocity must consider the viscoelastic properties of the lithosphere,
including the effects of recent large earthquakes as well as the longer lasting effects of
repeat earthquakes. The two largest recent earthquakes in the vicinity of our study
region, the 1992 Mw7.3 Landers and 1999 Mw7.1 Hector Mine earthquakes, occurred in
the Mojave Desert region to the northeast of the ETR. Most studies of postseismic
deformation following these earthquakes have found that the majority of transient strain
decayed rapidly after the events (see summary in Bürgmann and Dresen [2008]).
However, despite the large number of investigations of postseismic processes associated
with the Landers and Hector Mine and other earthquakes in southern California and
elsewhere around the world, there remains significant uncertainty regarding the duration
and radius of effect of the transient strain following Mw7 to 7.5 earthquakes. One of the
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most important limiting factors is that we have a very poor understanding of the secular
velocities in the vicinity of these earthquakes prior to the earthquakes. Thus, it is
difficult to discriminate long-lived postseismic deformation from secular strain
accumulation [Savage and Svarc, 2009]. Freed et al. [2007] provide evidence for long
distance transients in the Mojave Desert/Southern Great Basin region accumulated over
the seven years following the Hector Mine earthquake, whereas Argus et al. [2005] find
no long term change in continuous GPS station velocity at sites in Los Angeles at a
comparable distance following the Landers and Hector Mine earthquakes. The difference
between these two results could be explained by a sharp change in lithospheric thickness
and strength across the San Andreas fault [Magistrale and Sanders, 1996; Magistrale and
Zhou, 1996; Melbourne and Helmberger, 2001; Schmalzle et al., 2006]. According to
this view, the stronger, thicker, higher viscosity lithosphere on the Pacific side of the San
Andreas, which underlies the LA Basin, might experience a more damped postseismic
response than would the weaker, lower viscosity Mojave Desert lithosphere. However,
most of the stations upon which Freed et al. [2007] based their study were constructed
during or after 1999, whereas several of the stations studied by Argus et al. [2005] date
back to 1996 or earlier. It was thus possible for Argus et al. [2005] to compare velocities
for these stations before and after the Hector Mine earthquake. It wasn't possible for
Freed et al. [2007] to do the same for sites in the Mojave Desert and southern Great
Basin.
Savage and Svarc [2009] studied displacements of geodetic markers following both
the 1992 Landers and 1999 Hector Mine earthquakes determined by frequent repeat
campaign GPS measurements. They showed that the displacements were most consistent
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with models representing rapid afterslip, with logarithmic decay. A single mechanism
(afterslip) and characteristic decay time (~30 days) fits GPS displacement data for both
events. Long-term velocity increases after both events relative to an approximate preearthquake velocity field were found to be no more than a few mm/yr more or less,
uniform across the geodetic network, and may represent inaccuracies in the approximated
pre-Landers earthquake velocity field [Savage and Svarc, 2009]. Moreover, Savage and
Svarc [2009] demonstrate that pre- and post-Hector Mine secular velocities are nearly
identical (see their Figure 7), suggesting that ongoing viscous relaxation of the lower
crust and upper mantle associated with the Hector Mine event has negligible effect on
velocities observed in the immediate Mojave Desert region.
Another issue that is critical to estimates of fault slip rate using geodesy is the
possible long-term variation of interseismic velocity throughout the earthquake cycle of
the San Andreas and other major faults. The recurrence interval for the SSAF in
Coachella Valley is 215±25 years [Fumal et al., 2002] and there hasn't been a large event
(Mw>7.0) on this segment for more than 300 years, which puts the SSAF late into its
earthquake cycle. Similarly, the SSAF through San Bernardino Valley is also near the
end of its earthquake cycle. The recurrence interval is ~150 years [Seitz and Weldon,
1994; Yule et al., 2001], and the last major event in the vicinity was the Mw7.5
earthquake on 8 December 1812, which occurred near Wrightwood, California [Jacoby et
al., 1988; Seitz and Weldon, 1994].
Different models for the rheology of the lower crust and upper mantle have been used
to assess the viscoelastic effects of repeat past earthquakes on estimates for San Andreas
fault slip rate [Johnson and Segall, 2004; Fay and Humphreys, 2005; Meade and Hager,
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2005; Lundgren et al., 2009], with all authors reporting estimates for the relaxation time
of the lower crust of >100 years. Long relaxation times which are an appreciable fraction
of the interseismic period would imply that variations in velocity throughout the
interseismic period may be difficult to detect, with the exception of a possible rapid
response on shorter timescale associated with stress-driven creep or afterslip on a deep
extension of the fault [e.g., Owen et al., 2002; Johnson and Segall, 2004], poroelastic
rebound [e.g., Fialko, 2004], or a biviscous [e.g., Pollitz, 2003] or nonlinear [e.g., Freed
and Bürgmann, 2004] viscous response. Meade and Hager [2005] concluded that the
along-strike variation in slip rate estimates for the San Andreas fault (Table 1) are not
attributable to viscoelastic earthquake cycle effects. Instead, the slip rate is likely to vary
along strike due to the transfer of fault slip through the ETR into the ECSZ, a possibility
that we explore in more depth below. Based on these past studies of elastic and
viscoelastic deformation models, we conclude that an elastic model provides an adequate
approximation for the southern San Andreas fault system during the time of our
experiment.

4. GPS Data
To improve our understanding of the crustal deformation field in the vicinity of the
SSAF, particularly the transition zone between the SSAF and the southernmost ECSZ, we
established a new, dense, campaign-style GPS network in the ETR (Figure 2). The
network consists of 12 new stations located within Joshua Tree National Park (JTNP), as
well as several existing geodetic benchmarks in the general vicinity of JTNP (Figure 3).
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We also adopted 12 existing benchmarks located in the San Bernardino and San Jacinto
Mountains.
Our newly installed monuments in the Joshua Tree region consist of stainless steel
benchmarks that are anchored 21.5 cm into bedrock. A stainless steel mast 18 cm in
height is then threaded into the benchmark, upon which an antenna is attached and
oriented to true north. This mast/benchmark system allows for stable semi-continuous
deployment, and ensures high precision height repeatability. The remaining 12 geodetic
benchmarks that we adopted in the vicinity of Joshua Tree National Park were observed
using constant height (13.05 cm) spike mounts. We observed this network three times
annually since 2005, except in 2008 when only two campaigns were conducted, for a
total of nine campaigns conducted between September 2005 and September 2008. We
used Trimble Zephyr Geodetic antennas for all campaigns. However, we used a number
of different types of receivers, depending on the availability of equipment from the
UNAVCO Facility and PBO campaign equipment pools. These different receiver types
include Trimble 4000SSE/SSI, Topcon GB-1000, and Trimble 5700/R7.
In addition to this ETR campaign dataset, we also analyzed data from campaign sites
located within the San Bernardino and San Jacinto Mountains (Figure 2). We observed
these sites between one and six times ranging from biannual to annual observations over
the period from 2002 to 2008. The sites were observed with either Ashtech ZXtreme or
ZXII receivers with Ashtech choke-ring antennas, or Trimble 4000SSE/SSI receivers
with Zephyr Geodetic antennas. We used 73 observation days of RINEX data for five
campaign sites in the San Bernardino campaign network (CHER, ONYX, MEEK, RICU,
and LUCS in Figure 3) from the SCEC database (http://www.data.scec.org/gps/)
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representing the time period 1994-2004, prior to our observations. The majority of these
previous observations are for sites MEEK and RICU (32 and 29 observations days,
respectively). The sites MEEK and RICU were also observed by the USGS for a total of
38 observation days in the two years following the Hector Mine event, which accounts
for more than half of the data collected in total for these two sites. As discussed in more
detail below, we chose to use only the data collected before 1999.7 and after 2000.5,
omitting data in the period 1999.7 to 2000.5, in order to minimize the effect of transient
postseismic velocity change.
We analyzed all of these campaign GPS data together with data from 233 continuous
GPS (CGPS) stations, with 71 stations located throughout the deforming western US, 69
stations located throughout the North American plate interior, and 93 stations distributed
globally. Of these sites, 46 CGPS and 36 campaign sites are located within our study
area. This distribution of CGPS stations outside of the deforming plate boundary zone
enabled us to effectively transform between global and North America plate fixed
reference frames. We analyzed all data following standard methods using the
GAMIT/GLOBK software version 10.3 (King and Bock, 2005; Herring, 2005), which
incorporates International GNSS Service (IGS) absolute phase center and ocean loading
models. We used precise IGS products for orbital parameters and Earth orientation
parameters as a priori constraints, but we estimated corrections to these a priori
estimates. We determined coordinate time series and secular site velocities relative to the
Stable North America Reference Frame (SNARF) v 1.0 [Blewitt et al. 2005], which is
based on the global ITRF00 Reference Frame, but incorporates a model for glacial
isostatic adjustment. We realized the SNARF reference frame by minimizing translation
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and rotation of adjustments of all the sites relative to the SNARF a priori coordinates and
velocities. Secular site velocity estimates for all sites in the immediate study area are
given in Tables 2 and 3 and shown in Figure 2. The time series of site coordinate
estimates relative to SNARF are shown for a select set of our ETR campaign stations in
Figure 4 with the individual site names shown in Figure 3.
Before estimating site velocities, we analyzed the coordinate time series to assess the
effects of postseismic deformation and to assess geodetic precision. To assess the
possibility of ongoing perturbations to the secular velocity field in our study area (Figure
3) associated with Mojave Desert earthquakes, we analyzed the coordinate time series
from the one CGPS station (WIDC) that was operating in our study area both before and
after the Hector Mine earthquake (Figure 5). The time series for this site allows us to
assess differences between pre- and post-Hector Mine earthquake velocities. For the two
years prior to the earthquake, we find a rate of 15.3±0.6 mm/yr relative to stable North
America. We used GGMatlab [Herring, 2003], a tool for GPS time series analysis, to
estimate velocity uncertainty in this rate estimate (and all subsequent estimates),
accounting for annual and semi-annual site motion, which we estimated simultaneously
with the rates, and correlated errors among the data points assuming a first-order GaussMarkov noise model. Pollitz [2003] estimated two relaxation times for the Mojave
Desert region finding an initial rapid transient lasting ~26 days (similar to the
characteristic time reported by Savage and Svarc [2009]) followed by a slower relaxation
lasting ~2 years, assuming a biviscous rheology model for the lower crust and uppermost
mantle. To further test the implications of Pollitz's [2003] inference for our study, we
chose to estimate rates for the postseismic period using two different subsets of post
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earthquake data. The first subset includes data from 2000.5 to 2009.5, excluding the
roughly eight months of data immediately following the event to mitigate the effect of
rapid postseismic deformation. This subset of data excludes the period of rapid
deformation immediately following the earthquake, but overlaps with the longer
relaxation period implied by the Pollitz [2003] model. The second subset includes data
from the period 2005.0 to 2009.5, which should be less affected by postseismic strain.
This time span represents the period during which an important subset of our campaign
data set was collected. For the first subset, we estimate a rate of 16.5±0.4 mm/yr relative
to stable North America, which differs from the pre-earthquake estimate by 1.2±0.6
mm/yr. This small increase is consistent with the bound of ~2 mm/yr proposed by
Savage and Svarc [2009]. For the second subset, we estimate a rate of 16.0±0.3 mm/yr.
The difference between this estimate and the pre-Hector Mine velocity is 0.7±0.6 mm/yr,
statistically only marginally significant. This result is consistent with the Pollitz [2003]
model for which most of the post Hector Mine rate change occurs within two years of the
event. The difference between our two post-Hector Mine estimates of 0.5±0.6 mm/yr is
also insignificant. Thus, the rates determined from the longer span, 2000.5 to 2009.5, are
not significantly different from the rates inferred from the shorter span, 2005.0 to 2009.5.
This is important for our study because some of the campaign data were collected prior to
2005, and it is therefore useful to include continuous data for the longer 2000.5 to 2009.5
period. Based on these results, we conclude that our velocity estimates for the ETR are
perturbed a relatively small amount by the Hector Mine earthquake. By way of
inference, we also expect that postseismic deformation associated with the 1992 Landers
event on our results is similarly negligible.
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To assess the precision of the Joshua Tree campaign dataset, we analyzed the
coordinate time series. The NRMS misfits of a linear regression to the time series have
an average value of 0.8 in the east component and 0.7 in the north component (Table 4),
suggesting that our estimates for position uncertainty provides a reasonably conservative
description of the errors. The WRMS scatter of the residuals about the linear regressions
for our campaign data are in the range of 1-3 mm for the east and north components, with
mean values of 2.3 and 1.8 mm for the east and north, respectively (Table 4). Scatter of
the residuals for the vertical position estimates is a factor of ~3 higher, with an average
WRMS of 7.8 mm. However, the average NRMS misfit is only 0.8, indicating that the
uncertainties adequately account for the increased scatter.
We also tested velocity precision, focusing on a subset of the ETR campaign sites that
had been observed for at least a ~2.5 year period. There were four campaigns during
September, three campaigns in May, and two campaigns in February. We split each of
the time series into three sub-sets, based upon the season during which they were
collected. This allowed us to determine three velocity estimates, one for each season.
We show the sets of velocities estimated in this way in Figure 6. Despite there being two
fewer campaigns for February and one fewer for May compared to September, all
velocity estimates for each site agree within error. The NRMS and WRMS deviation of
the three seasonal estimates from their mean values are given in Table 5. The average
WRMS scatter is ~1 mm/yr. The average NRMS difference is ~1, suggesting that our
estimates for velocity uncertainties adequately represent the true errors.
As mentioned above, we supplemented the ETR campaign measurements with CGPS
data from sites located throughout the deforming western US, including several sites
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located in and around the ETR. These supplementary sites provide additional constraints
on the deformation field associated with the faults in the region. Of the 233 CGPS
stations that we analyzed, 46 CGPS sites are located in our study region. The data for
these stations span the time period 1994-2009.5. We acquired data from three different
networks. The first is the Southern California Integrated GPS Network (SCIGN), now
operated by the USGS. There are 15 sites from this network in our study area (Figure 3).
Of these, we analyzed data from sites ROCH and PIN1 beginning in 1994.0 and 1994.8,
respectively, and WIDC and PIN2 began in 1997. The other sites in this network started
collecting data circa 1999, around the same time as the Hector Mine event. The second
CGPS network from which we acquired data is the PBO-NUCLEUS network, which
comprises several stations, originally constructed as part of the SCIGN network, but is
now operated by the Plate Boundary Observatory (PBO) Facility. This network contains
14 stations in our study area, all of which began operation after 1999.0, with the majority
of the sites beginning in 1999 or 2000. The third network, the PBO Network, contains 17
sites in our study area. The first sites of this network in our study area were installed in
2004.4, but the majority of these sites were installed between 2005 and 2007. We
analyze data starting in 1994, making use of data from the CGPS sites of the SCIGN
network and SCEC campaign datasets in order to estimate velocities prior to the Hector
Mine earthquake for these sites. We then constrained the individual site velocities to be
equal before and after Hector Mine, which further mitigates the effect of the earthquake.
The uncertainties associated with velocity estimates for the continuous stations are
typically ≤1 mm/yr, with the older NUCLEUS-SCIGN estimates having uncertainties
≤0.2 mm/yr (Table 3). Velocity uncertainties account for annual and semi-annual signals

58

and correlated errors using the same procedure as for the WIDC CGPS site as described
above (Table 3). To mitigate the effects of transient post-Hector Mine earthquake
deformation, we omitted data for the 0.75 years (258 days) following the event. Based on
our analysis of the coordinate time series from the site WIDC, we expect negligible effect
on our rate estimates associated with the Hector Mine and Landers earthquakes.
We opted not to use the velocity estimates from the Southern California Earthquake
Center (SCEC) Crustal Motion Map (CMM) dataset for a variety of reasons. First, the
majority of the data set represents the period of 1986 to 2001, prior to our campaign GPS
experiment. Postseismic deformation associated with the 1992 Landers and 1999 Hector
Mine earthquakes may be appreciable for this period. Therefore, the SCEC data set
might yield a slightly different picture from that of our more recent campaigns depending
on how these earthquakes were accounted for in the SCEC analysis and might require a
more complex model than we consider here. The important task of comparing pre- and
post-earthquake velocities in detail would require careful consideration of reference
frame realizations, earthquake displacements, and postseismic displacements and is
beyond the scope of this investigation. Second, neither the time series nor the data
products required to generate time-series are currently available for the SCEC CMM
solution. Thus, it would be difficult to analyze in detail how the earthquakes may have
affected the SCEC CMM3 velocities. Third, the uncertainties of SCEC velocities in our
study region are relatively high, such that a combination of SCEC velocities with our
velocity solution would not likely improve the secular velocity estimates appreciably
relative to the solution that we derive from the post earthquake data. Finally, the SCEC
product represents a complex combination of trilateration, campaign, and continuous
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GPS and VLBI data sets. Thus, we leave an independent analysis of additional subsets of
the raw data from the SCEC archive (beyond those that we have already included) and a
comparison with our post-earthquake campaign data to future work.

5. Fault Slip Estimation
5.1 Block Model Approach
To investigate the implications of the observed crustal motions for fault slip rates
across the SSAF/ECSZ transition zone, we used a modified version of the elastic halfspace block modeling method of Bennett et al. [1996]. According to this approach, the
study region is represented as a mosaic of elastic (Poisson) blocks in contact along
vertical faces (Figures 7A, 8A, 9A, and 10A), with the external edges of these blocks
defining free boundaries in the sense that there is no strain associated with these
boundaries. Block geometries are chosen such that their boundaries represent the major
crustal fault zones in the area. The 3-vector describing the motion of the jth block mj is
composed of a temporally uniform 2-vector horizontal translation and a scalar vertical
axis rotation
𝑚! = 𝑢! , 𝑣! , 𝜔! .

(1)

where uj and vj are the east and north components of block translation rate vector, ωj
represents the vertical axis rotation, and the subscript j indicates the jth block. Vertical
axis rotation is calculated with respect to the geometric center of figure of the blocks,
which is determined from the vertices of the block boundaries. This centroid
decomposition is chosen because it minimizes the net translation over the surface of each
block associated with the rotational component of that block's velocity field. This
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parameterization of block motions is equivalent to models describing block motions
using a three-dimensional Euler vector [e.g., McCaffrey, 2005; Meade and Hager, 2005],
but we have found our parameterization convenient for problems involving small crustal
blocks in that it allows us to isolate precisely determined block translation from poorly
determined vertical axis rotation.
Each block boundary may be represented by multiple fault segments. Fault slip rates
are calculated from the relative motions of fault-bounded blocks. The strike slip
component of slip on any given fault is determined from the relative motions of the
blocks bounding that fault projected onto the direction of strike. For faults bounding
rotating blocks, fault slip rate varies along strike depending on fault orientation in relation
to the block centroid about which rotation is reckoned. The variation of slip rate along
strike associated with block rotation is accommodated by multiple fault segments, which
may each have a different slip rate.
Interseismic velocities are modeled using the “backslip” approach [e.g., Savage,
1983; Matsu'ura et al., 1986] using finite rectangular elastic dislocations [Okada, 1985].
Across each fault, the fault-parallel component of velocity is assumed to be continuous
from the surface to a prescribed locking depth, below which this component of velocity is
allowed to be discontinuous. Following Bennett et al. [1996], conversion to a Cartesian
coordinate frame aligned with fault strike is performed locally for each fault segment to
mitigate errors associated with the curvature of Earth that arise at very large distance
scales where shallow dislocation is negligible [Ben-Menahem et al., 1969]. The faultperpendicular velocity is allowed to be discontinuous at all depths across the fault
boundary. This latter assumption should have negligible effect throughout much of our
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study region, because the relative block motions involve predominantly fault parallel
relative motions. We critically evaluate this assumption in detail below.
An important exception occurs in the San Gorgonio Pass region, where geological
[Morton and Matti, 1993; Yule and Sieh, 2003; Langenheim et al., 2005] and
seismological [Seeber and Armbruster, 1995; Carena et al., 2004] data and models for
long-term deformation [Dair and Cooke, 2009] indicate significant transpression,
accompanied by appreciable structural complexity at the surface and at depth. An
important long-standing problem in active tectonics is how to accurately model the
interseismic velocity field in regions of such upper crustal complexity. In regions of
transpression, such as the San Gorgonio Pass, upper crustal faulting is partitioned into
thrust (e.g., San Gorgonio thrust) and strike-slip (e.g., Mill Creek) components. Whether
deformation in the lower crust is similarly partitioned is less clear. For example,
Bowman et al. [2003] showed that oblique-slip on a single dipping dislocation in the
lower crust should generate stress in the brittle upper crust consistent with partitioned
thrust and strike-slip faulting. However, the nature of deep creeping extensions of
narrow fault zones through the lower crust is controversial. There are many issues to
consider. For example, oblique-slip on a dipping plane is less favorable than slip on
separate dipping (dip-slip) and vertical (strike-slip) structures in that it would require
greater work against friction or viscous stresses. On the other hand, slip on nonoptimally aligned planes may occur, particularly if the fault zone strength is very low
relative to the unfaulted crust. We do not attempt to resolve these issues here. Instead,
we model the Mill Creek strand as a vertical strike-slip fault that extends into the lower
crust and treat the fault-perpendicular component as for the other strike-slip faults in our
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study region. We anticipate that future modeling work will assess more complex
parameterizations of this region.
According to the block modeling approach, the strike-slip component of relative
block motion at any given point along a fault is required to determine the strain field
associated with that fault using elastic dislocations [Okada, 1985]. The horizontal
velocity field is then modeled as the difference between the strain contributions from the
locked faults, which depend linearly on the block motions, and the block motions
themselves. Because the observed velocities are linearly dependent upon the block
motion model parameters, parameter estimates and error propagation are achieved by
straightforward linear (weighted) least squares, as described below.

