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Between ~1.5 and 1.1 Ma, the southern San Andreas fault system underwent a major reorganization that includ-
ed initiation of the San Jacinto fault zone and termination of slip on the extensionalWest Salton detachment fault.
The southern San Andreas fault itself has also evolved since this time, with several shifts in activity among fault
strands within San Gorgonio Pass. We use three-dimensional mechanical Boundary Element Method models to
investigate the impact of these changes to the fault network on deformation patterns.
A series of snapshot models of the succession of active fault geometries explore the role of fault interaction and
tectonic loading in abandonment of theWest Salton detachment fault, initiation of the San Jacinto fault zone, and
shifts in activity of the San Andreas fault. Interpreted changes to uplift patterns are well matched by model re-
sults. These results support the idea that initiation and growth of the San Jacinto fault zone led to increased uplift
rates in the San Gabriel Mountains and decreased uplift rates in the San Bernardino Mountains. Comparison of
model results for vertical-axis rotation to data from paleomagnetic studies reveals a goodmatch to local rotation
patterns in the Mecca Hills and Borrego Badlands. We explore the mechanical efficiency at each step in the
modeled fault evolution, and find an overall trend toward increased efficiency through time. Strain energy
density patterns are used to identify regions of incipient faulting, and support the notion of north-to-south
propagation of the San Jacinto fault during its initiation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The southern San Andreas fault (SAF) system is an intricate network
of faults that define the Pacific–North America plate boundary in
southern California (Fig. 1). Shear within transform plate boundaries
is most efficiently accommodated by strike-slip on straight vertical
faults such as the Cholame–Carrizo segment of the central SAF. In
regions of complex fault geometries, such as the restraining bend in
San Gorgonio Pass (Fig. 1), the inefficiency of the fault geometry to ac-
commodate relative plate motion may drive initiation of new faults
with more efficient configuration (e.g. Cooke et al., 2013; Hatem et al.,
2015). Previous research has proposed that this process may have
caused abandonment of the curved Mission Creek strand of the SAF in
favor of the Mill Creek strand at ~500 ka (Matti et al., 1992; Matti and
Morton, 1993). In addition to growth of new faults to improve a fault
system's efficiency, the interaction of nearby faults may also act to

distort formerly efficient structures. For example, left-lateral slip on
the Pinto Mountain fault is proposed to have distorted the active SAF
to create the restraining bend in San Gorgonio Pass (Matti et al., 1992;
Yule and Sieh, 2003; Kendrick et al., 2015). The combination of new
fault growth and distortion of fault geometry by fault interaction can
lead to cycles of deformation that result in a complex active fault net-
work such as the one seen today in San Gorgonio Pass (e.g. Matti and
Morton, 1993; Morton and Matti, 1993).

A major event in the tectonic evolution of southern California was
initiation of the San Jacinto and Elsinore faults, which terminated slip
on the older extensionalWest Salton detachment fault (WSDF) and cur-
rently accommodate a significant fraction of plate motion west of the
southern SAF (Fig. 1; e.g. Morton and Matti, 1993; Janecke et al., 2010;
Dorsey et al., 2012). Geologic and stratigraphic studies show that the
San Jacinto and Elsinore faults initiated around 1.1–1.5 Ma (Morton
and Matti, 1993; Matti and Morton, 1993; Lutz et al., 2006; Kirby
et al., 2007; Janecke et al., 2010; Dorsey et al., 2012), but the underlying
causes of thismajor fault reorganization remain poorly understood. Pre-
vious studies have inferred that the currently active strike-slip faults
formed as a result of oblique convergence, transpressive deformation
and increased resistance to strike-slipmotion through the San Gorgonio
Pass restraining bend (Matti et al., 1992; Matti and Morton, 1993;
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Morton and Matti, 1993; Langenheim et al., 2005). Three-dimensional
(3-D) mechanical models that incorporate changes in fault geometry
and tectonic loading offer a tool with which to understand interactions
of fault geometry, tectonic loading, and crustal deformation, to improve
our understanding of the geologic history and illuminate the response of
deformation within the fault system to changes in fault-zone geometry
through time.

In this study, we explore a series of Boundary Element Method
models that simulate deformation at snapshots in time through the evo-
lution of the SAF system in southern California since ~1.5 Ma (Fig. 2).
Fault geometry through time is approximated using reconstructions of
paleo-fault traces and incorporating evidence from geologic studies
that constrain the duration and magnitude of active slip on various
structures in southern California (e.g., Matti et al., 1992; Morton and
Matti, 1993; Janecke et al., 2010; Dorsey et al., 2012). A previous study

by Cooke and Dair (2011) used a series of models to explore changes
in uplift/subsidence patterns, slip rate, and efficiency of the fault system
through the San Gorgonio Pass region as active fault geometry changed
over the past ~1 Ma. This study expands on that work by utilizing a
more refined fault geometry (Herbert and Cooke, 2012; Fattaruso
et al., 2014), exploring a larger area, and by incorporating an earlier
major change in fault configuration in the region: the shift from oblique
extension on the WSDF to dextral-wrench deformation in the San
Jacinto fault zone (SJFZ).

Following Cooke and Dair (2011), we use slip rates, uplift/subsi-
dence patterns, and mechanical efficiency to improve our understand-
ing of the deformational response of the system to changes in fault
geometry, and the mechanical implications of those changes. We also
investigate model results for vertical-axis rotation patterns, tectonic
work, and strain energy density distributions. Comparing the change
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in tectonic work between different models provides a measure of the
relative mechanical efficiency of each fault configuration. Strain energy
density patterns serve to identify regions prone to incipient faulting,
and provide a spatially distributed measure of the relative mechanical
efficiency of fault system. The spatial and temporal variations in
vertical-axis rotation obtained from this model can be compared to
rates measured from paleomagnetic results in several regions within
our study area, and can also be contrasted with spatial variations in
rotation or rotation rates estimated by other models (McCaffrey, 2005;
Bos and Spakman, 2005) that use more simple fault geometry and
invert for block deformation using modern GPS displacement fields.
By exploring how changes to boundary loading and fault geometry
affect the distribution and style of deformation, we can assess whether
or not our current understanding of the evolution of the southern San
Andreas fault system is consistent with the geologic data available.