5.2 Model Development
Designing a model requires the specification of several parameters defining the
number and geometry of the blocks. This process of choosing a model may be guided by
fault maps, seismicity pattern, or other ancillary information, but is necessarily a
subjective exercise. The uncertainties associated with model specification are not
characterized by least squares error propagation. This class of uncertainty may be
appreciable for regions characterized by diffuse networks of faults, such as in the ETR
and ECSZ regions. Therefore, to assess the effects of fault-block geometries on our sliprate estimates we investigate four different fault-block scenarios (Figures 7, 8, 9, and 10)
that incorporate the major faults [Jennings, 1994] in the region, as well as faults inferred
from interpretation of a published isostatic residual gravity map [Langenheim et al.,
2007] and the pattern of instrumentally recorded seismicity [Southern California
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Earthquake Data Center (SCEDC), (http://www.data.scec.org)]. Below we will treat
these different models as working hypotheses, exploring their implications for fault slip
rate in light of the geodetic velocity field.
The first model that we consider includes blocks with boundaries representing the
mapped Blue Cut, Sheep Hole, and Chiriaco faults (Figure 7). For this model, the two
blocks of the ETR (JT and CHI, Figure 7a) are free to rotate about a vertical axis, but the
other blocks of the model are constrained to translate only. This model roughly
corresponds to the transrotation model of Dickinson [1996]. To guide our choice of fault
locations within the ETR, and in particular the Joshua Tree National Park region (Figure
3), we used a published isostatic residual gravity map to delineate fault locations
[Langenheim et al., 2007] (Figure 11) in addition to the mapped faults [Jennings, 1994].
This model, referred to in Section 6 as the Transrotation (TR) model, contains nb = 8
crustal blocks and 15 planar fault segments (Figure 7A). The SBR block is held fixed;
that is, it does not translate or rotate. Thus, there are 19 free parameters: 2 x (nb - 1) = 14
translation parameters, 2 block rotation parameters, and 3 global rotation parameters
representing an overall rotation between the observed and model velocity reference
frames.
The second model that we considered, referred to in Section 6 as the Landers-Mojave
line (LM) model, includes only seven planar fault segments separating five crustal blocks
(Figure 8A). This model serves as the opposing end member to the previous model in
that the ETR and ECSZ faults in our second model were solely determined by patterns of
seismicity over the past ~34 years (Figure 12), and primarily follow the rupture
associated with the Joshua Tree and Landers earthquakes of 1992. Two of the model
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faults (LML and EP, Figure 8A) are intended to represent a NNW trending, right-lateral
strike-slip fault inferred from the pattern of 20th century earthquakes in the Mojave
Desert region and their rupture characteristics as discussed by Nur et al. [1993]. Blocks
are allowed to translate, but not rotate. There are eleven free parameters in this model
that describe the translations of the nb = 5 crustal blocks (i.e. 2 x (nb - 1) + 3).
The third model that we considered, referred to in Section 6 as the Modified
Transrotation (MT) model, is similar to the first model, in that it approximates mapped
faults in the ETR and ECSZ with ETR crustal blocks allowed to rotate. However, the
MT model differs in that the easternmost boundaries of the ETR blocks are shifted
westward to approximately the same longitude as the Pisgah-Bullion-Mesquite Lake fault
zone of the ECSZ (Figure 9A). Although there are no mapped faults along these
proposed block boundaries, they form a southward projection from the Pisgah-BullionMesquite Lake fault zone, which forms the eastern edge of the zone of most recently
active shear north of the Pinto Mountain fault [Jennings, 1994]. This model might be
considered as the expression of a recent westward shift in the locus of ECSZ shear in the
ETR as proposed by Dokka and Travis [1990]. Langenheim and Powell [2009] indicate
that the Pinto Mountain fault zone extends to the east of its intersection with the Mesquite
Lake fault and slips with a rate similar to the segments located to the west. However, this
portion of the fault has not ruptured during the Holocene [Jennings, 1994]. Although
northwest-striking, right-lateral faults exist east of this boundary, both north and south of
the Pinto Mountain fault, their slip rates are very low. The geologic slip rate of the
Ludlow fault (<0.4 mm/yr), based on offset Quaternary aged alluvial fans, is less than
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half the rate of any of the faults further west in the eastern California shear zone [Oskin et
al., 2008].
Finally, the fourth model that we consider, referred to in Section 6 as the Combined
(CM) model, represents a hybrid of the TR and LM models (Figure 10A). This model is
intended to approximate both the mapped faults and gravity anomalies as in the
Transrotation model, while also allowing for the presence of a through-going fault along
the Landers/Joshua Tree rupture lines.
We chose to prescribe a locking depth of 15 km for all faults in each of the models.
This depth is within the range of locking depths used in previous block modeling studies
[e.g. Bennett et al., 1996; Becker et al., 2005; Meade and Hager, 2005] and is based on
various assumptions regarding fault frictional behavior with depth. We investigate the
implications of this choice for fault slip rate estimates in the discussion section below.

5.3 Inversion Method
Our inversion method follows Bennett et al. [1996]. We model the observed 2-vector
(north and east) horizontal velocity at the ith site, di, according to the equation
𝑑! = 𝑣! + 𝑅! 𝑛 + 𝑒!

(2)

vi represents the model velocity which depends linearly on the set of block motions mj. n
= (Ωx, Ωy, Ωz), represents the Cartesian components of the Euler vector describing the
difference between the model and data velocity reference frames. Ri is the matrix relating
the vector n to velocity at the ith site. ei represents the measurement error. We assume
that the ei are well described as samples from a zero mean normal distribution with
known variance-covariance matrix Vij = Eeiej. The variance-covariance matrix derives
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directly from the GPS data analysis, but we do not use intersite correlations as they are
small, and because intersite correlations result predominantly from reference frame
uncertainty, which is mitigated during our least squares analysis as described below.
Collecting the observed velocities into a single data vector d = (d1,d2,…,dN) and block
motion vectors into a single model parameter vector m = (m1,m2,…,mM), we may use
equation (2) to form the combined expression
𝑑 = 𝐴𝑚 + 𝐵𝑛 + 𝑒

(3)

where B = (R1,R2,…,RN), e = (e1,e2,…,eN) and A is an N x M matrix representing the
linear relationship between velocity and block motion described above. We normalize
the system by the inverse of the Cholesky square root L of the variance matrix (i.e. V =
LLT) such that the resulting errors ê = L-1e have unit variance. Our objective is then to
minimize the performance functional
𝜓 𝑚, 𝑛 = 𝑑 − 𝐴𝑚 − 𝐵𝑛

!

(4)

where 𝑑 = L-1d, 𝐴 = L-1A, 𝐵 = L-1B, and ∙   represents the Euclidean norm.
Following Bennett et al. [1996], we choose to annihilate the nuisance parameter n
representing the unknown Euler vector by hierarchical inversion. Namely, we first
minimize 𝜓 over n as if m were known. The resulting estimate is 𝑛 = 𝐵! 𝐵

!!

𝐵! 𝑑 −

𝐴𝑚 . Substitution of 𝑛 for n in 𝜓 yields a new performance functional Γ m =
!

ψ m, 𝑛 = min! 𝜓 𝑚, 𝑛 = 𝑃𝑑 − 𝑃𝐴𝑚 , where 𝑃 = 𝐼 − 𝐵 𝐵! 𝐵

!!

𝐵! . Finally, we

solve for 𝑚 by minimizing Γ 𝑚 = min! Γ(𝑚). The result is
𝑚 = 𝐴!! 𝐴!

!! !! !

𝐴 𝑑

(5)
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where 𝐴! = 𝑃𝐴 and 𝑑 ! = 𝑃𝑑. The uncertainty in the block motion estimate is expressed
by the model variance-covariance matrix 𝐶 = 𝐴!! 𝐴!

!!

. A vector of fault slip rate

estimates may be derived from the block motion estimates by a linear transformation
𝑠 = 𝐹𝑚, where the matrix F depends only on the fault-block geometry. The variancecovariance matrix representing the uncertainty in the fault slip rate estimates is
Σ = 𝐹𝐶𝐹 ! . The fault slip rate uncertainties are conditioned on the specific fault-block
geometry and do not formally account for inaccuracies in this geometry. In reporting the
results below, we chose to not scale the resulting uncertainties by the 𝜒 ! /dof. The
denuisancing procedure outlined above, annihilates the portion of the data variancecovariance matrix that pertains to reference frame uncertainty.

6. Results
6.1 Transrotation (TR) Model
The TR model provides a reasonably good fit to the observed velocity field (Figure
7B), with WRMS scatter of the misfit of 0.8 mm/yr (Table 7). The NRMS of the fit to
the data is 2.6, slightly larger than expectation (~1) assuming that the data variancecovariance matrix is an accurate representation of the errors in the data. This model has
145 degrees of freedom. The largest residual velocities are found at three stations in the
eastern part of the ETR blocks (Figure 7C), as well as three stations in the San Gorgonio
Pass region. The large residual velocity estimates for the three sites in the ETR can
partially, but not entirely, be attributed to measurement errors given the large uncertainty
associated with the velocity estimates for those sites (Sites LITE and PB21 in Table 2 and
site P608 in Table 3, Figures 3 and 2). Independent of the observed velocities at these
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sites, the model rates at these locations are quite large, due to the rapid rotation rate
inferred for the JT block. The JT block rotation rate estimate is 14.5±0.3°/Myr and the
CHI block estimate is 7.0±0.2°/Myr (Table 8). Rapid rotation results in highly variable
along strike slip rate estimates for these blocks' bounding faults, such as the Pinto
Mountain fault and Blue Cut faults. The sites MEAD and SJPK (Table 2; Figure 3)
located in the San Gorgonio Pass region have the highest formal uncertainties of any of
our sites, along with the site LITE discussed above. The large uncertainties account for
the large residual velocities found at these sites. The site ESRE, located in the ANZA
block (Figures 2 and 3), has one of the highest formal uncertainties of the CGPS data, and
this results from having only ~2 years of data which span the 1999 Hector Mine
earthquake. The mean residual velocity for this model is 0.1±0.1 mm/yr.
The slip rate estimates along the different strands of the SSAF (Table 6, Figure 7E)
are right-lateral in sense and decrease systematically from south to north. The rates along
the two Coachella Valley segments (SAF-CV1 and SAF-CV2) decrease from 22.5±0.2 to
16.7±0.3 mm/yr respectively. The rate estimate for the Little San Bernardino segment
(SAF-LSB) is 9.8±0.2 mm/yr. The estimate for the Mill Creek strand (SAF-MC) is
6.2±0.2 mm/yr (Figure 7A). The ECSZ faults to the north of the Pinto Mountain fault
also slip in a right-lateral sense, with the Emerson fault accommodating 10.6±0.2 mm/yr
and the Pisgah-Bullion-Mesquite Lake faults (PBML) accommodating 11.3±0.3 mm/yr.
The sum of the ECSZ fault slip rates is 16.8±0.3 mm/yr, from the WMOJ2 block to the
SBR block. These rates represent ECSZ deformation that may be distributed throughout
the Mojave Desert region. The right-lateral rate estimate for the San Jacinto fault is
12.5±0.3 mm/yr.
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Slip rate estimates for the east trending Pinto Mountain fault vary along strike.
Model segment PM1 has a left-lateral slip rate for the segment closest to its intersection
with the SSAF of 5.1±0.2 mm/yr. Segment PM2 also has a left-lateral rate of 1.6±0.3
mm/yr. However, the rate estimate for the easternmost section of the Pinto Mountain
fault is 5.8±0.3 mm/yr right-lateral, a clearly unrealistic result. This reversal in sense of
motion along the Pinto Mountain fault derives from the large 14.5±0.3°/Myr clockwise
rotation of the JT block (Figure 7A). This model predicts a rapid left-lateral slip rate of
6.3±0.4 mm/yr for the Blue Cut fault (substantially faster than the geologic estimate of ~1
mm/yr), and a smaller left-lateral slip rate of 2.7±0.2 mm/yr for the Chiriaco fault
(slightly faster than the geologic estimate of ~1.5 mm/yr). The Sheep Hole fault (SH1
and SH2), and its extension along the Ludlow fault to the north, have left-lateral sense of
motion with rates of 2.5±0.2, 4.7±0.3, and 5.1±0.2 mm/yr, from south to north,
respectively, opposite to the sense of motion of the other NW-SE trending strike-slip
faults of the SSAF and ECSZ, and in contradiction to geologic evidence for right-lateral
slip along both faults [Howard and Miller, 1992; Jagiello et al., 1992; Oskin et al., 2008].
The left-lateral sense of motion for the Sheep Hole segments and the rapid rate for the
SH1 segment result from the rapid clockwise rotation of the ETR crustal blocks, which
exceeds geologic estimates for the rotation rate by a factor of 2-3. The modeled leftlateral slip on the Ludlow fault results from the southeastward motion of the block that is
required to fill the space created by the rotating JT block.

6.2 Landers-Mojave Line (LM) Model
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The fault-block model for the Landers-Mojave earthquake line is intended to
represent the fault geometry proposed by Nur et al. [1993] (Figure 8B). The WRMS
scatter of the data fit is 0.9 mm/yr and the NRMS associated with this model is 2.6,
nearly identical to those of the TR model (Table7). However, there are three fewer
blocks, yielding eight more degrees of freedom (dof = 153). The mean residual velocity
for the LM model is 0.2±0.1 mm/yr.
SSAF slip rate estimates associated with this model decrease northward along strike
(Table 6, Figure 8E), similar to the TR model. According to the best fit LM model, the
southernmost segment of the San Andreas (Coachella Valley strand, SAF-CV) slips at a
rate of 19.6±0.1 mm/yr (right-lateral). In the vicinity of Biskra Palms (Figure 1), the
modeled fault segments split into two model faults, one heading NW towards San
Gorgonio Pass, and the other heading primarily northwards, into the ECSZ. The majority
of the right-lateral slip rate across these faults is accommodated by the Eureka Peak fault
(15.3±0.3 mm/yr, EP), which transfers slip to the Landers-Mojave line fault (13.6±0.1
mm/yr, LML). The Little San Bernardino (SAF-LSB) and Mill Creek (SAF-MC)
segments of the SSAF slip rate estimates are 5.6±0.3 and 5.9±0.1 mm/yr, respectively.
This model predicts an 11.2±0.2 mm/yr right-lateral slip rate for the San Jacinto fault. In
this fault-block parameterization, the four crustal blocks to the west of the SAF-CV - EP LML line are all translating in a northwestward direction relative to the SBR block
(Figure 8D). The largest residuals in this model are located in the WMOJ block,
particularly for the sites MEAD (4.2±2.6 mm/yr), PITS (6.2±1.2 mm/yr), and RICU
(5.1±0.2 mm/yr), as well as sites ESRE (6.2±0.6 mm/yr) and SJPK (4.4±2.3 mm/yr).
However, these sites also have the largest formal uncertainties in their observed site
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velocities among our dataset (Figures 3 and 8C), so the large residuals between observed
and modeled velocities for the sites MEAD, PITS, and SJPK are not statistically
significant.

6.3 Modified Transrotation (MT) Model
The third model that we tested is a modified version of the TR model, with the
eastern boundary of active deformation shifted westward within the ECSZ. The WRMS
and NRMS of the misfit are 0.8 mm/yr and 2.6, respectively (Figure 9C; Table 7), with
the largest residuals located at sites LITE (4.6±3.4 mm/yr) of the JT block, LUCS
(4.2±0.2 mm/yr) and PITS (5.1±1.2 mm/yr) of the WMOJ block, SJPK (4.3±2.2 mm/yr)
in the PR block, ESRE (6.4±0.6 mm/yr) in the ANZA block and P504 (4.8±0.3 mm/yr)
located in the SBR block (Figures 3 and 9C). Potential causes for large residuals were
discussed for sites PITS, ESRE, LITE and SJPK in the previous sections. The NRMS of
the residuals is 2.6, identical to the previous models. The mean residual velocity for this
model is 0.3±0.1 mm/yr. Shifting of the easternmost locus of faulting to the west reduced
the number of model parameters, compared to the TR model, through the removal of one
crustal block from the ECSZ. There are 147 degrees of freedom in the MT model. This
model yields clockwise rotation of the ETR range blocks, which can be observed in the
model velocity field near the SSAF. The westward motion of sites located in the eastern
ETR blocks (BLOY and PB15, Figure 3) associated with this model (Figure 9D) is not
corroborated by any of the observed motions for these sites (Figure 2). The estimates for
rotation rate are 15.1±0.3°/Myr for the JT block and 7.3±0.4°/Myr for the CHI block,
which are slightly higher than the rotation rates estimated for the TR model (Table 8).
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We obtain slip rates for the MT model that are slightly lower than those for the TR
model along the various strands of the SSAF (Table 6, Figure 9E). The MT model yields
estimates for the SSAF of 23.0±0.2 and 16.0±0.3 mm/yr right-lateral motion for the
Coachella Valley strands SAF-CV2 and SAF-CV1, respectively. Slip rate estimates for
the Little San Bernardino (SAF-LSB) and Mill Creek (SAF-MC) strands are 8.6±0.2 and
4.8±0.2 mm/yr, respectively. The right-lateral slip rate estimate for the San Jacinto fault
is 11.8±0.2 mm/yr.
The Emerson (EMER) and Pisgah-Bullion-Mesquite Lake (PBML) slip rate estimates
are 11.5±0.2 and 6.3±0.2 mm/yr, right-lateral, respectively. The total motion across the
ECSZ faults is 17.8±0.2 mm/yr. The Pinto Mountain fault sub-segment (PM1 and PM2,
Figure 9A), Blue Cut, and Chiriaco faults all slip left-laterally. Pinto Mountain segment
PM1 estimate is 6.3±0.2 mm/yr and the segment PM2 is 1.6±0.3 mm/yr. The Blue Cut
fault rate estimate is 7.1±0.4 mm/yr, and the Chiriaco is 4.3±0.2 mm/yr. Unlike the TR
model, in which the easternmost NW-SE trending faults slip with a left-lateral sense,
these faults in the MT model all have right-lateral slip rate estimates. The ``Eastern
Joshua Tree'' fault estimates are 1.7±0.2 and 1.5±0.2 mm/yr (EJT1 and EJT2,
respectively), while the Pisgah-Bullion-Mesquite Lake (PBML) faults to the north of the
Pinto Mountain fault have an estimate of 6.3±0.2 mm/yr (Figures 9A and 9E).

6.4 Combined (CM) Model
The fourth model we tested combines the east-west trending faults of the ETR from
the TR model with the north-south trending fault zone of the LM model (Figure 10A).
This fault-block parameterization results in similar WRMS (0.9 mm/yr) and NRMS (2.3)
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values to all of the other models tested (Figure 10C; Table 7). The addition of the
Landers-Mojave line, and resulting WJT block, lowers the total degrees of freedom to
143. The mean residual velocity for the CM model is 0.1±0.1 mm/yr.
Including the three fault segments comprising the Landers-Mojave line (EP1, EP2,
and LML, Figure 10A) reduces the amount of rotation for the crustal blocks of the ETR
to 5.3±0.3°/Myr for the JT block and 4.6±0.3°/Myr for the CHI block, as opposed to the
rates of ~15°/Myr and ~7°/Myr for the JT and CHI blocks, respectively, of the TR model.
Of the models that we have tested, the CM model results in the largest slip rate
estimates for the SSAF, with rates of 23.2±0.3, 18.1±0.3, 9.5±0.4, and 8.1±0.2 mm/yr
right-lateral motion from south to north (Table 6, Figure 10E). Slip rate estimates for the
faults of the LML are 9.4±0.4, 8.6±0.4, and 10.4±0.2 mm/yr (right-lateral) for the EP1,
EP2, and LML fault sections. The Pisgah-Bullion-Mesquite Lake and Ludlow rates are
11.0±0.3 and -4.6±0.2 mm/yr, respectively, where the negative value indicates left-lateral
motion. The sum of the slip rates across the ECSZ is 15.8±0.3 mm/yr. The right-lateral
slip rate estimate for the San Jacinto fault is 12.6±0.3 mm/yr.
In the CM model, the primarily east-west trending faults of the ETR have relatively
small slip rates, compared to the TR and MT models. The model Blue Cut and Chiriaco
fault segments have a left-lateral sense of motion at rates of 1.7±0.4 and 2.4±0.3 mm/yr,
respectively. Unlike the TR model, the faults that comprise the boundary between the
ETR with the SBR block have very small rate estimates <1 mm/yr for each section.
According to the CM model, convergence rates across the Coachella Valley fault
segments are 4.1±0.2 and 2.3±0.2 mm/yr (Table 9), from south to north. These values,
while small compared to the strike-slip rates, are greater than the convergence predicted
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for the Mill Creek fault segment (1.2±0.1 mm/yr), despite the oblique trend of the Mill
Creek strand relative to the overall direction of relative plate motion across the region
(Figure 10A).

7. Discussion
7.1 Fault Locking Depth
To investigate the sensitivity of fault slip rate estimates to variations in the assumed
locking depth, we ran two sensitivity tests. For the first test we varied the locking depths
by ±20% for all faults for the Combined model. A 20% increase in the locking depths
resulted in a mean slip rate estimate increase of 0.3 mm/yr among all faults, with the 20%
decrease in locking depths resulting in a mean 0.3 mm/yr decrease in estimates for fault
slip rates. These differences in the slip rate estimates, resulting from changes of 20% in
the locking depth, fall within the reported uncertainty estimates for the majority of the
faults (Table 6). Moreover, relative fault slip rates are generally not changed. Thus, a
systematic error in the locking depth among all faults would not change the main
conclusion of our study.
For the second test, we assessed the effect of relative locking depth errors on relative
fault slip rates for the San Andreas and San Jacinto fault zones. We explored this by
decreasing the locking depth of the San Jacinto fault by 20%, while increasing the
locking depth of the San Andreas fault by 20%, and vice versa. This test was performed
using the CM model. For the case of a shallower San Jacinto fault, the San Jacinto slip
rate decreased by 0.6 mm/yr compared to the nominal CM model, while the San Andreas
fault slip rate increased by 1.1 and 0.7 mm/yr for the Coachella Valley #1 (CV1) and #2
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(CV2) strands, respectively. The ratio of San Jacinto to San Andreas slip rate is 0.63
(CV1) and 0.50 (CV2), compared with ratios of 0.70 (CV1) and 0.54 (CV2) for the 15
km locking depth case. When the San Jacinto fault locking depth is greater, the San
Jacinto fault slip rate increased 0.8 mm/yr, whereas the San Andreas fault slip rate
decreased by 1.3 mm/yr (CV1) and 0.7 mm/yr (CV2), yielding slip rate ratios closer to
0.80 and 0.60, respectively. These small changes in the relative proportion of plate
boundary zone deformation that is accommodated by the San Jacinto fault do not change
the general inference that San Andreas fault slip rates decrease along strike from SE to
NW.

7.2 Model Discrimination
Several previous models for elastic strain accumulation have been developed for this
region [Lisowski et al., 1991; Johnson et al., 1994; Bennett et al., 1996; Becker et al.,
2005; McCaffrey, 2005; Meade and Hager, 2005; Pollitz et al., 2008], but none of these
previous models have realistically accounted for mapped ETR faults located to the south
of the Pinto Mountain fault, such as the Blue Cut and Chiriaco faults. Johnson et al.
[1994] investigated alternate fault geometries across the ETR province using strain rate
estimates from geodolite data, concluding that a model fault similar to our Eureka Peak
fault is required south of the Pinto Mountain fault to account for the observed pattern of
deformation between the SSAF and ECSZ. Meade and Hager [2005] defined the
southern extent of the ECSZ as the Pinto Mountain fault, but proposed that a connection
between the ECSZ and the southern San Andreas might help to explain anomalous faultnormal opening rates predicted by their model for the Pinto Mountain fault. McCaffrey
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[2005] investigated different fault alternatives south of the Pinto Mountain fault,
however, he concluded that it was not possible to reconcile his large-scale block model
with the existing geologic rates in this area.
We have used a relatively densely-sampled, precisely-determined geodetic velocity
data set to explore four different fault-block geometries. All of the models that we have
tested fit the data roughly equally well based on standard 𝜒 !   statistics. However, the
models produce very different slip rate estimates, block rotation rates, and require
differing numbers of model parameters. One approach to selecting a preferred model
might be to appeal to Occam's Razor; the model with the fewest number of model
parameters is more appealing. Another criterion for model selection might be the degree
of agreement with geological slip rate estimates. We consider both of these methods
below.
The Bayesian Information Criterion (BIC) [Schwarz, 1978] provides a statistical
measure of the goodness of fit of each model accounting for the difference in the
available degrees of freedom. The BIC score is calculated as
𝐵𝐼𝐶 = 𝑁 ln

!!
!

+ 𝑘 ln 𝑁 ,

(6)

where N is the number of observations, 𝜒 !   is the normalized residual sum of squares, and
k is equal to the number of free model parameters. According to the BIC criterion, the
model resulting in the lowest BIC score is preferred. BIC scores for each model are
listed in Table 7, from which we draw the following conclusions. The lowest two BIC
scores are associated with the two models that include the Landers-Mojave Line, with the
CM model yielding the lowest BIC score. Based on these BIC statistics, we might favor
the CM model. However, it is difficult to rigorously assess the significance of the small
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differences among these BIC values. Moreover, use of the BIC statistics to assess the
statistical significance of “lesser-fuller” model pairs strictly only applies to the case
where the additional model parameter(s) of the fuller model represents an orthogonal
complement to the lesser model, which is not the case here. A similar analysis could be
performed using the Akaike Information Criterion (AIC) [Akaike, 1974], which produces
equivalent relative ranking of models.
Alternatively, we may judge the success of the various models based on their ability
to reproduce slip rates and other deformation constraints from geologic observations. For
example, the rapid rotation estimates of the ETR blocks associated with the TR and MT
models would result in large extensional and shortening rates across the faults that bound
those blocks (Figures 7F, and 9F; Table 9) contrary to expectation based on independent
geological and geophysical data [e.g., Langenheim and Powell, 2009]. Moreover, the
rotation rate of the JT block associated with these models exceeds rotation rate estimates
based on the ~41° rotation of basalts in this region over the past ~6 Ma [e.g., Carter et
al., 1987; Dickinson, 1996] by a factor of three to four. The CM model, in contrast,
predicts smaller fault perpendicular block motion and yields rotation rate estimates of
~5°/Myr for the JT and CHI blocks, in closer agreement with the estimates based on
paleomagnetic data. Collection of additional data from the eastern part of JTNP, where
station coverage is currently quite sparse (Figures 2 and 3), would allow us to more
precisely quantify rotation rates and fault slip rates predicted by the different models.
For the TR model, the fault-perpendicular component of the relative block motion
across the northernmost Sheep Hole fault segment is 8.8±0.3 mm/yr, opening.
Langenheim and Powell [2009] find a deep basin that is formed adjacent to this fault
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strand near the eastern terminus of the Blue Cut fault (Figure 11). They use magnetic and
gravity data to infer that the displacements for the Sheep Hole fault don't require
significant amounts of right-lateral slip and displacements are primarily vertical, thus a
horizontal opening rate for our model Sheep Hole #1 fault of >8 mm/yr appears to be
much too large. The clockwise rotation of the ETR blocks results in a slip rate of 6.3±0.4
mm/yr (left-lateral) for the Blue Cut fault, a factor of six higher than the geologic
estimates (Table 1). According to this model, the Blue Cut fault slips significantly faster
than the Pinto Mountain fault. The same arguments can be applied to the MT model,
which has the northern “Eastern Joshua Tree'” fault segment opening at a rate of 5.7±0.2
mm/yr without the presence of any observed basins in the geophysical data, and the Blue
Cut fault slipping at a rate of 7.1±0.4 mm/yr. In contrast, the CM model predicts much
smaller opening across the northernmost Sheep Hole fault segment. The slower rotation
rate of 5.3±0.3°/Myr gives rise to an opening rate of <2 mm/yr, more consistent with the
geological and geophysical data. The strike-slip rate of the model Blue Cut fault in the
CM model is comparable to that of the model Pinto Mountain fault segments.
The LM and CM models predict opening rates for the LML model fault of 4.6±0.1
and 2.4±0.1 mm/yr, respectively, for which there is little independent support in
published geological or geophysical reports. These rates of opening could be reduced by
changing the strike of the fault to a more northwesterly direction. The orientation that we
adopted was selected based roughly on the pattern of Mojave Desert seismicity (Figure
12), which does not precisely constrain the strike.
In each of the models tested, there is an increase is the residual velocity from east to
west in the WMOJ/WMOJ2 blocks [Figures 7C, 8C, 9C, and 10C]. This may result from
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a potentially unmodeled component of block rotation, a missing fault structure, or errors
in our parameterization of the San Gorgonio Pass region. We have chosen to omit the
North Frontal fault from our models. This fault is located to the north of the San
Bernardino Mountains. Due to the small number of sites currently located to the north of
the North Frontal fault, it is difficult to define a separate crustal block. We leave a
detailed investigation of additional faults within this block to a future study.
The above analysis reveals strengths and weaknesses for each of the models
evaluated. For example, the TR and CM models predict substantial right-lateral slip on
the eastern Pinto Mountain fault and significant left-lateral slip on the Ludlow and Sheep
Hole faults, in clear contradiction to published geologic observations, as discussed above.
On the other hand, slip rate estimates for ECSZ and ETR faults to the west exceed
geologic estimates by a factor of ~2 or more (Tables 1 and 6). One possible explanation
for these discrepancies is that the geodetic velocity field is contaminated by ongoing post
seismic deformation associated with the Landers and/or Hector Mine earthquakes.
Alternatively, this result could be indicative of longer term discrepancy between geodetic
and geologic deformation fields that is not directly related to the Landers and Hector
Mine events as has been previously suggested to varying degrees by several previous
authors [e.g. Sauber et al., 1994; Dixon et al., 1995; Rubin and Sieh, 1997; Dixon et al.,
2000; Gan et al., 2000; Peltzer et al., 2001; Bennett et al., 2004; Oskin and Iriondo,
2004; Meade and Hager, 2005; Oskin et al., 2007]. The TR, MT, and CM models all
infer rotation of the two crustal blocks in the ETR, as has been observed in geologic
studies, however the rate of rotation associated with the TR and MT models is ~3-4 times
greater than that of the CM model, which is much closer to the paleomagnetic estimate
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[e.g., Carter et al., 1987; Dickinson, 1996]. The significance of this difference is
uncertain given the difference in time-scales of the respective data sets. Each of the TR,
MT, and CM models predict ~2 mm/yr left-lateral slip for the central Pinto Mountain
fault, which roughly agrees with the geologic estimate [Langenheim and Powell, 2009].
An important caveat of the LM model is that it disregards documented Holocene slip
on the central Pinto Mountain fault as well as recent slip on the Bullion fault, which
ruptured during the 1999 Hector Mine earthquake. Another consideration for the LM
model is that it concentrates all Mojave Desert slip on a single fault structure, whereas
geologic evidence exists for more distributed deformation on the ~100 kyr time scale.
However, the estimate for the total slip across the ECSZ is the lowest in the LM model
(13.6±0.1 mm/yr).
One strength of the MT model is that it predicts the correct sense of slip for all of the
faults that serve as block boundaries for which independent constraints exist. Its
weaknesses are that it predicts higher left-lateral slip rates for the western Pinto
Mountain, Blue Cut, and Chiriaco faults than has been inferred from geological and
geophysical data, it postulates a north-south striking fault (or zone of diffuse shear) that
has not been identified in the geology, and it estimates rates of rotation that are ~3 times
higher than those estimated from paleomagnetic data.

7.3 SSAF Slip Rates
Despite the wide range of fault geometries and slip rates predicted for the ECSZ and
ETR faults, all of the models feature a northwestward reduction in the slip rate for the
SSAF, from ~23 mm/yr for the southern Coachella Valley sub-segment, ~16-18 mm/yr
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for the northern Coachella Valley sub-segment, ~5-10 mm/yr for the Little San
Bernardino segment near Biskra Palms, and ~5-8 mm/yr for the Mill Creek sub-segment.
These estimates fit within the ranges of published slip rates based on geological data
(Table 1). In particular, our estimates for the SSAF near Biskra Palms are closer to the
current values derived from extensive geologic investigation [Table 1; van der Woerd et
al., 2006; Behr et al., 2008], than most previous published geodetic results.
Appreciable along strike variation in SSAF slip rate is important given the range of
time scales represented by the estimates. Based on the differences in rates and ages of
the available geologic estimates, Bennett et al. [2004] suggested that the San Andreas
(also the San Jacinto) fault slip rate may have changed significantly over the past ~100
kyr. However, this inference was based on the assumption of constant along-strike slip
rate. Our study, which considers the kinematic implications of the ETR faults, shows that
the modern SSAF slip rate varies appreciably along much of its length. Thus, the
agreement of geologic rates with geodetic rates seems more easily explained by a model
involving along strike variation, with more or less temporally constant slip rates over the
past ~100 kyr. Slip rate variations over longer time scales may be implied by the ~160
km offset monzogranite [Frizzell et al., 1986] since the inception of the southern San
Andreas fault system, but as discussed above, there is appreciable uncertainty associated
with the longer time-scale slip rates. If the San Andreas fault was the primary structure
accommodating plate boundary deformation as early as 6 Ma when the Gulf of California
began to open [Oskin and Stock, 2003], then the long-term average slip rate (26.7 mm/yr)
would be roughly consistent with the Holocene rate estimated for Cajon Pass (25 mm/yr)
[Weldon and Sieh, 1985] and the geodetic rate estimated for the Coachella Valley
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segment (~23 mm/yr) [Becker, 2005; Fay and Humphreys, 2005; Meade and Hager,
2005; Fialko, 2006; this paper]. However, the apparent agreement between the long-term
rate estimate and the Holocene/present-day estimates would be puzzling in light of the
fact that the San Jacinto fault did not form until ~1.5-2 Ma, implying that the sum of slip
rate across the two fault zones has changed appreciably over time, from a pre-San Jacinto
total of ~27 mm/yr to a post-San Jacinto total of 12 + 23 = 35 mm/yr. This result fits
nicely with the hypothesis that the rate of opening across the Gulf of California increased
by 6 to 7 mm/yr circa 1-2 Ma inferred from young magnetic anomalies in the Gulf
[DeMets and Dixon, 1999]. On the other hand, it is possible that formation of the San
Andreas fault lagged opening of the Gulf. If a slightly younger age for the inception of
the southern San Andreas is more correct, then the long-term average slip rate could be
permissive of the hypothesis that the total slip between the San Jacinto fault and southern
San Andreas fault has been conserved with time as proposed by Bennett et al. [2004].
For example, if the SSAF began slipping at 5.2 Ma at a constant rate of 35 mm/yr until
1.5 Ma at which time it dropped to 23 mm/yr, then the long-term average rate would be
~31 mm/yr consistent with the ~160 km total offset of Frizzell et al. [1986].
Our geodetic rate estimates for the SSAF do not match Holocene-Late Pleistocene
rates everywhere. In particular, our model does not feature an northwestward increase in
slip rate along the Mill Creek strand as is observed in the geology. This may be a
consequence of the simplified model geometries we assessed for this region; all of our
models feature a fault segment representing both the Mill Creek and San Bernardino
strands of the SAF zone. This parameterization does not allow for slip to vary along
strike for this fault segment. In contrast, slip rate estimates based on offset alluvial fans
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of Late Pleistocene age increase from 11±7 mm/yr to 25±1 mm/yr northwest along the
San Bernardino strand of the San Andreas fault [McGill et al., 2010]. Further refinement
of the deformation models in this region might be justified particularly as the precision of
the GPS velocities for the San Bernardino Mountain stations improve with future
measurements.

7.4 ECSZ Slip Rates
Our estimates for the total slip rate across the ECSZ for all four of the models that we
tested range between 13.6±0.1 and 17.8±0.2 mm/yr, comparable to the geodetic rates
reported in previous studies (Table 1). These estimates are more than double the slip
rates determined by Oskin et al. [2008] based on Late Pleistocene geologic data. The
significance of the contrasting rates has been the subject of significant recent discussion.
Postseismic deformation resulting from the 1992 Landers and 1999 Hector Mine events is
a potential source of bias in fault slip rate estimates derived from geodetic data,
particularly in the ECSZ. However, based on previous studies and an analysis of GPS
time series, we found no convincing evidence for appreciable velocity bias in our study.
Moreover, the geologic versus geodetic strain rate discrepancy is apparent in geodetic
data prior to the earthquakes. Thus, it does not appear to be possible to attribute the
difference entirely to accelerated strain rates following the Landers and Hector Mine
earthquakes.
Rymer [2000] mapped faults in the epicentral region of the 1992 Joshua Tree
earthquake, identifying three main faults. The total displacements on each of these faults
was found to be ≤1 km implying that the total across this zone is ≤3 km. If our slip rate
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estimate of ~9 mm/yr for the two Eureka Peak model fault segments in the CM model is
correct, then the age of this fault zone could be no older than a few hundred thousand
years. These three faults could represent a new preferred path for strain transferred from
the SSAF to ECSZ, partially bypassing the San Gorgonio Pass [Nur et al., 1993; Du and
Aydin, 1996; Li and Liu, 2006]. The inferred timing coincides roughly with structural
changes observed in the geology of the San Gorgonio pass region, for example, formation
of the San Bernardino strand and reduction in slip and potentially even local
abandonment of the Mill Creek strand [e.g., Matti et al., 1992; Matti and Morton, 1993;
Langenheim et al., 2005]. This reorganization could be viewed as the most recent stage
in a much longer, complex evolution of this region, given that faults in the ECSZ have
been active since middle Miocene time [Dokka and Travis, 1990]. Formation of the
faults mapped by Rymer [2000] may serve to increase the proportion of plate boundary
slip allocated to the ECSZ. However, even if this reallocation of slip occurred as recently
as a few hundred thousand years ago, it still does not explain discrepancy between
geologic slip rates averaged over the past ~100 ka and the geodetic rates for the ECSZ
[Oskin et al., 2008]. Oskin et al. [2008] proposed that the presently higher geodetic rates
are a result of millennial scale transient strain weakening associated in some way with the
recent cluster of earthquakes (both historic and prehistoric) in the ECSZ that began prior
to the 1992 Landers earthquake [Rockwell et al., 2000]. Similarly, the 9 mm/yr slip rate
that we infer for the Eureka Peak fault zone could be anomalously high relative to this
fault zone's late Pleistocene rate. Alternatively, the Eureka Peak fault could have
initiated even more recently if we permit slip rate on this fault zone to change
appreciably, decreasing overall since fault zone inception.
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7.5 San Jacinto Slip Rates
Estimates of right-lateral slip rates for all four of our models are in the range of 11 to
13 mm/yr for the San Jacinto fault, comparable to the late Holocene geologic rate
estimates [Rockwell et al., 1990; Le et al., 2008; Blisniuk et al., 2010], the rates estimated
from previous geodetically constrained elastic deformation models [Bennett et al., 1996;
Becker et al., 2005; Meade and Hager, 2005], as well as the viscoelastic model of Fay
and Humphreys [2005]. In contrast, the rates determined by some previous investigators
using viscoelastic models [Fialko, 2006; Lundgren et al., 2009] are ~40 to 100% greater.
An early Pleistocene slip rate estimate for the strands that comprise the central San
Jacinto fault is 17.8!!.!
mm/yr [Janecke, 2008]. This fast rate may be supported to some
!!.!
extent by a model-dependent late Pleistocene rate for the northern San Jacinto fault of >
20 mm/yr [Kendrick et al., 2002]. Both of these Pleistocene aged rate estimates are
significantly higher than the 11-13 mm/yr rates that we estimate from our four models, as
well as the collection of Holocene geologic and previous geodetic models described
above. Comparing slip rates estimated using elastic or viscoelastic models to those rates
estimated for individual fault strands by paleoseismology is complicated for fault zones
containing multiple active faults strands. However, the total slip rate estimated by
summing late Quaternary rates for the Coyote Creek fault and Holocene rates for the
Clark fault, at the latitude of Rockhouse Canyon, of ~10-14 mm/yr [Blisniuk et al., 2010]
agree with the rates we obtained in each of our models.

7.6 SSAF vs. San Jacinto Slip Rates
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Several previous studies have investigated the relative proportion of Pacific-North
America relative plate motion that is accommodated by the SSAF and San Jacinto faults.
For all four of our models, we obtained slip rate estimates for the Coachella Valley
strands of the SSAF that are roughly twice those for the San Jacinto fault, with a total of
~35 mm/yr for the two faults, which agrees well with the rates estimated for the Carrizo
strand of the SAF to the north, as well as the Imperial fault at the southernmost end of the
SSAF [Sieh and Jahns, 1984; Bennett et al., 1996; Becker et al., 2005; Meade and Hager,
2005]. The slip rate estimates obtained from some of the viscoelastic models [Fialko,
2006; Lundgren et al., 2009] for the combination of the two faults are significantly higher
(41 to 46 mm/yr), which localizes the majority of the total Pacific-North America relative
plate motion [Argus et al., 2010; DeMets et al., 2010] onto only these two structures,
such that very little relative plate motion would be required of fault zones to the west,
such as the Elsinore fault. Varying the locking depths of the San Jacinto and San
Andreas faults by 20% resulted in differences in estimated slip rates of ~1-2 mm/yr for
the two faults. We showed that a small increase in the ratio of San Jacinto to San
Andreas slip rate could be achieved by increasing the San Jacinto fault locking depth
while decreasing the San Andreas fault locking depth. To our knowledge, there is no
independent evidence to support deeper locking depths on the San Jacinto fault.
For all of the models that we have tested here, we find that the slip rate decreases
along the SSAF from south to north by a factor of 3-4 from the Coachella Valley into the
San Gorgonio Pass region. We have assumed that this decrease is accommodated by slip
transfer from the Coachella Valley strands of the SAF to the ECSZ. Accordingly, we
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have modeled the San Jacinto fault as a single fault strand, such that San Jacinto fault slip
rate is constant along strike.

7.7 Implications for Seismic Hazard
Field et al. [2009] report a thirty-year probability of 59% for a ≥M6.7 earthquake for
the southern San Andreas fault, and Olsen et al. [2006] and Jones et al. [2008] assess the
hazards associated with a >M7.5 event that ruptures from the southern end of the San
Andreas fault in Coachella Valley, through the San Gorgonio Pass region. Along-strike
variation in SSAF slip rate may have implications for such seismic hazards assessments.
The low slip rate that we find for the San Andreas through the San Gorgonio Pass region,
which is consistent with those determined from geologic data, may in part be attributed to
the partitioning of slip between thrust and strike-slip components [e.g. Dair and Cooke,
2009]. Partitioning of slip between thrust and strike-slip components may lead to even
lower right-lateral rate estimates in San Gorgonio Pass [e.g., Orozco et al., 2004; Yule,
pers. comm.]. The structural complexity of this portion of the fault system is apparent in
both the geology and seismicity [Morton and Matti, 1993; Seeber and Armbruster, 1995;
Yule and Sieh, 2003; Carena et al., 2004; Langenheim et al., 2005]. The low strike slip
rate through this region of ~5-8 mm/yr (as compared to the ~23 mm/yr for the
southernmost San Andreas or the 25 mm/yr rate at Cajon Pass to the NW) could directly
affect its recurrence interval for any given sized earthquake: the factor of four difference
in the rate of slip deficit accumulation would require strike-slip earthquakes with roughly
one quarter the frequency, assuming comparable slip per event on the Coachella Valley
and Mill Creek segments. Thus, if a large rupture were to initiate on the Coachella
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Valley segment and propagate northward, it is not immediately obvious that it would
continue through San Gorgonio Pass. Moreover, it is not clear that the San Gorgonio
Pass would be favored over the Mojave line path, via the Eureka Peak and associated
faults.

8. Conclusions
We report crustal velocity results from a new campaign GPS network within the ETR
and long-running continuous GPS stations in the same region. These GPS data form the
basis for a reevaluation of slip rate estimates along the southern San Andreas fault and
within the ETR and ECSZ. We modeled the GPS velocity field with elastic fault-block
models, testing four different fault-block parameterizations representing ETR and ECSZ
faults. We found that all of these models fit the data equally well based on BIC and 𝜒 !
statistics. The MT model best fits the geological slip rates and sense of slip on all the
block-bounding faults, while overestimating the amount of rotation for the ETR blocks
by a factor of ~3 and requiring a north-south striking fault or zone of diffuse shear that is
not apparent in the geology. The CM model provides the closest match between rotation
rate estimates for ETR blocks and estimates derived from paleomagnetic data, while
predicting the wrong sense of slip on the Ludlow and Sheep Hole faults. For all models,
geodetic rates exceed geologic rates for the Mojave Desert portion of the ECSZ.
Moreover, for those models including faults in the vicinity of the 1992 Joshua Tree
rupture, such as the Eureka Peak fault [Rymer, 2000], we infer that these faults could be
no older than ~300 kyrs.
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Each of the four models that we investigated features a northwestward decrease in
slip rate along the SSAF; a trend that is also found in Holocene to late Pleistocene
geologic slip rate estimates along the San Andreas system. Our models do not exhibit
increases in slip rate along the San Bernardino strand as observed in geologic data,
probably due to limited resolution and spatial extent of our models in this region. We
show that along-strike change in slip rate south of San Gorgonio Pass may be
accommodated by a combination of block rotation and translation facilitated by strikeslip faults within the ETR and southernmost ECSZ but the geometry of faults is not yet
constrained by geodetic data. Discrepancies in fault slip rates derived from geology and
geodesy are most pronounced in the Mojave Desert portion of the ECSZ. For the ECSZ
in the Mojave, geodetic estimates from our study and several past studies agree with one
another to high precision, but geologic studies yield rates that are only half as fast. In
contrast, slip-rate estimates for the San Jacinto fault differ both between different
geologic studies and among previous geodetic modeling studies. The rates that we
estimate for the San Jacinto fault are consistent with previous elastic block modeling
studies, one viscoelastic study, and Holocene rate estimates, but disagree with some
viscoelastic models and late Pleistocene rate estimates.
Possible improvements to the current models could include a more detailed
parameterization of the present-day geometry of the active faults within the San Gorgonio
Pass region and to the north of the San Bernardino Mountains. New geodetic
measurements, particularly from sites in the eastern part of Joshua Tree National Park,
the eastern Mojave Desert, and north of the San Bernardino Mountains, would allow for a
more rigorous test of the predictions of these models.
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9. Appendix A: RMS Statistics
In this manuscript we assess the consistency among various estimates and the fits of
models to noisy data using two statistical measures of goodness of fit, the normalized
root mean square (NRMS) and the weighted root mean square (WRMS) misfit. NRMS is
simply the square root of the 𝜒 ! per degree of freedom. It may thus be interpreted either
as an a posteriori measure of (the square root of) a variance scale factor in the event of an
error free model, or an indication of model errors. In general the NRMS reflects some
combination of data errors and model errors. NRMS is a unitless measure. Values of 1
indicate that there is consistency between the data, model, and assumed measurement
uncertainties. Values greater (lesser) than one indicate residuals to the data that are
worse (better) than expected based on the assumed data precision. Explicitly, we
calculate the NRMS as
𝑁𝑅𝑀𝑆 =
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! !
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,

(A1)

where N is the number of data, ri is the ith residual (observed minus computed), and σi is
the uncertainty associated with the ith data point.
To assess the scatter among data points about a best fit model, we use the WRMS
statistic. WRMS is a measure of repeatability, or precision, of the measurements and has
units of the original measurement type. We calculate WRMS as follows:
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We use the WRMS statistic to assess the scatter among previous fault slip rates about
their mean value, as well as the scatter of the residuals to best fit models.
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12. Tables
Table 1. Current slip rates for the southern San Andreas, ECSZ, ETR, and San Jacinto faults
Method Scalea Site
Strandb
Rate (mm/yr)d Reference
San Andreas fault south of San Gorgonio Pass
Geologic 103
Thousand Palms
MC
4±2
Fumal et al., 2002
Geologic 104
Biskra Palms
MC
16±3
van der Woerd et al., 2006
4
!!
Geologic 10
Biskra Palms
MC
16!!
Behr et al., 2008
Geodetic 101
MC/CV
22.9±8
Becker et al., 2005
Geodetic 101
MC/CV
23.3±0.5
Meade and Hager, 2005
Geodetic 101
CV
22.3±0.7
Fay and Humphreys, 2005
Geodetic 101
CV
25±3
Fialko, 2006
1
Geodetic 10
CV
17±3
Lundgren et al., 2009
San Andreas between Cajon Pass and San Gorgonio Pass
Geologic 106
MJ/SB/ML ~27
Frizzell et al., 1986
Geologic 104
Cajon Pass
MJ
25±4
Weldon and Sieh, 1985
Geologic 104
Plunge Creek
SB
11±4
McGill et al., 2008
Geologic 104
Badger Canyon
SB
13±3
McGill et al., 2010
1
Geodetic 10
SB/ML
5.1±1.5
Meade and Hager, 2005
Eastern California Shear Zone faults
Geologic 105
ECSZ
6.2±1.9
Oskin et al., 2008
Geodetic 101
ECSZc
12±2
Sauber et al., 1994
Geodetic 101
ECSZc
13.9±9
Becker et al., 2005
Geodetic 101
ECSZc
15.0±1
Meade and Hager, 2005
Eastern Transverse Ranges
Geologic 103
Oasis of Mara
PM
-1.8±0.5
Cadena et al., 2004
Geodetic 101
PM
-9.4±0.9
Meade and Hager, 2005
Geologic 106
PM
~ -2
Langenheim and Powell, 2005
Geologic 106
BC
~ -1
Langenheim and Powell, 2005
Geologic 106
CHI
~ -1.5
Langenheim and Powell, 2005
San Jacinto fault
Geologic 104
Anza
CL
9.2±2
Rockwell et al., 1990
Geologic 104
Rockhouse Canyon CL
7.7±1.8
Le et al., 2008
Geologic 104
Rockhouse Canyon CL
8.9±2.0
Blisniuk et al., 2010
Geologic 106
CC
10±3
Dorsey, 2002
Geologic 103
Ash Wash
CC
12.4±3.5
Le et al., 2008
Geologic 105
>20
Kendrick et al., 2002
6
!!.!
Geologic 10
17.8!!.!
Janecke, 2008
Geodetic 101
14.5±9
Becker et al., 2005
Geodetic 101
14.5±0.8
Fay and Humphreys, 2005
Geodetic 101
11.9±1.2
Meade and Hager, 2005
1
Geodetic 10
21±3
Fialko, 2006
Geodetic 101
24±9
Lundgren et al., 2009
a
Time scale for given estimates in years 101 = 10 years.
b
BC=Blue Cut, CC=Coyote Creek, CHI=Chiriaco, CL=Clark, CV=Coachella Valley,
MC=Mission Creek, MJ=Mojave, ML=Mill Creek, PM=Pinto Mountain, SB=San Bernardino
c
ECSZ represents a rate estimated for the entirety of the eastern California shear zone
d
Negative rates indicate left-lateral motion
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Table 2. Velocity estimates for campaign sites relative to the Stable North America
Reference Frame (SNARF v 1.0)a.
Velocity
Uncertainty
Site
Longitude Latitude
East North East North Correlation
1113
244.036
33.677
-8.13 8.01 0.36 0.36
-0.013
1114
244.757
33.681
-3.75 1.24 0.54 0.55
-0.026
8252
243.750
33.886
-6.63 11.38 0.45 0.48
0.032
BLOY
244.066
33.925
-4.27 4.22 0.53 0.56
0.008
CHER
243.048
34.003
-14.29 16.46 0.99 1.08
0.137
DEAD
243.210
34.234
-8.86 13.15 1.12 1.16
-0.050
DESO
244.600
33.715
-2.51 1.23 0.71 0.69
-0.101
DIVD
243.031
34.078
-14.60 17.92 0.48 0.51
0.049
F726
244.001
33.974
-4.03 5.10 0.63 0.66
0.027
JT01
243.966
34.074
-3.08 5.08 0.41 0.44
0.036
JT02
243.922
34.025
-4.30 5.11 0.44 0.47
0.028
JT03
243.867
34.026
-4.91 6.80 0.40 0.42
0.027
JT04
243.836
33.973
-5.86 8.27 0.46 0.49
0.011
JT05
243.818
34.025
-5.46 7.68 0.45 0.48
0.018
JT06
243.671
33.916
-8.66 12.30 0.42 0.44
0.039
JT07
243.743
34.088
-3.89 9.08 0.49 0.52
0.033
JT08
243.851
34.108
-2.98 6.53 0.44 0.47
0.019
JT09
243.694
34.011
-6.66 9.66 0.44 0.46
0.029
JT10
243.651
34.029
-6.16 10.07 0.38 0.41
0.015
JT11
243.776
33.978
-5.70 9.15 0.59 0.63
0.008
JT12
244.324
33.874
-2.11 3.90 1.08 1.11
0.020
JTRE
244.236
33.834
-3.75 3.74 0.60 0.63
0.028
KEY2
243.809
34.083
-5.31 6.48 1.03 1.12
-0.037
LITE
244.416
34.088
-3.56 4.97 3.30 3.45
-0.017
LUCS
243.118
34.440
-11.31 12.95 0.23 0.25
0.024
MEAD
243.172
34.178
-13.26 15.53 2.61 2.74
0.065
MEEK
243.383
34.258
-7.49 15.98 0.10 0.11
0.046
MONA
243.164
34.341
-10.05 12.90 0.64 0.69
-0.019
ONYX
243.291
34.193
-8.44 14.88 0.11 0.12
0.008
PB15
244.152
33.906
-4.08 4.29 0.69 0.73
0.011
PB21
244.318
33.972
-2.95 2.91 0.67 0.70
0.019
PITS
243.074
34.161
-12.94 12.07 1.12 1.21
-0.014
RICU
243.531
34.264
-4.84 14.89 0.19 0.20
0.040
SGPK
243.175
34.099
-7.19 15.02 1.35 1.44
0.021
SJPK
243.321
33.815
-11.84 14.55 2.18 2.30
0.027
WARR
243.593
34.055
-6.84 11.27 1.21 1.31
-0.006
a
All rates are given in mm/yr.
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Table 3. Velocity estimates for CGPS sites relative to the Stable North America
Reference Frame (SNARF v 1.0)a.
Velocity
Uncertainty
Site
Longitude Latitude
East North East North Correlation
AZRY
243.370
33.540
-19.24 21.47 0.16 0.10
0.056
BBRY
243.116
34.264
-10.85 14.55 0.16 0.10
0.057
BEMT
244.002
34.001
-3.82 4.70 0.16 0.10
0.047
BMRY
243.015
33.963
-13.89 18.77 0.16 0.10
0.059
CACT
244.010
33.655
-8.38 8.16 0.16 0.10
0.046
COTD
243.613
33.732
-13.92 17.29 0.24 0.15
0.044
CTMS
243.630
34.124
-4.85 10.82 0.16 0.10
0.044
DSSC
243.288
33.733
-15.93 19.38 0.16 0.10
0.034
ESE2
243.006
33.675
-22.44 26.53 0.24 0.15
0.050
ESRE
243.009
33.673
-19.09 31.85 1.04 0.60
0.019
HNPS
244.365
33.705
-3.92 2.04 0.16 0.10
0.037
IMPS
244.855
34.158
-1.76 0.56 0.16 0.10
0.041
KYVW
243.827
33.925
-6.35 8.04 0.16 0.10
0.046
LDES
243.567
34.267
-4.23 10.66 0.16 0.10
0.046
OAES
243.932
34.141
-2.73 4.60 0.88 0.60
0.012
OPBL
244.082
34.370
-0.71 1.44 0.16 0.10
0.045
OPCL
243.695
34.428
-3.17 7.14 0.16 0.10
0.049
OPCP
243.917
34.367
0.00 3.48 0.16 0.10
0.036
OPCX
243.851
34.430
-0.39 3.11 0.16 0.10
0.050
P490
243.574
33.523
-16.19 17.50 0.64 0.40
0.021
P491
243.773
33.575
-13.44 15.03 0.40 0.25
0.025
P504
244.234
33.516
-6.59 4.85 0.40 0.25
0.021
P511
244.704
33.887
-2.25 1.31 0.40 0.25
0.018
P584
243.048
33.893
-15.51 19.37 0.24 0.15
0.025
P585
243.454
34.019
-9.00 14.42 0.64 0.40
0.001
P598
243.290
34.192
-9.54 14.50 0.88 0.60
0.008
P599
243.463
34.217
-6.93 13.02 0.48 0.35
0.005
P600
243.788
33.866
-7.92 9.83 0.32 0.20
0.027
P601
243.920
33.959
-4.94 6.21 0.40 0.30
0.009
P606
243.120
34.462
-10.22 12.16 0.40 0.30
0.019
P607
244.179
33.741
-4.81 3.87 0.40 0.25
0.009
P608
244.313
33.994
-2.93 2.09 1.20 0.80
0.001
P609
243.107
34.063
-11.38 16.31 0.56 0.35
-0.018
P610
244.236
34.426
-1.35 1.22 0.48 0.30
0.011
P740
243.404
33.598
-16.92 18.94 1.04 0.65
-0.131
P741
243.469
33.557
-16.55 19.25 1.04 0.65
0.011
PIN1
243.542
33.612
-15.41 16.75 0.32 0.20
0.022
PIN2
243.542
33.612
-14.95 17.23 0.16 0.10
0.057
PSAP
243.506
33.819
-12.40 16.61 0.16 0.10
0.056
ROCH
243.390
33.611
-17.38 19.22 0.32 0.20
0.058
SDHL
243.721
34.255
-3.32 7.50 0.16 0.10
0.045
SGPS
243.304
33.913
-13.39 17.37 0.24 0.15
0.039
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TMAP
234.840
33.641
-12.42 13.50 0.16 0.10
0.051
WIDC
243.608
33.935
-9.43 13.17 0.16 0.10
0.049
WWMT
243.346
33.955
-11.64 16.45 0.16 0.10
0.047
a
All rates given in mm/yr. Uncertainties are based on a least squares fit to the coordinate
time series accounting for annual and semiannual site motion and an empirically
weighted first-order Gauss Markov model for the correlated error.
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Table 4. WRMS and NRMS Values Derived From the Coordinate Time Series for Each
Campaign Site in the Joshua Tree Network
Observations Durationa WRMS (mm)
NRMS
Site
(days)
(years)
East North East North
8252
34
2.60
2.80 2.30 1.00 0.80
BLOY
29
2.30
2.00 2.00 0.70 0.70
F726
23
2.60
1.80 1.50 0.60 0.50
JT01
34
3.00
2.10 1.50 0.70 0.60
JT02
27
3.00
2.30 1.60 0.80 0.60
JT03
27
3.00
2.30 1.80 0.80 0.70
JT04
31
3.00
3.10 1.20 1.10 0.50
JT05
29
3.00
2.30 1.80 0.80 0.70
JT06
32
2.60
2.20 1.30 0.80 0.50
JT07
31
3.00
2.10 2.70 0.70 1.00
JT08
35
3.00
2.80 2.20 1.00 0.80
JT09
34
3.00
2.30 1.70 0.80 0.60
JT10
33
3.00
2.60 1.40 1.00 0.60
JT11
19
2.30
2.30 1.70 0.90 0.70
JT12
23
2.00
2.20 1.60 0.70 0.50
JTRE
30
2.60
2.90 3.10 0.90 1.00
KEY2
9
2.00
1.80 1.10 0.60 0.40
LITE
6
0.60
1.20 1.70 0.40 0.60
PB15
24
2.30
3.00 1.40 1.00 0.50
PB21
27
2.30
2.00 1.70 0.70 0.60
WARR
8
2.00
2.00 2.10 0.80 0.80
MEAN
2.30 1.80 0.80 0.70
a
Duration is the time between the first and last observation.
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Table 5. WRMS and NRMS Values Calculated From Seasonal Velocities for a Subset of
the Joshua Tree Campaign Sites
WRMS (mm/yr)
NRMS
Site
East
North
East
North
8252
2.60
2.20
2.30
2.00
F726
0.90
1.20
0.70
1.00
JT01
0.20
0.70
0.20
0.90
JT02
1.10
1.10
1.20
1.30
JT03
0.50
0.90
0.60
1.10
JT04
1.70
0.20
1.90
0.20
JT05
1.20
0.90
1.30
1.00
JT06
1.10
1.10
1.10
1.10
JT07
1.30
0.60
1.30
0.70
JT08
0.80
1.70
0.90
2.00
JT09
0.80
1.10
0.90
1.40
JT10
1.60
0.80
1.90
1.10
JTRE
1.20
1.00
1.00
0.90
MEAN
1.20
1.00
1.20
1.10
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Table 6. Strike-Slip Rate Estimates for Modeled Faults From Models 1-4a
Fault Segments
ID
TR Model LM Model MT Model CM Model
Blue Cut
BC
-6.3 ± 0.4
-7.1 ± 0.4
-1.7 ± 0.4
Chiriaco
CHI
-2.7 ± 0.2
-4.3 ± 0.2
-2.4 ± 0.3
E. Joshua Tree 1
EJT1
1.7 ± 0.2
E. Joshua Tree 2
EJT2
1.5 ± 0.2
Emerson
EMER
10.6 ± 0.2
11.5 ± 0.2
Eureka Peak
EP
15.3 ± 0.3
Eureka Peak 1
EP1
9.4 ± 0.4
Eureka Peak 2
EP2
8.6 ± 0.4
Landers-Mojave Line LML
13.6 ± 0.1
10.4 ± 0.2
Ludlow
LUD
-5.1 ± 0.2
-4.6 ± 0.2
Pinto Mountain 1
PM1
-5.1 ± 0.2
-1.2 ± 0.2
-6.3 ± 0.2
0.6 ± 0.2
Pinto Mountain 2
PM2
-1.6 ± 0.3
-1.6 ± 0.3
-2.2 ± 0.3
Pinto Mountain 3
PM3
5.8 ± 0.3
5.2 ± 0.3
Pisgah-BullionPBML
11.3 ± 0.3
6.3 ± 0.2 11.0 ± 0.3
Mesquite Lake
SAF-Coachella
SAF-CV
19.6 ± 0.1
SAF-Coachella 1
SAF-CV1 16.7 ± 0.3
16.0 ± 0.3 18.1 ± 0.3
SAF-Coachella 2
SAF-CV2 22.5 ± 0.2
23.0 ± 0.2 23.2 ± 0.3
SAF-Little SB
SAF-LSB 9.8 ± 0.2
5.6 ± 0.3
8.6 ± 0.2
9.5 ± 0.4
SAF-Mill Creek
SAF-MC
6.2 ± 0.2
5.9 ± 0.1
4.8 ± 0.2
8.1 ± 0.2
San Jacinto
SJ
12.5 ± 0.3 11.2 ± 0.2 11.8 ± 0.2 12.6 ± 0.3
Sheep Hole 1
SH1
-4.7 ± 0.3
0.3 ± 0.3
Sheep Hole 2
SH2
-2.5 ± 0.2
-0.5 ± 0.3
a
All rates are averaged along the length of the fault. Positive/negative rates indicate
right-lateral/left-lateral motion, respectively. All rates are given in mm/yr.

Table 7. WRMS, NRMS, and Bayesian Information Criterion Calculation for Each of the
Proposed Models
WRMS
Number of
Number of Free
Model (mm/yr) NRMS Observations
𝜒!
Parameters
𝜒 ! /DOF BIC Value
TR
0.8
2.6
164
950.09
19
6.55
384.99
LM
0.9
2.6
164
1069.86
11
6.99
363.67
MT
0.8
2.6
164
1021.62
17
6.95
386.70
CM
0.9
2.3
164
776.76
21
5.43
362.16
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Table 8. Estimated Rotation Rates for the Model blocks of the ETR
Model
Model Block Rotation Rate (deg/Myr)
TR
JT
14.5 ± 0.3
MT
JT
15.1 ± 0.3
CM
JT
5.3 ± 0.3
TR
CHI
7.0 ± 0.2
MT
CHI
7.3 ± 0.4
CM
CHI
4.6 ± 0.3
Table 9. Tensile-Slip Rate Estimates for Modeled Faults From Models 1-4a
Fault Segments
ID
TR Model
LM Model MT Model CM Model
Blue Cut
BC
0.9 ± 0.2
-0.4 ± 0.2
0.1 ± 0.2
Chiriaco
CHI
-2.3 ± 0.2
-3.8 ± 0.1
-2.5 ± 0.2
E. Joshua Tree 1
EJT1
-5.7 ± 0.2
E. Joshua Tree 2
EJT2
-2.7 ± 0.2
Emerson
EMER
1.3 ± 0.1
1.2 ± 0.1
Eureka Peak
EP
-0.9 ± 0.2
Eureka Peak 1
EP1
-0.8 ± 0.3
Eureka Peak 2
EP2
-1.3 ± 0.2
Landers-Mojave Line LML
-4.6 ± 0.1
-2.4 ± 0.1
Ludlow
LUD
3.3 ± 0.2
2.5 ± 0.2
Pinto Mountain 1
PM1
-3.8 ± 0.1
0.7 ± 0.2
-3.4 ± 0.1
-1.9 ± 0.3
Pinto Mountain 2
PM2
0.5 ± 0.1
1.8 ± 0.1
-0.5 ± 0.1
Pinto Mountain 3
PM3
0.1 ± 0.2
3.9 ± 0.2
Pisgah-BullionPBML
-0.3 ± 0.1
0.6 ± 0.1
-0.8 ± 0.1
Mesquite Lake
SAF-Coachella
SAF-CV
2.5 ± 0.1
SAF-Coachella 1
SAF-CV1 0.6 ± 0.2
0.2 ± 0.2
2.3 ± 0.2
SAF-Coachella 2
SAF-CV2 4.4 ± 0.2
3.1 ± 0.1
4.1 ± 0.2
SAF-Little SB
SAF-LSB -1.5 ± 0.2
-2.5 ± 0.1
-1.8 ± 0.1
-1.6 ± 0.2
SAF-Mill Creek
SAF-MC
2.5 ± 0.1
1.6 ± 0.1
2.7 ± 0.1
1.2 ± 0.1
San Jacinto
SJ
0.9 ± 0.1
1.2 ± 0.1
0.9 ± 0.1
1.4 ± 0.1
Sheep Hole 1
SH1
-8.8 ± 0.3
-1.7 ± 0.3
Sheep Hole 2
SH2
-2.1 ± 0.3
-1.9 ± 0.3
a
All rates are averaged along the length of the fault. Positive/negative rates indicate
closing/opening motion, respectively. All rates are given in mm/yr.
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13. Figures

Figure 1. Fault map of southern California [from Jennings, 1994]. Select major
earthquakes (≥5.0 magnitude), the 1986 M5.6 North Palm Springs, 1992 M6.1 Joshua
Tree, 1992 M6.4 Big Bear, 1992 M7.3 Landers, and 1999 M7.1 Hector Mine earthquakes
are labeled and shown with their focal mechanisms (ISC online bulletin, 2001, available
at http://www.isc.ac.uk), whereas the 1947 M6.5 Manix and 1948 M6.0 Desert Hot
Springs earthquakes are shown with gray circles. The dashed straight line cutting
obliquely across the ECSZ shows the Landers Mojave Line (LML) proposed by Nur et
al. [1993]. Locations discussed in the text are shown with gray stars and abbreviated as
follows: AW, Ash Wash; BC, Badger Canyon; BP, Biskra Palms Oasis; CP, Cajon Pass;
OM, Oasis of Mara; PC, Plunge Creek; RC, Rockhouse Canyon; SGP, San Gorgonio
Pass; TP, Thousand Palms Oasis. Fault abbreviations for strands of the San Andreas fault
are as listed: BAN, Banning; CV, Coachella Valley; MC, Mission Creek; MILL, Mill
Creek; MJ, Mojave; SB, San Bernardino. Abbreviations for other faults are as listed: CC,
Coyote Creek fault; CL, Clark fault; EP, Eureka Peak; ML, Mesquite Lake; PM, Pinto
Mountain. The general location of the eastern California shear zone (ECSZ) and Eastern
Transverse Ranges Province (ETR) are shown with large gray letters.
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Figure 2. Velocity estimates for southern California. Red squares are the locations of our
ETR campaign GPS network. Yellow squares represent continuous sites in the area that
we incorporated into our analysis. Cyan squares represent benchmarks of another
campaign network in the San Bernardino Mountains. All velocities (blue vectors) are
shown relative to the Stable North America Reference Frame (SNARF v. 1.0) [Blewitt et
al., 2005]. Error ellipses represent the 95% confidence interval. Wavy and dotted black
lines represent select Holocene faults [from Jennings, 1994]. Squares without velocities
represent sites that had too few data to determine a precise velocity at the time of our
analysis.
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Figure 3. Four-character identification labels for the GPS sites used in our analysis. Gray
circles indicate campaign sites. Black lines represent select faults [from Jennings, 1994;
USGS Quaternary fault and fold database for the U.S., 2006, available at
http://earthquake.usgs.gov/regional/qfaults/]. The light gray region gives the
approximate boundary of Joshua Tree National Park.
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Figure 4. Position time series from a selection of ETR campaign sites spanning ~3 years
(September 2005 to September 2008) and nine campaigns. Scatter among the data is 1-3
mm in the north component and 2-3 mm in the east component. The normalized RMS
values (Table 4) are ≤1 for both components, indicating that the formal estimates
adequately represent positioning error. Error bars represent the 1-σ confidence interval.
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Figure 5. Time series for the CGPS site WIDC, which is located in the western part of the
ETR (Figure 3) for the time period 1997.7-2009.5. The yellow, blue, and red lines best
approximate the velocity for each component, accounting for both annual and semiannual
terms, for the three subsets of the data; the 2 year period predating the Hector Mine
earthquake (yellow), the period starting in 2000.5 (blue), and the period starting in 2005.0
(red). (top) Offset associated with the Hector Mine earthquake, as well as the velocities
for the site from the period 1997.7-1999.7 (black arrow), 2000.5-2009.5 (blue arrow), and
2005.0-2009.5 (red arrow).
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Figure 6. Velocities for different subsets of our ETR campaign network, according to the
season in which they were collected and analyzed (February, May, and September) as
described in the text. The velocity estimates determined using the complete dataset
(GLOBK) and the mean rate for the three different subset estimates (F-M-S Rate Mean)
are also shown. Scatter among the season-based estimates (Table 5) is ~1 mm/yr, with
NRMS values near 1, indicating that possible biases associated with annual loads [Blewitt
and Lavallee, 2002; Bennett, 2008] are negligible.
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Figure 7. Transrotation fault-block model. Red triangles represent sites with observed
velocities. White lines indicate fault block boundaries intended to represent active faults.
Black lines represent select Holocene faults, for comparison with modeled faults. (a)
Faults chosen for modeling. See Table 6 for fault abbreviations. (b) Comparison of the
observed velocities (yellow vectors with 95% confidence error ellipses) and the velocities
predicted by the fault-block modeling (blue vectors). (c) Residual velocities (observedcomputed) with 95% confidence error ellipses. Note that the vectors in Figure 7c are
plotted at a scale that is 2.6 times larger than those plotted in Figures 7b, 7d, 7e, and 7f.
(d) Individual block motions. (e) Strike-slip rates estimated for the model faults. Red
indicates right-lateral motion, and blue indicates left-lateral motion. Block motions are
shown with yellow arrows. (f) Tensile-slip estimates for the model faults. Red indicates
closing, and blue indicates opening.
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Figure 8. Same as Figure 7, except using the Landers-Mojave Line model. See Table 6
for fault abbreviations.
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Figure 9. Same as Figure 7, except using the Modified Transrotation model. See Table 6
for fault abbreviations.
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Figure 10. Same as Figure 7, except using the Combined model. See Table 6 for fault
abbreviations.
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Figure 11. One milliGal contours of isostatic gravity anomalies for the ETR (Langenheim
et al., 2007], in which the original authors applied free-air, Bouguer, and terrain
corrections to the original gravity data. The locations of the faults for the transrotation
model were chosen by selecting locations that best matched the gravity data as well as the
mapped faults (Figure 2). The segments of the SSAF, as well as the Pinto Mountain
strands, Blue Cut, and Chiriaco modeled faults follow the steep gravity contours that
denote pull-apart basins (see Figure 7a for a reference to fault labels). Highs and lows in
the gravity anomalies are shown in red and blue contours, respectively. See Langenheim
and Powell [2009] for a more detailed description of the gravity anomalies shown here.
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Figure 12. Patterns of mapped surface faulting, seismicity, and locations of the LandersMojave line model faults. Gray circles show earthquake epicenters in southern California
for the period 1975-2007 [Southern California Earthquake Data Center, 2010]. Intense
seismicity along the western boundary of JTNP was initiated with the 1992 Joshua Tree
earthquake. Aftershocks of this and the subsequent Landers earthquake highlight a
narrow belt of deformation, which connects the southern San Andreas fault to the ECSZ
via a zone of small offset faults mapped by Rymer [2000]. White lines indicate modeled
fault segments. The location of the ETR and ECSZ faults were chosen to follow this
recent narrow belt of earthquake activity.
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Abstract
We use 161 GPS velocity estimates from southern California, USA, and northern
Baja California, Mexico, to model the regional crustal velocity field prior to the 2010
April 4 Mw 7.2 El Mayor-Cucapah (EMC) earthquake. In the year following the EMC
earthquake, the EarthScope Plate Boundary Observatory (PBO) Facility constructed eight
new continuous GPS stations in northern Baja California, Mexico. Time series from the
new PBO sites exhibit no obvious exponential or logarithmic decay over the period of our
analysis (2011.25-2013.25), and appear to be linear, after accounting for periodic
motions, with weighted RMS misfits in the range 0.6-1.0 mm. We used our preearthquake velocity model to assess long-time scale postseismic velocity changes at the
new PBO sites, yielding postseismic velocity estimates in the range 0.6±0.1 to 6.8±0.2
mm/yr. Postseismic velocities decay in amplitude systematically with distance from the
EMC epicenter, and velocity orientations exhibit a pattern expected following a strikeslip earthquake. We fit these postseismic velocities using numerical models including an
elastic upper crust, overlying a viscoelastic lower crustal layer, underlain by a
viscoelastic upper mantle half-space. Models that produce the smallest weighted sum of
squared residuals have an upper mantle viscosity in the range 4-6x1018 Pa-s, and a less
well-resolved lower crustal viscosity in the range 2x1019 to 1x1022 Pa-s. A high viscosity
lower crust, despite high heat flow in the Salton Trough region, is inconsistent with felsic
composition, and might suggest accretion of mafic lower crust associated with crustal
spreading obscured by a thick blanket of sedimentary cover.

130

1. Introduction
The 2010 April 4 Mw 7.2 El Mayor-Cucapah (EMC) earthquake in northern Baja
California, Mexico is the largest event to occur along the southern San Andreas fault
system in nearly two decades (Figure 1). Continuous GPS (CGPS) coverage at the time
of the EMC earthquake in northern Baja California, Mexico, was quite sparse. To
address this problem of spatial coverage surrounding the earthquake epicenter, we led a
project to install six new continuous GPS stations in northern Baja California, Mexico.
The locations of these six new CGPS sites were chosen primarily to address the far-field
postseismic response to the earthquake, which is critical for understanding the
viscoelastic response of the lower crust and uppermost mantle (e.g., Hearn, 2003). PBO
installed two additional CGPS sites coincident with our installation phase (PHJX and
P796), while researchers from the California Institute of Technology (CalTech) installed
a new site very close to the epicenter of the EMC earthquake (PTAX). All three of these
stations have been incorporated into the PBO dataflow, and the data are publicly
available for download.
In the absence of GPS measurements preceding an earthquake, it is difficult to use
observations of post-earthquake measurements to confidently assess the long-term
changes in secular rate associated with viscoelastic relaxation in the lower crust and
upper mantle. As the spatial coverage of CGPS stations in the EMC epicentral region
was sparse prior to the earthquake, our best understanding of the interseismic
deformation signal south of the US-Mexico border comes from studies using campaignstyle GPS observations, primarily taking place in the 1990s and early 2000s. [e.g. Bennett
et al., 1996; Dixon et al., 2000; Dixon et al., 2002; Plattner et al., 2007]. These pre-
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earthquake campaign GPS data are critical for determining the interseismic velocity field
in northern Baja California prior to the EMC earthquake. We could attempt to describe
the patterns of transient deformation using the existing CGPS stations in southern
California, which were in operation before and after the EMC earthquake. However, that
analysis would be one-sided, in that it would constrain the deformation signal in the
sector to the north of the epicenter only. If lateral variations in viscoelastic properties of
the lithosphere exist, as might be expected given the transitional setting of the Salton
Trough from oceanic spreading in the Gulf of California to the diffuse San Andreas
transform system in southern California, our ability to study this viscoelastic structure
would be greatly hampered by such an unfavorable spatial sampling.
In this paper, we provide an analysis of data collected at the new Baja PBO stations
with the goal of determining the postseismic deformation signal and the rheologic
properties of the Salton Trough lithosphere. Our analysis involves the following steps: 1)
determination of the pre-EMC velocity field for southern California and northern Baja
California, using both publically available CGPS and campaign GPS phase data, as well
as published site velocities, 2) construction of a model of pre-earthquake velocities using
an elastic block model constrained by the available pre-earthquake data, 3) comparison of
the modeled pre- and observed post-EMC velocities at CGPS sites in the epicentral
distance range 50-150 km, 4) interpretation of the velocity differences in terms of ongoing postseismic deformation, and 5) exploration of the rheologic properties of the
lower crust and uppermost mantle in the Salton Trough region.

2. GPS Data and Analysis
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2.1 New PBO BAJA Stations
An optimal configuration for the new PBO BAJA stations was chosen so as to
provide station coverage in both the near and far-field of the EMC earthquake, and to
improve coverage in northern Baja California, Mexico. These stations record postearthquake velocity that improves our ability to constrain crustal and upper mantle
rheology. The eight new stations constructed in Mexico by PBO engineers following the
EMC earthquake employed the short drilled-braced monument (SDBM) design. The
station constructed by engineers from CalTech employed a shallow mast style monument.
The PBO-style SDBM is based upon the original SCIGN short monument. The
monument consists of four legs (1-inch-diameter solid 308 stainless steel rods) anchored
with Hilti HY-150 epoxy into one vertical and three angled holes and welded together
above the surface to create a tripod frame (Figure 2). The three bracing legs are set at 55
degrees from horizontal and spaced at 120 degrees around the vertical leg. Each hole for
the legs was drilled to a target depth of approximately 1.5 meters. The receiver and
communication equipment are powered with two 80-watt solar panels and four 100-amp
hour batteries. Communications for daily data downloads and state of health monitoring
are achieved using a 1-watt Ethernet bridge radio that span links ranging from 14 to 179
kilometers to a data uplink relay at Sierra San Pedro Martir operated by CICESE and
UNAM. The Trimble NetRS and NetR9 receivers collect 15 second (downloaded daily)
and 1Hz data (downloaded as needed). We used the 15-second data in our analysis here,
as described below. Meteorological instruments were also installed at sites PALX, PJZX,
PSTX, PTEX. All GPS and meteorological data are archived at UNAVCO. Station
pages can be accessed at http://pbo.unavco.org/network/.
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2.2 Other Data
GPS networks designed for studies of crustal deformation associated with plate
tectonics and earthquakes have expanded significantly since the early 1990s, providing
unprecedented spatial and temporal coverage in many regions, especially in the plate
boundary zone of southern California. The Southern California Integrated GPS Network
(SCIGN) was the first of the large CGPS networks to be developed in southern
California, starting in the mid-1990s in the Los Angeles Basin region, with a large spatial
expansion of the network to ~250 total stations broadly distributed across southern
California in the four years following the 1999 Hector Mine earthquake. In 2003, the
Plate Boundary Observatory (PBO) Facility, which manages the geodetic component of
the NSF-funded EarthScope project, began installation of 891 continuous GPS sites
throughout the western U.S., aimed at monitoring plate boundary deformation. 188 of
these 891 stations were installed in southern California and southwestern Arizona. In
conjunction with these new installations, the PBO Facility also began incorporating and
upgrading ~200 existing CGPS stations into the PBO network, including about half of the
existing SCIGN stations. Receiver Independent Exchange format [RINEX – Gurtner and
Estey, 2013] data files containing raw GPS carrier-beat phase measurements for the PBO
CGPS sites are freely available through the UNAVCO Data Center (ftp://dataout.unavco.org/pub/rinex/obs/).
Campaign GPS surveys were the primary mode of GPS data collection through the
1990s and into the early 2000s, especially in the epicentral region of the EMC
earthquake, with the observations spread among many different organizations and
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universities. Researchers affiliated with the Southern California Earthquake Center
(SCEC) organized and processed campaign and continuous GPS data, in addition to data
from Very Long Baseline Interferometry (VLBI) and EDM instruments from 1970-2004
throughout southern California and northern Baja California, Mexico for 1215 total
stations, 1009 of which measured using GPS [Shen et al., 2011]. RINEX data for the
campaign GPS stations is available through the SCEC Data Center
(http://pfostrain.ucsd.edu/scecgps/).

2.3 Data Selection and Analysis
Making use of these large, publicly available data sets, we acquired phase data from a
total of 1228 CGPS sites, with 1055 sites located throughout the deforming western
United States, 66 sites located throughout the North American plate interior, and 107
sites located elsewhere around the globe (Supplementary Figure S1). The stations
outside of our study region facilitate transformation between global and North America
fixed reference frames. We analyzed all data following standard methods using the
GAMIT/GLOBK software version 10.4 [Herring et al., 2010ab], following the methods
outlined by Spinler et al. [2010]. We determined coordinate time series relative to the
NA12 reference frame [Blewitt et al., 2013]. From this large collection of GPS stations,
we chose to focus on the 161 stations located within 250 km of the EMC earthquake
(Supplementary Figure S2). This collection of stations can be divided into three groups.
The first group includes data from 48 CGPS stations, which are a part of three
different geodetic networks. The largest grouping of sites belongs to the PBO Network,
comprising 36 stations in our study region. The remaining 12 stations were originally
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constructed as part of the SCIGN network, but are now under control of two different
agencies. Six stations from this group are now maintained by the USGS while the
remaining six have been adopted by PBO as part of the larger PBO-NUCLEUS network.
We processed the full range of data available at each station, with the SCIGN and PBONUCLEUS data starting in 1996, and the PBO Network data starting in 2004. We
omitted data from four CGPS stations in our study region because the time series
exhibited anomalous motions that are likely to be related to groundwater withdrawal or
other non-tectonic motions in the Imperial Valley region of southern California
(Supplementary Figures S3 and S4).
The second group includes phase data in RINEX format from 30 campaign GPS sites
located in northern Baja California, Mexico for a total of 479 observation days. We
acquired these data through the SCEC GPS Database and the UNAVCO Data Center for
the time period 1993-2006. These campaign data are useful in that they improve spatial
coverage in northern Baja California, where CGPS stations were very sparse prior to the
EMC earthquake. We omitted stations located within close proximity to the Cerro Prieto
Geothermal Field, as they exhibit anomalous site motions (Supplementary Figure S5).
We chose to not reanalyze all the available campaign GPS phase data for sites located in
southern California for this project, due to the dense coverage of CGPS stations and the
availability of published velocities for these campaign stations [Shen et al., 2011].
The third group of data comes in the form of pre-processed velocity vectors from the
SCEC Crustal Motion Map 4 (CMM4) [Shen et al., 2011]. From the 1009 total GPS
velocity estimates in this dataset, 156 are located within our study region. We adjusted
this dataset by rotating the velocities of the SCEC CMM4 solution into the NA12
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reference frame to minimize residual velocities at 10 CGPS sites in common to both
solutions. The mean residual of these 10 common stations after rotation is 0.1±0.6
mm/yr. The addition of the CMM4 dataset significantly increases the density of velocity
estimates for southern California. Following the rotation of the CMM4 velocities, we
chose to omit CMM4 velocity estimates for the 40 stations for which velocity estimates
were duplicated, choosing to use the rates we estimated for those individual stations. We
also resolved duplicate velocity estimates at sites where multiple rates are given for a
single location, likely due to a station rename. Thus the total number of CMM4 velocity
estimates that we analyze here is 83, located primarily throughout southern California
(Supplementary Figure S2).

3. Analysis of Crustal Motion
3.1 CGPS Time Series Analysis
We analyzed the coordinate time series for the 48 CGPS stations in our region using
GGMatlab [Herring, 2003], a tool for GPS time series analysis, over the time period
2002.0-2013.5. From the total time window, we looked at three different subsets:
2002.0-2010.0 to determine the pre-EMC velocities; 2011.25-2013.25 to determine the
post-EMC velocities; and for the three days prior to, and immediately following the EMC
earthquake to calculate coseismic deformation (Figures 3 and 4). For the pre- and postEMC time periods, we estimate horizontal secular rates for each station accounting for
annual and semi-annual site motions. Uncertainties were estimated using a first-order
Gauss-Markov noise model. We chose the time range 2002.0-2010.0 for the pre-EMC
period to minimize any postseismic deformation signal following the 1999 M7.1 Hector

137

Mine earthquake. Previous studies following Hector Mine found an early rapid phase of
viscoelastic relaxation with a decay time of ~25 days [Pollitz, 2003; Savage and Svarc,
2009], while Spinler et al. [2010] found that differences in rates following Hector Mine at
CGPS station WIDC were statistically insignificant between two time periods starting 8
months and 6 years following the earthquake. As station WIDC is closer to the Hector
Mine epicenter than any of the CGPS stations in our study region, we infer that the effect
of postseismic deformation on our stations of interest is negligible averaged over the
interval 2002-2010.
We chose the time range 2011.25-2013.25 for the post-EMC period to avoid early
rapid postseismic deformation that occurred in the first months to year following the
EMC earthquake. PBO station P500 was the closest CGPS site to the EMC epicenter that
was in operation during the earthquake, and the coordinate time series shows a clear
exponential decay signal immediately following the earthquake (Figures 3 and 4).
However, the coordinate time series for the 8 new CGPS stations constructed at least 4
months following the EMC earthquake do not exhibit this initial rapid exponential decay
signal (Figure 5), and instead the time series data for the PBO BAJA stations are fit well
with a linear trend. Site P796, which was installed ~6 weeks after the event, also displays
a small decay signal (in the east component only).
If the rates we calculate for the one-to-three year period post-EMC match those from
the pre-EMC time period, we can conclude that the deformation following the earthquake
has ended. However, if the rates don’t match, we can use the rate differences to address
potential longer-term postseismic viscoelastic relaxation that isn’t readily apparent in the
coordinate time-series. This analysis can easily be completed using the CGPS stations in
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southern California that were operating prior to the EMC earthquake, however, the preEMC motions at each of the newly constructed PBO BAJA CGPS stations must be
inferred differently. Toward this end, we constructed an elastic crustal block model for
our study region, using the velocity estimates previously discussed for the pre-EMC
period. We describe this approach in detail in the next section.

3.2 Elastic Block Model
In an effort to separate postseismic deformation from the background interseismic
deformation at the newly constructed PBO BAJA stations, we need to estimate the
motions of those stations during the pre-seismic period. We achieved this by
constructing an elastic block model for the southern California and northern Baja
California, Mexico region. According to this modeling approach, interseismic crustal
motion is represented by a model crust composed of elastic blocks that move relative to
one another so as to accommodate diffuse deformation within the Pacific-North America
plate boundary zone. Ephemeral elastic strain within the blocks is modeled by applying
back slip along the block boundaries.
We specified our block boundaries to conform to the surface traces of major faults
[California, USGS Quaternary faults database; Baja California, Dixon et al., 2002].
Back slip was applied using elastic dislocations [Okada, 1985] to simulate interseismic
strain accumulation on the faults. We initially tested models using a 15 km locking depth
for the model faults following a reported average seismogenic thickness in southern
California and northernmost Baja California, Mexico of 15±1 km [Nazareth and
Hauksson, 2004]. We then proceeded to vary the locking depths of selected faults, as
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necessary to resolve obvious misfit to the observed data. Our preferred model
incorporates a locking depth of 5 km for the Cerro Prieto, Imperial, Brawley, and
Superstition Hills faults. As heat flow is higher in the Salton Trough region
[Lachenbruch et al., 1985; Doser and Kanamori, 1986], the seismogenic thickness is
likely thinner and locking depths shallower than those faults located farther away from
the developing spreading center. While the 5 km locking depth is shallower than the
observed depth of seismicity along the Imperial, Brawley, and Superstition Hills faults
[Doser and Kanamori, 1986; Shearer, 2002; Lin et al., 2007], reducing the locking depth
for these faults to 5 km, compared to a model with locking depths set to 10 km, reduces
the χ2/degree-of-freedom misfit by roughly half. We chose a locking depth of 10 km for
the San Jacinto fault, as it reduced the misfit to the data in the region nearest to the fault
relative to the nominal 15 km locking depth. Shallowing of the locking depth for the
southern San Jacinto fault, relative to the average southern California seismogenic
thickness of 15 km, is supported by the depth of recorded seismicity in this region
[Nazareth and Hauksson, 2004]. We assign a locking depth of 15 km to the remainder of
the faults in our study region.
We estimate the motions of the blocks by minimizing the misfit to the crustal velocity
data in a least-squares sense. Our preferred model (Figure 6) fits the velocity data with a
normalized root-mean-square (RMS) misfit to the observed data of 3.4, indicating that we
have either underestimated the true uncertainty of our velocity data or that further
improvements to the model could be achieved. The mean residual velocity is 0.13 and
0.54 mm/yr in the east and north components, respectively (Supplementary Figure S6).
The average of the residual misfits provides a guide for assessing the precision of the
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model on average. Below we interpret rate changes that are significantly larger than
these residual misfits.
The largest residuals occur in the region of the Brawley Seismic Zone, an area of
diffuse deformation connecting the Imperial fault to the southern San Andreas fault
[Sharp, 1976; Johnson, 1979; Johnson and Hill, 1982]. One possible explanation for the
large residuals in the region of the Brawley Seismic Zone is deformation associated with
aseismic processes such as observed during the 2005 Obsidian Buttes earthquake swarm
[Lohman and McGuire, 2007]. The 30 stations located within the region of the Brawley
Seismic Zone account for 19% of the total sites and 21% of the total misfit of our model
to the observed data. Thus, our oversimplification of the deformation processes in the
region of the Brawley Seismic Zone does not entirely explain the averaged residual
misfit, but nevertheless we interpret velocity changes in this region with caution.
Based on the relative motions among adjacent block pairs, we estimated both strikeslip (Figure 6b) and tensile-slip motions for all model faults within our study region
(Table 2). The majority of plate boundary zone deformation is taken up on model faults
that comprise the easternmost boundary. Model estimates for right-lateral strike-slip
rates are highest for the Cerro Prieto model fault (38.3±0.1 mm/yr), decreasing
northwards along the Imperial, Brawley, and southernmost San Andreas model faults.
Estimates for the Superstition Hills and San Jacinto model faults are 15.5±0.1 mm/yr,
while estimates for the model faults representing the Laguna Salada and Elsinore faults
are 5.6±0.1 mm/yr. Slip rate estimates for the westernmost model faults range from 3-5
mm/yr. These slip rate estimates are generally in agreement with those estimated in
previous block model studies in this region [Bennett et al., 1996; Dixon et al., 2002;
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Meade and Hager, 2005]. If we decompose the strike-slip rate estimates into vectors that
are parallel and perpendicular to the general direction of PA-NA plate motion (316°;
Argus et al., 2010), then sum the plate-motion parallel rates along profiles perpendicular
to plate motion direction is in the range 47.5-50.7 mm/yr, consistent with previous plate
motion calculations [DeMets et al, 1990; DeMets and Dixon, 1999; Sella et al, 2002;
Argus et al., 2010; DeMets et al., 2010].

4. Observed Deformation Associated With the 2010 El Mayor-Cucapah Earthquake
4.1 Coseismic Deformation
We analyzed coordinate time series for 57 CGPS sites located within our study
region, in an effort to characterize the coseismic displacements resulting from the EMC
event. For each site we estimated the coseismic displacement by finding the mean
position for each horizontal component at each site for the three days immediately
preceding the earthquake and for the three days immediately following the earthquake.
We calculated the displacement by differencing these two estimates. The pattern of
displacements is shown in Figure 7. The largest displacement estimate of 97±4 mm is
associated with PBO site P497, located ~65 km north-northwest of the epicenter.
Coseismic displacements are apparent up to 257 km epicentral distance, with typical
estimate uncertainties of 2 to 3 mm.

4.2 Postseismic Deformation
Analysis of the coordinate time series for the nine CGPS sites that were constructed
in the 4 to 18 months following the EMC earthquake reveals that site motions are well
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represented by a secular trend, superimposed by annual and semi-annual motions for the
time period 2011.25-2013.25 (Figure 5). Similarly, time series for other CGPS stations
in the study area for the post-earthquake period (2011.25-2013.25) appear to be linear to
within observational error. Postseismic velocity changes may be inferred by differencing
pre- and post-earthquake velocity estimates.
During the post-earthquake time period, there were three large (>M5) earthquakes
that occurred within our study region, one being the largest recorded aftershock of the
EMC event, the 2010 M5.7 Southern California earthquake, and the other two being
M5.5 and M5.3 events associated with the 2012 Brawley earthquake swarm [Geng et al.,
2013] (Figures 1 and 8). To avoid any potential trade-offs between the coseismic
displacements from these smaller earthquakes and the longer time scale postseismic
viscoelastic relaxation from the EMC earthquake, we have omitted stations in the
immediate vicinity of the M5 events that display clear coseismic displacements in the
time-series data.
We constrained our postseismic analysis to stations between 50-150 km of the
epicenter to reduce the effects of poroelastic relaxation on stations in the near-field
[Jacobs et al., 2002; Fialko, 2004; Freed et al., 2007]. Thus, we do not here consider
postseismic deformation rates estimated for the newly constructed sites PHJX and PTAX,
as these stations are 20 and 35 km, respectively, from the epicenter.
We also chose a slightly more restricted area of analysis for studies of postseismic
deformation (150 km radial distance) relative to the study area selected for coseismic
displacements (250 km radius), because resolution of postseismic velocity changes are
less well determined at the larger distances. This reduces the number of stations for our
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postseismic deformation analysis to the 7 PBO BAJA stations and the 19 CGPS
additional stations, primarily located in southern California. The pre-earthquake period
over which we estimated secular trends for these 19 stations is delimited by epochs
2002.0 and 2010.0. The post-earthquake period over which we estimated secular trends
for these 19 stations coincides with the period of 2011.25 to 2013.25 adopted for the nine
new PBO BAJA stations.
We estimated postseismic velocity changes in two ways depending on the availability
of CGPS data before the EMC earthquake. For the 19 CGPS stations in southern
California, for which time series data exist both before and after the earthquake, we
calculated earthquake induced velocity changes by straightforward differencing between
the pre- and post-earthquake periods. For these stations and using this method we find a
statistically significant difference between pre- and post-earthquake velocity for all sites.
For the nine CGPS sites constructed post-EMC, we calculated a pre-EMC velocity using
our elastic block model, which was described above in Section 3. Postseismic velocity
changes for both sets of stations are shown in Figure 8. For both sets of estimates, the
inferred velocity changes decrease with distance from the rupture and exhibit a pattern of
motion symmetric about the rupture, consistent with a right-lateral sense of motion on the
primary earthquake rupture plane [e.g. Segall, 2010].
With detailed information about the coseismic and postseismic deformation field
surrounding the EMC earthquake, we proceeded to construct an earthquake deformation
model incorporating the viscoelastic properties of the lower crust and uppermost mantle.
Toward this end, we used the Fortran codes PSGRN/PSCMP [Wang et al., 2006] to
calculate coseismic and postseismic deformation for comparison with observed values.
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We proceeded with our comparison between model and observation in two steps. During
the first step, we decided on an appropriate EMC earthquake slip model representing
EMC coseismic slip. The distribution and magnitude of prescribed slip in the model
dictates both the pattern and amplitude of the calculated coseismic and postseismic
surface displacements. Unlike the postseismic displacements, however, the coseismic
pattern of deformation is independent of the Maxwell viscosity assigned to the lower
crust and upper mantle, because coseismic displacements occur over a time scale that is
nearly instantaneous and thus much shorter than the Maxwell relaxation time of these
media. We selected a slip model based on the match of calculated coseismic
displacement using the PSGRN/PSCMP code to the observed coseismic displacements at
the 57 CGPS sites for which we determined coseismic displacements from GPS time
series data (cf. Section 4.1 and Figure 7).
We initially compared our 57 coseismic displacements against the EMC slip model
reported by Wei et al. [2011], which was based on a fit to observed GPS displacements at
the 23 closest sites to the rupture in southern California, 9 InSAR interferograms
covering the EMC rupture, and two SPOT 5 satellite images. This comparison proved
important given the likelihood of biases in estimates for coseismic displacement between
Wei et al. [2011] and our study arising from the possibility of large magnitude short-time
scale postseismic deformation and the different time periods over which coseismic
displacements were reckoned using GPS and InSAR data sets. That is, unaccounted for
postseismic deformation in the days following the EMC earthquake could be interpreted
as coseismic deformation if the temporal sampling of data is sparse compared with the
relaxation time(s) of the short-time scale postseismic processes, including afterslip and
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poroelastic effects. These issues are discussed in more detail below. The second step in
our modeling procedure utilized the cross-validated slip model and assumed crustal layer
thicknesses in an effort to identify lower crust and upper mantle viscosities consistent
with the observed postseismic velocity changes.
The PSGRN/PSCMP code that we used to compute co- and postseismic deformation
assumes a half-space geometry. Input parameters controlling the calculated deformation
include the magnitude, sense of motion, and distribution of earthquake slip within the
half-space, and the viscoelastic structure of the half-space. We represented the
rheological structure beneath our study region using a simple 3-layer viscoelastic
structure, including a 15 km thick elastic upper crust, underlain by a 15 km thick
viscoelastic lower crust, and a viscoelastic half-space representing the uppermost mantle.
We used the Wei et al. [2011] slip model with the minor modification that we required
that all fault slip occurred within the elastic layer of our viscoelastic model; any slip that
was originally prescribed by Wei et al. [2011] to occur at depths greater than 15 km was
added to the overlying 3 km by 3 km fault patch.
In comparing the observed coseismic displacements from the coordinate time series
and those predicted by the forward model, we find that a systematic scale difference of
0.85±0.01 between the calculated coseismic displacements and the observed
displacements at the 57 GPS stations for which we estimated coseismic displacement,
indicating that the displacement vectors we calculated using the PSGRN/PSCMP code
and our implementation of the Wei et al. [2011] slip model overestimates the 57
displacements we estimated using CGPS coordinate time series data. The orientation of
calculated displacements matches the observed displacement vectors fairly closely, with a
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mean difference in azimuths of -4±12 degrees. There are a few possible explanations for
the scale difference: (1) bias between computer codes, (2) reassignment of slip from
depths greater than 15 km, and (3) differences in the estimates for coseismic deformation
between our analysis and the analysis of Wei et al. [2011].
To address the possibility of differences in displacements arising from differences in
the computer codes used to calculate the displacements, we tested the results from
PSGRN/PSCMP using two independent implementations of Okada’s routine for
computation of deformation associated with displacement discontinuities in an elastic
half space. Differences between displacement estimates are minimal for the elastic half
space case. Differences associated with the different elastic moduli used in the
PSGRN/PSCMP code result in small deviations from the homogeneous elastic half space
case in the near field as expected [Chinnery and Jovanovich, 1972]. Although we did not
compare the results of PSGRN/PSCMP directly with the codes used to develop the Wei et
al. [2011] model, we conclude that the results of PSGRN/PSCMP do not appear to be
numerically compromised.
To determine the effect of our modification to the Wei et al. [2011] slip model, we
tested a model using the full slip distribution by increasing the upper elastic layer
thickness to 20 km. The coseismic displacements estimated with this thicker elastic layer
were visually indistinguishable from those of the shallower elastic layer, and the resulting
systematic scale difference was 0.85, the same as was found for the shallower model.
Thus, we conclude that the scale factor does not result from our modifications to the Wei
et al. [2011] model.
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The model of Wei et al. [2011] incorporates InSAR data spanning the time of the
rupture to increase the spatial coverage, however the satellite images used to create the
interferograms were taken between 1 day and 1 month following the earthquake. These
estimates may thus include a significant amount of early large-magnitude postseismic
deformation associated with afterslip, poroelastic effects, or rapid viscoelastic relaxation.
By including only CGPS data in our analysis, we obtain a tighter temporal window
surrounding the earthquake albeit at the expense of reduced spatial sampling. This
reduces biases to our coseismic estimates associated with these short time scale
processes. Based on our analyses, the most likely cause of the observed scale difference
is short-time scale postseismic motions captured in the Wei et al. [2011] analysis.
In order to develop a model that best fits the observed coseismic and postseismic
deformation, we scaled the Wei et al. [2011] slip distribution by 0.85. The NRMS misfit
of the scaled model to the observed coseismic displacements is 1.3, with mean residual
displacement estimates of 0.3±0.4 and 0.0±0.4 mm in the east and north components,
respectively. Given the relatively good fit to the observed coseismic displacements, we
proceeded to investigate the postseismic velocity changes using the scaled slip
distribution.
In order to better resolve the rheological properties of the lower crust and uppermost
mantle beneath southern California and northern Baja California, Mexico, we calculate
displacements at each of 26 sites that we selected for our detailed time series analysis of
the post-EMC period. Displacements were calculated one year and three years following
the EMC earthquake, similar to the time window of our post-earthquake time series.
Differencing the displacement estimates over this time period and dividing by the two-
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year time period between the estimates provides an estimate for the time-averaged
postseismic deformation rate for each of our selected GPS sites. We tested a total of 999
different rheologic models, where we varied the viscosity of the lower crustal layer over
the range of 1x1018 to 1x1022 Pa-s, and the uppermost mantle layer over the range 1x1018
to 9x1020 Pa-s (Figure 9). To determine the preferred rheologic structure, we compare
the postseismic deformation rates calculated for each model to those rates we calculated
by differencing the post- and pre-EMC velocity estimates. The model with a lower
crustal viscosity of 9x1019 Pa-s overlying an uppermost mantle with a viscosity of 5x1018
Pa-s minimizes the χ2 misfit to the observed postseismic deformation rates (Figure 9).
We estimate 99.7% confidence limits (3-sigma) of 2x1019 to 1x1022 Pa-s for the lower
crust and 4x1018 to 6x1018 Pa-s for the upper mantle. These values are similar to values
used by Pollitz et al. [2012] in studying their more limited post-EMC dataset, and were
based on the viscosity structure inferred for the Mojave Desert region by Pollitz [2003].
All models tested that fall within the 3-sigma confidence interval indicate a stronger
lower crust compared to uppermost mantle, with most at least an order of magnitude
stronger.

5. Discussion
5.1 Viscosity Structure Beneath the Salton Trough
Our analysis of postseismic deformation following the EMC earthquake indicates that
the lower crust has a higher viscosity than the underlying uppermost mantle by at least an
order of magnitude, and potentially up to 3 orders of magnitude. We estimate a lower
crustal viscosity > 2x1019 Pa-s, and an uppermost mantle viscosity of 4-6x1018 Pa-s.
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Pollitz et al. [2012] reported that a model with a lower crustal viscosity of 3.2x1019 Pa-s
and upper mantle viscosity of 4.6x1018 Pa-s fit the postseismic deformation observed in
the first 1.5 years following the EMC earthquake well, consistent with our analysis. Our
result is also consistent with previous studies following the 1992 M7.3 Landers and 1991
M7.1 Hector Mine earthquakes along the southern San Andreas fault system, in that
estimates of the viscosity of the lower crust is higher than that of the upper mantle by
roughly an order of magnitude or more [Pollitz et al., 2000; Pollitz et al., 2001].
However, the Salton Trough region is a region of very high heat flow [Lachenbruch
et al., 1985; Doser and Kanamori, 1986; Bonner et al., 2003], which might suggest a
relatively low viscosity lower crust if the composition was that of standard felsic
continental crust [e.g. Kohlstedt et al., 1995]. The Salton Trough region is currently
undergoing thinning due to extension from the newly developing spreading center in the
Gulf of California, which is likely leading to emplacement of mafic material beneath
thinned continental crust. The presence of mafic material at lower crustal depths is
supported by the lack of an observable gravity low over the thick sediments within the
Salton Trough [Fuis et al., 1984; Lachenbruch et al., 1985]. Seismic reflection profiles
across the Salton Trough also infer a jump in the p-wave velocity from 5.6 km/s to 7.2
km/s at a depth of 10-16 km, indicating the presence of a subbasement with mafic
composition that separates the upper crustal sediments and metasediments from the mafic
mantle rocks [Fuis et al., 1984; Han et al., 2013]. Laboratory studies exploring strength
profiles of different rocks at lithospheric depths indicate that dry mafic rocks are much
stronger at lower crustal depths than what would be expected from rocks with granitic
continental composition [Kohlstedt et al., 1995]. Additionally, laboratory studies find the
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solidus temperature of lherzolite, an ultramafic rock typically found in the upper mantle,
to be 1160°C [Zimmerman and Kohlstedt, 2004]. Applying the heat flow and thermal
conductivity values reported by Bonner et al. [2003] to the Salton Trough region, we
infer the lherzolite solidus temperature coincides roughly with our assumed depth of 30
km for the base of the lower crust. The presence of small amounts of partial melt below
this depth might provide additional support to our estimates of a strong (to much
stronger) lower crust beneath the Salton Trough, when compared to the upper mantle for
our simple three-layer viscoelastic model.

5.2 Rapid vs. Long-Term Postseismic Relaxation
In the days to months following large earthquakes, poroelastic deformation and rapid
afterslip dominate the initial postseismic signal at stations in close proximity to the
rupture [Peltzer et al., 1998; Jónsson et al., 2003; Freed et al., 2007; Bürgmann and
Dressen, 2008]. To minimize this effect, we omitted stations within 50 km of the rupture
and estimated individual site velocities starting one year following the EMC earthquake.
This is consistent with the results of Pollitz et al. [2012], in that they found that deep
afterslip and poroelastic rebound were not the dominant modes of postseismic
deformation at time scales of ~1 year.
Non-linear models of postseismic deformation have also been proposed for the recent
large Mojave Desert earthquakes [Freed and Bürgmann, 2004; Savage and Svarc, 2009]
along with biviscous models with multiple relaxation times [Pollitz, 2003]. These models
all fit the observed data well, where present immediately following the earthquake.
However, in the case of the EMC earthquake, data are only available immediately
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following the earthquake for stations located north of the U.S./Mexico border, providing
an incomplete picture of the regional response. As the stations located in northern Baja
California were installed starting ~4 months following the earthquake, we chose to apply
a simplified Maxwell viscoelastic rheology model with three homogeneous layers,
allowing us to investigate the long-term viscoelastic relaxation. As the majority of our
stations are in close proximity to the Salton Trough region, we feel using a homogeneous
viscosity structure adequately describes the observed data at this time. We leave
investigating the effects of heterogeneous viscosity structure to future work.

6. Conclusions
We report new estimates for the rheological structure beneath the Salton Trough
region of southern California, through the analysis of postseismic deformation observed
at 26 CGPS sites located 50 to 150 km away from the M7.2 2010 El Mayor-Cucapah
earthquake. We find that a lower crustal layer with a viscosity that is at least an order of
magnitude higher than the underlying upper mantle layer best fits the observed
postseismic deformation rates. We accomplish this first by utilizing an elastic fault-block
model for southern California and northern Baja California using a combination of
available campaign and continuous GPS data prior to 2010. Our estimated fault slip rates
are consistent with previous modeling studies in this region [Bennett et al., 1996; Dixon
et al., 2002; Meade and Hager, 2005], which allow us to infer pre-EMC site velocities at
each of nine CGPS stations that were constructed in the months following the EMC
earthquake. Time-series data for these new stations could be well fit with a linear trend
including annual and semi-annual perturbations to that trend starting one-year post-EMC,
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likely indicating the initial period of strong postseismic relaxation had passed by this
time. We estimated secular rates for each of 26 CGPS sites for the pre-EMC period
(2002.0-2010.0) and for the post-EMC period (2011.25-2013.25). We attribute the
difference of these two rates to long-term postseismic relaxation of the lower crust and
upper mantle. We used the postseismic deformation modeling codes PSGRN/PSCMP
[Wang et al., 2006], to forward model different viscosity structures for the Salton Trough
region, using a simple 3-layer model with a 15 km thick elastic upper crust, 15 km thick
viscoelastic lower crust, and viscoelastic mantle half-space beneath. We find the bestfitting viscosity structure to our observed deformation rates has a lower crustal layer with
a viscosity of 9x1019 Pa-s overlying an upper mantle layer with a viscosity of 5x1018 Pa-s,
with the range of potential viscosities at the 3-sigma confidence level being 2x1019 to
1x1022 Pa-s for the lower crustal layer and 4x1018 to 6x1018 Pa-s for the upper mantle
half-space. The presence of a stronger lower crust in an area of high heat flow is
supported by seismic and gravity studies indicating the likely presence of a dry, mafic
layer located in the lower crust beneath the Salton Trough region, which is being
emplaced during development of the Gulf of California spreading center.
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9. Tables
Table 1. Station Descriptions for New CGPS Sites
Site Mon.a Depth Geologyb
Rec.a Antennac
Comms.a,d Other
PALX SDBM 5’
Gneiss
NetRS TRM59800
Microwave Metpack
PHJX SDBM 54-72” Metasediment NetR9 TRM59800
Cell Modem
PJZX SDBM 5’
Granodiorite NetRS TRM59800
Microwave Metpack
PLPX SDBM 5’
Volcanic
NetRS TRM59800
Microwave
PLTX SDBM 4-5’
Volcanic
NetRS TRM29659
Microwave
PSTX SDBM 5’
Granite
NetRS TRM59800
Microwave Metpack
PTEX SDBM 5’
Tonalite
NetRS TRM59800
Microwave Metpack
PTAX Post
<1’
Granodiorite NetRS ASH701945B_M Cell Modem
a
Column abbreviations as follows: Mon. = monument type; Rec. = receiver type;
Comms. = communication type.
b
Geology based on field observations and Gastil et al. [1975].
c
GAMIT Antenna codes. All Trimble (TRM) and Ashtech (ASH) antennas have a
choke-ring design.
d
Method of data transfer from station to data uplink relays. All sites use EB-1 Ethernet
Bridge radios to transfer data.

Table 2. Slip Rate Estimates for Model Faults From Block Modela
Model Fault
IDb Strike-Slip Rate
Tensile-Slip Rate
San Pedro-Martir
SPM
5.6 ± 0.1
-6.9 ± 0.2
Agua Blanca
AB
5.0 ± 0.2
0.3 ± 0.1
San Clemente
SC
5.0 ± 0.2
-0.2 ± 0.4
San Miguel-Vallecitos
SMV
3.3 ± 0.1
0.2 ± 0.1
Newport-Inglewood
NI
3.4 ± 0.1
-0.2 ± 0.1
Cerro Prieto
CP
38.3 ± 0.1
-0.2 ± 0.1
Laguna Salada-Elsinore
LSE
5.6 ± 0.1
-1.4 ± 0.1c
Imperial
IM
34.0 ± 0.1
0.4 ± 0.1
Superstition Hills-San Jacinto SU-SJ 15.5 ± 0.1
-0.4 ± 0.1
Brawley
BR
24.0 ± 0.1
2.5 ± 0.1
San Andreas
SA
25.4 ± 0.1
2.9 ± 0.1
a
All rates are averaged along the length of the fault. Positive/negative rates indicate
right-lateral/left-lateral (for strike-slip) and closing/opening motion (for tensile-slip). All
rates are given in mm/yr.
b
Fault ID from Figure 6b.
c
Laguna Salada-Elsinore fault decreases in opening rate from -2.8 ± 0.1 mm/yr for the
southernmost segment to 0.0 ± 0.1 mm/yr for the northernmost segment.

162

10. Figures

Figure 1. Tectonic map of southern California and northern Baja California, Mexico.
Select major earthquakes (≥M6.0) since 1979 are shown with their associated focal
mechanisms from the Global CMT catalog (www.globalcmt.org). Yellow wavy lines
represent Holocene and Latest Pleistocene faults from the USGS Quaternary Fault and
Fold Database (http://earthquake.usgs.gov/hazards/qfaults/) for faults north of the
U.S./Mexico border and from Dixon et al. [2002] for faults south of the border. The
approximate plate boundary from Bird [2003] is shown with the dashed orange line. The
white box represents our study region.
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Figure 2. Photographs of newly constructed PBO SDBM CGPS sites (a) PJZX and (b)
PLPX. Photos taken by Chris Walls (a) and Shawn Lawrence (b). Note WXT520 Vaisala
meteorological pack at PJZX. Stations are telemetered using 900MHz Ethernet bridge
radios with 7-element 11dBi yagi antennas with station-to-station/relay line of-sitespanning up to 178 kilometers.
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Figure 3: Coordinate time series plots for the east (top) and north (bottom) components
of motion for 27 selected CGPS sites, showing the overall trend of motion and the
coseismic offset at each station. The left wavy red line represents a best-fitting solution to
the data over the time period 2002.0-2010.0, in which we estimate a linear trend along
with annual and semi-annual perturbations to the linear trend. The green line represents
the best-fitting solution solving for the same parameters as the pre-EMC time to the data
for the time-period 2011.25-2013.25 (1 to 3 years following the EMC event). The right
red line represents the pre-EMC velocity model starting at 2011.25. The difference
between the two post-EMC velocity estimates allows us to calculate the postseismic
deformation over this time period of observations. The purple vertical line indicates the
time of the EMC event (April 4th, 2010). Sites PALX, PHJX, PJZX, PLPX, PLTX,
PSTX, PTAX, PTEX, and P796 were all installed following the EMC earthquake.
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Figure 4: Time-series plot for site P500. Blue dots represent the daily position estimates
for the north (top) and east (bottom) components. Red and green lines are the same as
those plotted in Figure 3. We estimate the postseismic deformation at each site from one
to three years following the EMC earthquake by differencing the observed rates for the
post-EMC period (green line) from the observed rates for the pre-EMC period (red line).
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Figure 5: Time series plots for the nine continuous stations constructed following the
EMC earthquake for the north (left) and east (right) components. Red and green lines are
the same as those plotted in Figure 3. Only site P796 shows a slight curve due to the
rapid postseismic decay from the EMC earthquake, whereas the other sites appear to be
mostly linear in trend.
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Figure 6: Elastic fault block model for southern California, and northern Baja California,
Mexico. Black wavy lines represent mapped faults for comparison with model faults. (a)
Comparison of observed velocities (yellow vectors with 95% confidence error ellipses)
and the velocities predicted by the fault-block modeling (blue vectors). Thick white lines
indicate model faults. (b) Residual velocities (observed – predicted, white vectors) for
each site and right-lateral strike-slip rate estimates for model faults. Note a change in
scale by a factor of 2 for the vectors as compared to those in Figure 6a. Model fault
abbreviations include: AB, Agua Blanca; BR, Brawley; CP, Cerro Prieto; IM, Imperial;
LSE, Laguna Salada-Elsinore; NI, Newport-Inglewood; SA, San Andreas; SC, San
Clemente; SH, Superstition Hills; SJ, San Jacinto; SMV, San Miguel-Vallecitos; SPM,
San Pedro-Martir.
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Figure 7: Coseismic deformation resulting from the EMC earthquake. Comparison of
observed displacements calculated from the time series data (yellow vectors with 95%
confidence error ellipses) with the predicted coseismic displacements from the
PSGRN/PSCMP code (blue vectors), which include estimates for stations constructed
following the earthquake (white triangles; sites PHJX and PTAX omitted for clarity). A
scale factor of 0.85 was applied to the displacements estimated from the PSCMP code to
best fit the observed coseismic displacements. White lines indicate the surface traces of
the four model faults from the Wei et al. [2011] fault slip model. Focal mechanism
provided by Egill Hauksson (pers. comm.). Wavy black lines represent major mapped
faults.
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Figure 8: Postseismic deformation. Comparison of the velocities calculated by
differencing the post-EMC rates from the pre-EMC rates (yellow vectors with 95%
confidence error ellipses) and the rates estimated from the PSGRN/PSCMP code (blue
vectors), for the rheologic model (lower crust = 9x1019 Pa-s, upper mantle = 5x1018 Pa-s)
that minimizes the misfit between the two datasets. Abbreviations for selected
earthquakes during the study period: EMC, 2010 M7.2 El Mayor-Cucapah; SC, 2010
M5.7 Southern California aftershock; B1 and B2, 2012 M5.3 and M5.5 earthquakes of
the 2012 Brawley earthquake swarm. Sites in close proximity to the three large events
following the EMC earthquake were excluded from the modeling, to prevent potential
contamination of the estimates of postseismic deformation resulting from the EMC event.
White lines indicate the surface traces of the 4 model faults from the Wei et al. [2011]
fault slip model. Black wavy lines represent major mapped faults.
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Figure 9: Plot of normalized χ2 misfit for 999 different rheologic models tested. The
rheologic model that minimized the χ2 misfit is indicated by the red star. Preferred
viscosities for the lower crustal layer range from 2x1019 to 1x1022 Pa-s, while the
preferred viscosities for the upper mantle half-space range from 4-6x1018 Pa-s, based on
χ2 misfit values that fall within 3-sigma of the best-fitting model (white dashed line).

172

11. Supplementary Figures

Figure S1. Global distribution of GPS stations processed at the University of Arizona as
part of this study. Red circles indicate the stations within 250 km of the 2010 El MayorCucapah earthquake. The remaining circles are stations that fall outside of our primary
study region, split into the following general classifications: deforming western United
States (orange), North America plate interior (turquoise) and global sites (pink). Yellow
lines denote the plate boundaries from Bird [2003].
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Figure S2. Distribution of GPS stations used in the crustal block modeling of the preEMC velocity field. Red and yellow triangles indicate locations of continuous and
campaign GPS stations, respectively, for which we processed GPS phase data at the
University of Arizona. White triangles represent both campaign and continuous GPS
stations for which we incorporated a published site velocity from the SCEC CMM4
velocity field [Shen et al., 2011]. Wavy black lines represent major mapped faults.
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Figure S3. Detrended coordinate time series plots for excluded cGPS stations (a) P496,
(b) MEXI, and (c) P744. The linear trend and annual and semi-annual site motions have
been removed from the original time series. The resulting plots show anomalous site
motions during the 2002-2013.5 observation period. The red lines indicate the 1-sigma
confidence level of the noise in the model.
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Figure S4. (a) Horizontal velocity vectors for stations in the southern Salton Sea region.
The west-southwest estimated motion of site P507 (yellow vector) doesn’t agree with the
surrounding sites which all are roughly oriented northwest. (b) Time series plot for the
horizontal components for site P507, showing consistent motion in the south and west
directions over the time period 2005-2010. All velocities are realized in the NA12
reference frame of Blewitt et al. [2013].
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Figure S5. Velocity field estimates for campaign stations in the vicinity of the Cerro
Prieto Geothermal Field (pink box), northern Baja California. Stations shown with
yellow vectors display anomalous site motions, and were omitted from the final velocity
field.
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Figure S6. Histogram plot of residuals to preferred block model. The mean residual
velocity is 0.13 and 0.54 mm/yr in the east and north components, respectively.
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Abstract
We present new slip-rate estimates for faults in the northern Mojave Desert Province
and southern Walker Lane Belt of southern California, including the Garlock fault. We
analyzed GPS velocities at 128 stations and used the combined velocity field to constrain
an elastic block model, estimating fault slip rates for Holocene to Pleistocene faults in the
region. Results include new slip-rate estimates for the NW-SE oriented right-lateral
strike-slip faults in the eastern California shear zone (ECSZ). We find summed rates of
9.1 ± 0.3 and 7.0 ± 0.6 mm/yr for profiles north and south of the Garlock fault,
respectively. These rates are lower than most previous geodetic estimates, but consistent
with the upper bounds on geologic rate estimates. We estimate left-lateral slip rates in
the range of 3 to 5 mm/yr for the Garlock fault, decreasing along-strike from the west to
east, consistent with the lower bounds on geologic rate estimates and the upper bounds on
previous geodetic estimates.

1. Introduction
The northern Mojave Desert region of southern California is a tectonically complex
area, where NW-SE oriented right-lateral strike-slip faults of the ECSZ accommodate as
much as 26% of the North America-Pacific plate boundary motion [Sauber et al., 1994],
through modeling of geodetically measured strain rate, or as little as 9-14%, estimated
from observed cumulative slip on faults since ~10.6 Ma [Dokka and Travis, 1990ab].
These NW-trending faults are bordered by the northeast Mojave domain, a region
described as undergoing bookshelf faulting through motion on primarily E-W trending
left-lateral strike-slip faults [e.g. Luyendyk et al., 1980; Schermer et al., 1996]. Crustal
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blocks bounded by these left-lateral faults have accommodated up to 60° of clockwise
rotation since ~12.8 Ma [Schermer et al., 1996; Miller and Yount, 2002; Savage et al.,
2004]. North of the Garlock fault, right-lateral shear of the ECSZ, also referred to in the
literature as the southern Walker Lane, is primarily accommodated on three NW-trending
strike-slip faults [e.g. Zhang et al., 1990; Lee et al., 2001]. The northern Mojave Desert
and southern Walker Lane regions have been studied by many previous authors, who
investigated the slip rates of both individual fault strands and summed rates across the
ECSZ through dating of fault offsets both north [e.g. Zhang et al., 1990; Klinger and
Piety, 2001; Hoffman, 2009] and south of the Garlock fault [e.g. Oskin et al., 2007; Oskin
et al., 2008], and through modeling of geodetic data [e.g. Sauber et al., 1994; Bennett et
al., 1997; McClusky et al., 2001; Savage et al., 2001; Bennett et al., 2003; Becker et al.,
2005; Meade and Hager, 2005]. A curious outcome of these previous studies is that sliprates estimated for the northern Mojave region of the ECSZ using geodetic data are
consistently higher (roughly double) the rates estimated from geology over the Holocene
and Late Pleistocene (Table 1). North of the Garlock fault, summed slip rates for the
ECSZ faults are ~9-13 mm/yr [e.g. Dixon et al., 2000; McClusky et al., 2001; Bennett et
al., 2003; McCaffrey, 2005; Meade and Hager, 2005], slightly higher than the sum of the
geologic rates for the individual faults (Table 1). Conversely, regional scale geodetic
block models estimate slip rates for the central and eastern Garlock fault that are
consistently lower than the Holocene and Pleistocene rates estimated from geology.
One proposed explanation for the discrepancy between the geodetic and geologic slip
rates in the southern Mojave is that geodetic rates are higher immediately following large
earthquakes. Two large earthquakes, the M7.3 1992 Landers and M7.1 1999 Hector
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Mine (HM), have occurred in the southern Mojave region in the last 2 decades.
Postseismic relaxation following large earthquakes elevates crustal velocity in the
vicinity of the earthquakes [e.g. Hetland and Hager, 2006; Meade et al., 2013]. The
duration of these transient velocity perturbations depends on the relaxation time of the
lithosphere. As stations in the southern Mojave might be early in their earthquake cycle,
it is possible the interseismic velocity estimates for these stations are biased by
postseismic relaxation, leading to larger slip rates estimated from the recent ~30 years of
geodetic data. Geologic slip rates are unaffected by the postseismic relaxation, as the slip
rates are inferred from total offsets over multiple earthquake cycles. Although the
hypothesis that geodetic slip rate estimates in this region are biased upwards by an as yet
poorly quantified postseismic contribution to the crustal velocity field, geodetic
measurements of crustal strain rate preceding the Landers earthquake [Sauber et al.,
1994] are consistent with the more rapid rates estimated from block modeling studies
using more recent GPS data. This suggests that postseismic deformation may not be the
only explanation for the geology-geodesy slip rate discrepancy. A competing hypothesis
is that the present-day crustal velocity field changes in concert with earthquake activity,
such that periods of relative frequent earthquakes are associated with periods of higher
strain rate [Freidrich et al., 2003; Dolan et al., 2007; Oskin et al., 2008]. Dolan et al.
[2007] proposed further that earthquake activity on the Big Bend of the San Andreas,
Garlock, and LA Basin faults trade off with periods of activity in the ECSZ, based on our
current knowledge of paleoearthquakes in southern California. According to his view, a
recent clustering of earthquakes in the southern Mojave [Rockwell et al., 2000; Dolan et
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al., 2007] could be driving the elevated geodetically determined strain rates in the region
[Oskin et al., 2008].
Another possible explanation for the discrepancy between the geodetic and geologic
slip rates estimated for the ECSZ and Garlock faults is a difference in spatial sampling
between the two methods. Geologic slip rate estimates are typically inferred for single
fault strands, where geodetic block models may represent the strain accumulated on
multiple fault strands with a single model fault, dependent on the spatial sampling of their
data. Previous block modeling studies adopted the use of generalized fault locations
throughout the ECSZ, as either the data coverage was too sparse [e.g. Meade and Hager,
2005] or the objectives of the study and scale of the model investigated were larger than
required to resolve slip on individual fault structures in this region [McCaffrey, 2005].
To shed new light on these issues, we have compiled a dense geodetic velocity field
for the northern Mojave region spanning more than 10 years of continuous GPS (CGPS)
observations and 20+ years of campaign observations. Using these data we have
designed a relatively detailed crustal block model in an attempt to better approximate
mapped faults exhibiting Holocene and Late Pleistocene displacement. In this paper, we
use these data and model to newer-evaluate the geodetic-geologic slip rate discrepancy
previously noted for the ECSZ and Garlock fault.

2. GPS Data Selection and Analysis
We acquired raw GPS carrier-beat phase measurements from a total of 1228 CGPS
stations, with 1055 sites located throughout the deforming western United States, 66 sites
located throughout the North American plate interior, and 107 sites located elsewhere
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around the globe. The inclusion of stations outside of our primary study region allow for
the transformation between global and North America fixed reference frames. We
analyzed all data following standard methods using the GAMIT/GLOBK software
version 10.4 [Herring et al., 2010ab], following the methods outlined in Spinler et al.
[2010]. We determined coordinate time series relative to the NA12 reference frame
[Blewitt et al., 2013]. From this large collection of GPS stations, we chose to focus on
the 55 stations located in the northern Mojave region between 34.75°-36.25°N and
115.75°-118.25°W (Figure 1). To this dataset we added published velocity estimates
from two additional networks in the region. We included 24 velocities from the U.S.
Geological Survey’s Fort Irwin network, and 49 velocities from the Southern California
Earthquake Center’s Crustal Motion Map 4 (CMM4) [Shen et al., 2011], bringing the
total number of unique sites in our study region to 128 (Figure 1). A detailed description
of our data sources and criteria for site selections is provided in Supplementary Text S1.
We analyzed the coordinate time series for the 46 CGPS and 9 campaign GPS
stations in our study region using GGMatlab [Herring, 2003], a tool for GPS time series
analysis. We estimated a secular horizontal rate at each station accounting for annual and
semi-annual site motions, where applicable. For the 9 campaign stations, where data was
collected at roughly two-year intervals, we were unable to estimate the effect of seasonal
site motions. Thus, we estimated a secular rate at each of these campaign sites by fitting
a linear trend to the time series data. We also estimated a secular rate without seasonal
effects for CGPS station P812, as only three months of observations were available at the
time we processed the phase data. We chose to use the linear velocity estimated for site
P812 in our solution, despite it not having the recommended >2.5 years worth of
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observations [Blewitt and Lavallée, 2002], because the estimated secular rate is consistent
within uncertainty with the rate estimated incorporating both annual and semiannual site
motions at nearby CGPS station P591, which has been operational since 2005. We
estimated uncertainties using a first-order Gauss-Markov noise model for all of the
continuous GPS sites.
We limited our time window for analysis to the period 2002.0-2013.5 to mitigate the
effect of the post-seismic deformation that is present throughout our study region.
Previous studies have estimated a rapid early phase of viscoelastic relaxation with decay
times of ~1 month [Pollitz, 2003; Savage and Svarc, 2009] following the HM earthquake.
Additionally, Spinler et al. [2010] investigated a single CGPS station (WIDC) located
roughly 75 km from the HM epicenter, and found that the difference in rates estimated
starting in 2000.5 or 2005.0 and ending in 2009 were statistically insignificant, and that
both rates were consistent with the rate estimated for the two year period leading up to
the earthquake. We infer that the effect of post-seismic deformation on the stations in our
study region is negligible, when averaged over the time window 2002-2013.5.

3. Fault Slip Estimation
To investigate the current slip rates for faults within the northern Mojave region, we
constructed an elastic block model following the procedure described by Spinler et al.
[2010]. In this approach, interseismic crustal velocity field represented by discrete
velocity estimates, is modeled assuming the crust is composed of elastic blocks that are
moving relative to one another, accommodating diffuse deformation across the ECSZ.
Because the ECSZ is embedded within a broader zone of plate boundary deformation, we
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chose to define a local reference frame in which the motions for 7 CGPS sites located in
the easternmost block in our model are minimized (Figure 2a). In addition, the reference
block associated with these stations was prescribed to translate only, while the remaining
crustal blocks in our model were allowed to both translate and rotate about vertical axes
located at the geometric center of each block as required to best fit the observed velocity
data. We model elastic strain accumulation on the model faults comprising the block
boundaries by applying back slip using elastic dislocations [Okada, 1985]. We define all
model faults to be purely vertical.
We specified our block boundaries to conform to the surface traces of major faults
with Holocene and Latest Pleistocene ruptures [USGS Quaternary fault database] for the
Garlock fault and those faults located to the north. For our choice of model faults for the
region south of the Garlock fault, we selected faults identified as having Holocene to Late
Pleistocene scarps from Miller et al. [2007] (Figure 2), including the north-striking,
through-going fault zone along the Paradise fault. The selection of the Paradise fault in
our model allows for the connection of the Calico fault in the south to the Goldstone Lake
fault in the north, and also provides a western boundary for the clockwise rotating blocks
of the northeast Mojave domain (Figure 2) [e.g. Schermer et al., 1996; Miller and Yount,
2002].
We chose to model our crustal faults using a 15 km locking depth, following the
reported average seismogenic thickness in southern California of 15±1 km [Nazareth and
Hauksson, 2004] as well as their reported maximum depth of seismicity of 14.8 km for
the eastern Garlock fault. To test this assumption, we considered two additional models
where we set all locking depths for model faults to be 10 km, and then 20 km. By
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decreasing the locking depth to 10 km, the estimated slip rates across the entire region
decreased by an average of 8%. A similar increase in estimated slip rates of 7% was
observed when we increased the locking depths to 20 km. Both shallow and deep locking
depth models had equivalent χ2/degree-of-freedom misfit compared to the nominal 15 km
locking depth case. The variations in the slip rate estimates associated with this wide
range of locking depth are consistent with the uncertainties in the fault slip rate estimates.
We estimated the translation and rotation of each of the crustal blocks by minimizing
the sum of squared misfit to the observed horizontal velocity data. Our chosen model fits
the observed data with a normalized root-mean-square (RMS) misfit of 1.9. As this value
is greater than 1, it indicates that (1) we have underestimated the true uncertainty in our
velocity data, (2) that improvements to the model can be made, or (3) that the GPS
stations record small local non-tectonic motions. Because we estimated the uncertainties
in our velocity estimates using a time-correlated noise model, we find it unlikely that the
velocity errors were systematically underestimated. We also tested various models with
slightly varying fault locations and varying numbers of active faults. We selected our
preferred model based on the best representation of active Holocene and Latest
Pleistocene faults and having the lowest normalized root-mean-square (NRMS) misfit to
the observed data. Ad hoc addition of faults would naturally reduce the misfit of the
model to the data, but at the expense of decreasing the available degrees of freedom.
Moreover, there is no a priori geological basis for making the model more complex. The
mean residual velocity is 0.08 and -0.41 mm/yr in the east and north components,
respectively. The two largest residual velocities occur at CMM4 sites V511 (5.1±0.8
mm/yr) and 6813 (4.0±0.7 mm/yr) (Figure 2b). These stations are located within 20 km
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of the Coso geothermal field, where crustal deformation has been observed with InSAR,
likely related to geothermal production [Fialko and Simons, 2000]. We have chosen to
keep these two sites in our solution as the reduction in normalized RMS gained by
removing the two sites is only 0.04.
We estimate both strike-slip (Figure 3) and tensile-slip motions for all model faults in
our study region based on the relative motions of adjacent block pairs (Table 2). If we
decompose the strike-slip rate estimates along the roughly northwest-southeast trending
model faults into vectors that are parallel and perpendicular to the general direction of
PA-NA plate motion (320°; Argus et al., 2010), then sum the plate-motion parallel rates
along profiles north (36° N latitude) and south (35.1° N latitude) of the Garlock fault, we
find rates of 9.1 ± 0.3 and 7.0 ± 0.6 mm/yr, respectively, which are lower than the rates
estimated in some previous block modeling studies [e.g. McClusky et al., 2001; Becker et
al., 2005; Meade and Hager, 2005; McCaffrey, 2005], but more consistent with the
summed geologic rate reported for the ECSZ south of the Garlock fault from Oskin et al.
[2008]. The rate of 9 mm/yr across the northern transect agrees to high precision with the
estimate from Bennett et al. [2003], who modeled deformation across this zone assuming
a spatially uniform strain rate between rigid Sierra Nevada and Great Basin microplates.
The three crustal blocks with the largest clockwise rotation rates are the three easternmost
blocks south of the Garlock fault (Figure 2). We estimate rotation rates of 4.6 ± 0.5, 4.0
± 0.4, and 7.5 ± 0.5°/Myr, from south to north, respectively. The rotation rates for the
southern two blocks are consistent with estimates of at most 4.7°/Myr (≤60° since 12.8
Ma) inferred from paleomagnetic anomalies [Schermer et al., 1996] as well as the
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4.1°/Myr rate estimated for the northeast Mojave domain from analysis of trilateration
and GPS data [Savage et al., 2004].

4. Discussion
4.1 ECSZ Slip Rates
We estimate summed slip rates across the ECSZ faults north of the Garlock to be ~9
mm/yr. This value is smaller than though consistent within reported uncertainties for
most previous block model studies (Table 1) [e.g. Becker et al., 2005; Meade and Hager,
2005; Chuang and Johnson, 2011; Loveless and Meade, 2011], but significantly less than
the ~12 mm/yr of total slip reported by McClusky et al. [2001] and McCaffrey [2005].
The rate agrees to high precision with the estimate of Bennett et al. [2003], who did not
use a block model, but rather assumed uniform strain rate across a shear zone separating
rigid blocks representing the Sierra Nevada-Great Valley and central Great Basin. For
the Death Valley model fault, our reported slip rate of 2.1 ± 0.2 is consistent with the 1-3
mm/yr rate reported by Klinger and Piety [2001], based on dating an offset Holocene
alluvial fan surface. Hoffman [2009] estimated minimum offsets along the Panamint
Valley fault at sites Happy Canyon (2.7 ± 1.5 mm/yr) and Manly Peak (2.1 ± 0.5 mm/yr)
based on dating offset Holocene terraces, while Zhang et al. [1990] found a similar
minimum rate (2.4 ± 0.8 mm/yr) at Goler Wash to the north. Our estimate for the
Panamint Valley model fault is 4.1 ± 0.2 mm/yr, slightly higher than the geologic rates
reported by Hoffman [2009] and Zhang et al. [1990] (Figure 3). However our rate for the
Panamint Valley fault is consistent within reported uncertainty with the geologic rates if
we include the 0.4-0.5 mm/yr of slip since the Late Quaternary estimated on the nearby
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Ash Hill fault [Densmore and Anderson, 1997]. The Ash Hill fault and the Panamint
Valley fault run sub-parallel and bound Panamint Valley on the west and east sides,
respectively. Thus, our estimates for this fault system represent a combination of the
rates for these individual fault strands. That is, we are unable to resolve slip on those two
structures independently due to their proximity. Bennett et al. [1997] estimated a
combined geodetic slip rate of 5 ± 1 mm/yr for the Panamint Valley and Death Valley
faults which overlaps to within uncertainty with our summed rate of 6.2 ± 0.3 mm/yr.
Our estimated rate of 3.3 ± 0.1 mm/yr of right-lateral slip on the Little Lake model fault
is higher than the mid-Pleistocene rate of 0.6-1.3 mm/yr reported by Amos et al. [2013],
but consistent with the Holocene rate of 1.8-3.6 ± 0.3 mm/yr [Lee et al., 2001] for the
Owens Valley fault just to the north of our study region.
For the northwest-trending ECSZ faults south of the Garlock, we estimate a summed
right-lateral strike-slip rate of 7.0 ± 0.6 mm/yr at 35.1°N latitude. This is significantly
lower than previously published geodetic rates, which vary from 11-16 mm/yr [e.g.
McClusky et al., 2001; Becker et al., 2005; Meade and Hager, 2005; Spinler et al., 2010].
These previous studies used geodetic datasets with relatively high spatial density in the
southern Mojave and/or southern Walker Lane regions, but were quite sparse in the
northern Mojave region. Meade and Hager [2005] noted that they were required to
simplify their block model in the northern Mojave region, due to a lack of data coverage
at that time. Since then, an additional 26 CGPS sites have been constructed within the
geographic footprint of our study as part of the PBO Network, with an additional 26
campaign sites with multiple observations from the USGS Ft Irwin network (Figure 1),
relative to the Meade and Hager [2005] dataset. This densification of the velocity field
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has allowed us to look in more detail at individual fault structures in this region, and thus
we are able to define and resolve motion on smaller blocks. Another important
difference between our work and some previous block models covering the Mojave
Desert region [Becker et al., 2005; McCaffrey, 2005; Meade and Hager, 2005] is that
previous models covered the entire Mojave region. The models of Spinler et al. [2010]
restricted their analyses to the southern Mojave region. In contrast to all of these
previous models, our model covers only the northern half of the Mojave region,
excluding the southern Mojave where the large magnitude Landers and Hector Mine
earthquakes occurred.
Oskin et al. [2008] estimated a maximum rate of summed slip spanning the ECSZ of
6.2 ± 1.9 mm/yr, based on 10Be cosmogenic dating of offset alluvial fans and 40Ar/39Ar
dating of one displaced lava flow. Our summed rate for the northern Mojave agrees to
within uncertainties to that reported by Oskin et al. [2008]. Combined with previous
studies reporting rates for faults located in the southern Mojave, these results seem to
suggest that the southern Mojave region is in an anomalous state of rapid strain
accumulation, relative to the geologic average, whereas the northern Mojave does not
share this anomalous state. A detailed investigation of whether an elastic block model
encompassing the entire Mojave Desert domain could adequately account for this
apparent contrast between northern and southern sub-domain strain rates is outside the
scope of this project, but seems a promising topic of investigation for future work.
We estimate left-lateral slip rates of ~1.5 mm/yr for the Soda-Avawatz model faults.
This sense of motion is inconsistent with the observed dextral motion along this fault
structure [Grose, 1959]. The rates inferred from our block model result from the
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relatively rapid clockwise rotation rates of the blocks in the northeast Mojave domain,
relative to the fixed North America block located to the east. We estimate a clockwise
rotation rate of 7.5 ± 0.5°/Myr for the block bounded by the eastern Garlock on the north
and the Soda-Avawatz fault on the east. This rate is almost twice as fast as rates
previously determined from paleomagnetic studies [Schermer et al., 1996]. Miller et al.
[2007] note that the region along our modeled Soda-Avawatz fault is likely subject to
diffuse, distributed deformation as the eastern Garlock fault terminates to the east, and it
is possible that slip is taken up through folding and other forms of off-fault deformation.
Visual inspection of the residual velocities within this block, do not suggest an obvious
source of this discrepancy between geologic observation and block model results;
residual velocities in this block are small (<2 mm/yr), and only marginally significant.

4.2 Garlock Slip Rates
We estimate left-lateral strike-slip rates of ~5 mm/yr for the westernmost segments
decreasing to ~3 mm/yr for the easternmost segments of our model Garlock fault (Table
2). Bookshelf faulting in the northeast Mojave domain has been suggested as a
mechanism for the accommodation of fault slip along the eastern Garlock fault [e.g.
Dokka and Travis, 1990ab; Schermer et al., 1996; Savage et al., 2004], providing a
potential mechanism for the decrease in slip rate along-strike to the east. Previous block
modeling studies report small slip rates of ~1-3 mm/yr of left-lateral motion for the
central and eastern segments of the Garlock fault (Table 1) [McClusky et al., 2001;
Becker et al., 2005; McCaffrey, 2005; Meade and Hager, 2005], while a study
investigating deformation using InSAR data [Peltzer et al., 2001] found no resolvable
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strain accumulation across the central Garlock fault. Loveless and Meade [2011]
incorporated a newer velocity solution and found slightly higher rates along the central
Garlock of 4 ± 2 mm/yr, consistent with our inferred rate of 4.2 ± 0.2 mm/yr. Platt and
Becker [2013] estimated a slip rate of 6.1 ± 1.1 mm/yr and a clockwise rotation rate of
4.0 ± 0.7°/Myr determined from the gradients of their fault-normal velocity field for a
section of the central Garlock and the immediate surroundings (see their Figure 3). Our
estimate for this section falls within their lower bounds in both slip rate (4.8 ± 0.2 mm/yr)
and clockwise rotation rate (3.0 ± 0.3°/Myr). Our estimates for slip rates along the model
Garlock fault are at the lower bounds of the multiple Holocene-age geologic slip rate
estimates (Table 1). One possibility is that the Garlock fault is in the late stage of the
earthquake cycle. According to this scenario, variation in interseismic velocity is such
that late in the cycle the rate of accumulation is lower than the geologic average. Another
explanation for the lower geodetic rate proposed by Dolan et al. [2007] is that when the
ECSZ is experiencing an earthquake cluster, as it currently appears to be, rates are locally
higher in the ECSZ, and lower for more orthogonal structures, such as the Garlock fault
and the Big Bend region of the southern San Andreas fault. Although marginally
consistent with this hypothesis, the difference between the reported geologic rates and
our slip-rate estimates are much smaller than previous block modeling studies for our
study region falling below the reported uncertainties in both estimates. Moreover, as
noted above, there appears to be a marked contrast between the rates of strain
accumulation in the northern and southern Mojave domains. This contrast, if real, may
require a significant revision to the hypothesis that earthquake clusters occur
asynchronously on the San Andreas, Garlock, and ECSZ faults.
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5. Conclusions
We apply a dense GPS velocity field for the northern Mojave and southern Walker
Lane regions to a detailed elastic crustal block model in order to estimate fault slip rates
for the active structures of the ECSZ. We find summed right-lateral strike-slip rates of
9.1 ± 0.3 and 7.0 ± 0.6 mm/yr, for profiles north and south, respectively, of the Garlock
fault. The slip rates for the southern Walker Lane region are consistent within errors,
though somewhat lower than many previous geodetic block models. We estimate slip
rates for the Death Valley and Panamint Valley model faults that are consistent with
reported Holocene geologic slip rates. However, our slip rate estimates for ECSZ faults
in the northern Mojave are significantly lower than previous geodetic slip rates for the
entire Mojave region or southern Mojave region. Importantly, our summed rate for the
northern Mojave domain is consistent within reported uncertainty to the maximum
Quaternary rate [Oskin et al., 2008]. This difference between northern and southern
Mojave rates may suggest that the southern Mojave is currently in an anomalous state of
rapid strain accumulation, relative to the longer term geologic slip rates, whereas the slip
rates for the ECSZ faults in the northern Mojave are more representative of the long-term
deformation. We estimate left-lateral strike-slip rates of ~3 to 5 mm/yr for the Garlock
fault, decreasing along-strike to the northeast, which are consistent with more recent
studies using geodetic data [Loveless and Meade, 2011], and at the low end of the
reported range of Holocene slip rates from geology.
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8. Tables
Table 1. Current slip rate estimates for northern Mojave faults
Method Scalea Site (ID)
Strandb Rate (mm/yr)c Reference
ECSZ Faults south of the Garlock Fault
Geologic 104
Lenwood (LE)
LL
0.8 ± 0.2
Oskin et al., 2008
Geologic 104
Sheep Creek (SC)
CA
1.8 ± 0.3
Oskin et al., 2007
6
Geologic 10
Sheep Creek (SC)
CA
1.4 ± 0.4
Oskin et al., 2007
Geologic 104-6
Total
6.2 ± 1.9
Oskin et al., 2008
Geodetic 101
Total
11 ± 2
McClusky et al., 2001
Geodetic 101
Total
13.9 ± 9
Becker et al., 2005
Geodetic 101
Total
15.0 ± 1.2
Meade and Hager, 2005
ECSZ Faults north of the Garlock Fault
Geologic 105
Little Lake (LL)
LI
0.6-1.3
Amos et al., 2013
Geodetic 101
LI
5.3 ± 0.7
McClusky et al., 2001
Geodetic 101
LI
2±2
Loveless and Meade, 2011
Geologic 104
Goler Wash (GW)
PV
2.4 ± 0.8
Zhang et al., 1990
Geologic 104
Manly Peak (PM)
PV
2.1 ± 0.5
Hoffman, 2009
Geologic 104
Happy Canyon (HC) PV
2.6–4.5
Hoffman, 2009
1
Geodetic 10
PV
2.5 ± 0.8
McClusky et al., 2001
Geodetic 101
PV
3±1
Loveless and Meade, 2011
Geologic 103
Willow Creek (WC) DV
1.0-3.0
Klinger and Piety, 2001
Geodetic 101
DV
2.8 ± 0.5
McClusky et al, 2001
Geodetic 101
DV
3±1
Loveless and Meade, 2011
Geodetic 101
PV+DV 5 ± 1
Bennett et al., 1997
1
Geodetic 10
Total
9.3 ± 0.2
Bennett et al., 2003
Geodetic 101
Total
10.9 ± 8
Becker et al., 2005
Geodetic 101
Total
11.3 ± 0.3
McCaffrey, 2005
Geodetic 101
Total
6.5-10.3
Meade and Hager, 2005
Garlock Fault
Geologic 104
Clark Wash (CW)
WG
-5.3 to -10.7
McGill et al., 2009
4
Geologic 10
Koehn Lake (KL)
CG
-4.5 to -6.1
Clark and Lajoie, 1974
Geologic 104
Mesquite Cany. (MC) CG
-5.5 to -8.0
Carter, 1994
Geologic 104
Channel 449100 (C4) CG
-2.8 to -7.8
Ganev et al., 2012
Geologic 104
Searles Lake (SL)
CG
-4.0 to -9.0
McGill and Sieh, 1993
Geologic 103
Pilot Knob Vall. (PK) CG
-6.7 to -14.3
Rittase et al., 2014
Geodetic 10
CG
-4 ± 2
Loveless and Meade, 2011
Geodetic 101
CG
-3.5 ± 0.6
McClusky et al., 2001
1
Geodetic 10
CG
-1.8 ± 1.5
Meade and Hager, 2005
Geodetic 101
CG/EG -1 to -9
McCaffrey, 2005
Geologic 104
Owl Lake (OL)
EGd
~-2.5
McGill, 1998
Geodetic 101
EG
-1 ± 0.5
Loveless and Meade, 2011
Geodetic 101
EG
-1.1 ± 1.9
Meade and Hager, 2005
Geodetic 101
Garlock -3.1 ± 10
Becker et al., 2005
a
1
Time scale for given estimates in years 10 = 10 years.
b
LL = Lenwood-Lockhart; CA = Calico; LI = Little Lake; PV = Panamint Valley; DV = Death
Valley; WG = Western Garlock; CG = Central Garlock; EG = Eastern Garlock
c
Negative rates indicate left-lateral motion
d
Owl Lake slip rate site is located along the Owl Lake fault, which we are unable to model due to
lack of station coverage between the Owl Lake and eastern Garlock faults.
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Table 2. Slip Rate Estimates for Model Faultsa
Model Fault
IDb
Strike-Slip Rate Tensile-Slip Rate
Lenwood-Lockhart
LL
1.8 ± 0.1
-2.0 ± 0.2
Harper Lake
HL
2.9 ± 0.2
-0.1 ± 0.4
Calico
CA
1.5 ± 0.2
3.5 ± 0.4
Paradise
PA
3.8 ± 0.5
-0.4 ± 0.2
Goldstone Lake
GL
1.6 ± 0.4
0.6 ± 0.1
Manix
MA
-0.1 ± 0.3
1.8 ± 0.3
Mesquite Springs
MS
0.5 ± 0.3
0.2 ± 0.4
South Bristol
SB
0.8 ± 0.4
-3.4 ± 0.3
Soda-Avawatz
SA
-1.5 ± 0.4
-1.3 ± 0.3
Coyote Canyon
CC
-3.7 ± 0.4
0.4 ± 0.4
Western Garlock
WG
-4.8 ± 0.1
1.5 ± 0.2
Central Garlock
CG
-4.2 ± 0.2
-0.0 ± 0.2
Eastern Garlock
EG
-3.1 ± 0.4
2.8 ± 0.3
South Sierra Nevada
SF
-1.6 ± 0.1
-0.2 ± 0.1
Little Lake
LI
3.3 ± 0.1
-0.4 ± 0.1
Panamint Valley
PV
4.1 ± 0.2
-1.0 ± 0.3
Death Valley
DV
2.1 ± 0.2
-0.4 ± 0.4
a
All rates are averaged along the length of the fault. Positive/negative rates indicate
right-lateral/left-lateral (for strike-slip) and closing/opening motion (for tensile-slip). All
rates are given in mm/yr.
b
Fault ID from Figure 2b.
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9. Figures

Figure 1. Velocity estimates for the northern Mojave Desert region of southern
California. Red vectors show the horizontal velocity estimate at each GPS station
relative to the NA12 North America fixed reference frame of Blewitt et al. [2013]. Error
ellipses represent the 95% confidence interval. Blue squares represent continuous and
campaign GPS stations for which we estimated individual site velocities following the
procedures described in the text. White and yellow squares represent stations for which
velocities were acquired from the SCEC CMM4 solution [Shen et al., 2011] and from the
USGS Fort Irwin network (http://earthquake.usgs.gov/monitoring/gps/FtIrwin/),
respectively. Wavy black lines represent Holocene and latest Pleistocene faults from the
USGS Quaternary Fault and Fold Database (http://earthquake.usgs.gov/hazards/qfaults/).
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Figure 2. Elastic fault block model for the northern Mojave region. Black wavy lines
represent Holocene and latest Pleistocene faults from the USGS Quaternary Fault and
Fold Database (http://earthquake.usgs.gov/hazards/qfaults/). (a) Comparison of observed
velocities (yellow vectors with 95% confidence error ellipses) and the velocities
predicted by the fault-block modeling (blue vectors). Thick white lines indicate model
faults. (b) Residual velocities (observed – predicted, white vectors) for each site. Note a
slight change in scale by a factor of 1.5 for the vectors as compared to those in Figure 2a.
Model fault abbreviations are described in Table 2.
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Figure 3. Strike-slip rate estimates for model faults. Thick red/blue lines represent
model faults with right/left-lateral slip rate estimates, respectively. White circles show
the locations of geologic slip rates estimates with black/white text denoting right/leftlateral reported slip rates. Slip rate site abbreviations are given in Table 1.
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10. Supplementary Text
10.1

Description of GPS Data Sources

We acquired the publicly available phase data for the 46 CGPS and 9 campaign GPS
stations in our study region through the UNAVCO Data Center (ftp://dataout.unavco.org/pub/rinex/obs/) and the Scripps Orbit and Permanent Array Center
(SOPAC) data archive (http://garner.ucsd.edu/pub/rinex/). These stations form small
parts of 6 different regional to global scale networks. The largest grouping of stations
belongs to the Plate Boundary Observatory (PBO) Network, comprising 26 sites in our
study region. 14 stations formally part of the Southern California Integrated GPS
Network (SCIGN), have since been adopted and incorporated into the PBO-NUCLEUS
Network (12 stations) or the U.S. Geological Survey (USGS) Network (2 stations). Four
stations are part of the Basin and Range Geodetic Network (BARGEN), with two
additional stations in the International GNSS Service (IGS) network. The nine campaign
sites are part of the Mobile Array of GPS for Nevada Transtension (MAGNET) network.
The MAGNET stations were observed two to three times each for periods of 6-40 days,
in August-September 2005, May-July 2007, and September-November 2009.
In addition to the 55 stations described above, we included two additional datasets to
increase the spatial coverage within our study region. The first group includes 26
campaign stations as part of the USGS Ft. Irwin Network. We acquired pre-processed
velocity vectors for each site
(http://earthquake.usgs.gov/monitoring/gps/FtIrwin/velocities), selecting those stations
for which a velocity is reported. Most stations were observed three times, with
observations occurring in 2002, 2006, and 2011. We also incorporated published
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horizontal velocity estimates for a total of 101 campaign and CGPS stations located
within our study region from the SCEC Crustal Motion Map 4 (CMM4) [Shen et al.,
2011]. To investigate the effects of post-seismic deformation following the HM
earthquake, we tested a simple post-seismic deformation model using the computer codes
RELAX (Barbot, 2012), where we incorporated the slip model following Simons et al.
[2002] and the steady-state viscoelastic rheology structure described by Pollitz [2003].
We estimated post-seismic deformation rates at each site for the 14 years following the
HM earthquake. We find that the post-seismic deformation rate at distance scales
encompassing the sites within our study region drop below ~0.8 mm/yr by the end of
2002 (Figure S1), which is at the level of the uncertainty values reported for the CMM4.
Following this, we omit a total of 35 stations from the CMM4 solution where the
majority of data collected occurred between 1999 and 2002, to reduce the effect of postseismic deformation following Hector Mine.
Finally, we adjusted the USGS and CMM4 velocity dataset by rotating the velocities
from the two solutions into the NA12 reference frame so as to minimize residual
velocities at the 18 CGPS stations in common between our solution and the combined
USGS and CMM4 solution. The mean residual velocity of these 18 stations after rotation
is 0.6±0.5 mm/yr. Following the rotation of the USGS and CMM4 velocities, we chose
to omit velocity estimates for 17 CMM4 and 2 USGS stations for which duplicated
velocity estimates exist, choosing the rates we independently estimated for those stations.
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11. Supplementary Figures

Figure S1. Post-seismic deformation rate estimates at two stations (HCMN, 23 km
epicentral distance; KENN, 239 km epicentral distance) following the 1999 M7.1 Hector
Mine earthquake. We estimated the post-seismic deformation rate by estimating
displacements at 3-month intervals, then difference consecutive measurements and divide
by the elapsed 3 months. By the end of 2002 (black vertical line), the post-seismic
deformation rate has decreased to the level of uncertainty in the velocity estimates for the
SCEC CMM4 dataset.
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