2. Geologic and tectonic background

Here we briefly summarize the evolution of the southern San
Andreas fault system in southern California, as determined fromgeolog-
ic studies. We also provide an overview of the uplift/subsidence history
and paleomagnetic vertical-axis rotations, which can be compared to
model results for changes to uplift/subsidence patterns and vertical-
axis rotation patterns resulting from changes to fault geometry.

2.1. Fault zone evolution — ~6 Ma to present day

The southern SAF system today consists of three major active fault
zones: the Coachella Valley segment of the SAF, the SJFZ, and the
Elsinore fault zone (Fig. 1). These active strike–slip fault zones cross-
cut and post-date the older and once-continuous WSDF. The WSDF is
a low-angle extensional or transtensional detachment fault that was ac-
tive along the west margin of the Salton Trough from late Miocene or
early Pliocene time until ca. 1.1–1.3 Ma (Fig. 1; Axen and Fletcher,
1998; Kairouz, 2005; Steely, 2006; Shirvell et al., 2009; Dorsey et al.,
2011, 2012). Late Miocene(?) to early Pleistocene transtension in the
Salton Trough was accommodated by combined top-to-the-east or
southeast extension on the WSDF and dextral offset on the southern
SAF (Fig. 3a) (e.g., Axen and Fletcher, 1998; Dorsey et al., 2011, 2012).
Thermochronologic data show that the WSDF accommodated a mini-
mum of 8–10 km of horizontal extension over its lifespan (Shirvell
et al., 2009). It is worth noting that estimates of extension using
thermochronologic data rely on assumptions about fault geometry,
and are therefore approximate. Apatite (U–Th)/He data record rapid
cooling and exhumation of the footwall due to slip on the WSDF
between roughly 6 and 2 Ma (Shirvell et al., 2009).

The Salton Trough and northern Peninsular Ranges underwent a
major tectonic reorganization at ~1.5–1.1 Ma, when the San Jacinto,
San Felipe and Elsinore faults were initiated, and slip on the WSDF
ended (Fig. 3B; Morton and Matti, 1993; Matti and Morton, 1993; Lutz
et al., 2006; Kirby et al., 2007; Steely et al., 2009; Janecke et al., 2010;
Dorsey et al., 2012). The SJFZ may have initiated slightly earlier in the
north (~1.5–1.3 Ma) than in the south (1.3–1.1 Ma), in which case it
may have propagated from northwest to southeast during its initiation
(Janecke et al., 2010; Dorsey et al., 2012). Alternative age estimates of ca.
1.8–3.0Ma for the SJFZ rely on extrapolation of late Pleistocene slip rates
back in time (e.g. Sharp, 1981; Rockwell et al., 1990; Blisniuk et al.,
2010) and are considered here to be less robust than abundant geologic
and stratigraphic evidence for an age of ca. 1.5–1.1 Ma. Since becoming
inactive, theWSDF has been structurally dissected, deformed, and offset
by the younger active strike-slip faults (Janecke et al., 2010; Dorsey
et al., 2012).

The geometry of the San Andreas fault zone is complex where it
passes through San Gorgonio Pass, and the active trace of the SAF in
the San Gorgonio Pass has shifted multiple times during Pleistocene
time (e.g. Matti et al., 1992; Matti and Morton, 1993; Yule and Sieh,

2003). The Mission Creek strand of the SAF was the dominant strand
throughmost of Pliocene time. This north-dipping strand forms a sharp-
ly curved, steeply dipping (60–70°) restraining bend, possibly formed
over time by interaction with the left-lateral Pinto Mountain fault to
the east (Matti et al., 1992; Matti and Morton, 1993). The formation
and accentuation of this restraining bend between ~2.5 and 1.2 Ma
may have promoted initiation of the SJFZ (Matti and Morton, 1993).
At ~500 ka, the Mission Creek strand was abandoned in favor of the
straighter, vertical Mill Creek strand of the SAF (Matti et al., 1992;
Matti and Morton, 1993). From 500 to ~100 ka the Mill Creek strand
accommodated 7.1–8.7 km of dextral offset (Kendrick et al., 2015). At
about 100 ka, fault activity shifted to the present day fault geometry,
which consists of the subparallel north-dipping Banning and Garnet
Hill strands, with recent activity on the Mill Creek strand limited to a
northwestern section near the San Bernardino segment (Fig. 2e; Yule
and Sieh, 2003). Additionally, during Quaternary time, subsequent to
the shift from Mission Creek to Mill Creek strand geometry, the
sawtooth-shaped SanGorgonio Pass Thrust fault zone formed to accom-
modate oblique shortening and uplift caused by the restraining bend to
the north (Fig. 1) (Matti et al., 1992; Matti and Morton, 1993). Today,
relative plate motion in southern California is partitioned among
many active faults, with the San Andreas and San Jacinto faults taking
up most of the displacement across the plate boundary (Fig. 1; e.g.
Fialko, 2006).

2.2. Geologic constraints on uplift/subsidence

During Pliocene–Pleistocene regional transtension in the Salton
Trough, a large supradetachment basin formed and subsided in the
hanging wall of the WSDF (Fig. 3) (Dorsey et al., 2011, 2012). Termina-
tion of slip on theWSDF and initiation of the currently active strike-slip
faults resulted in large-scale basin inversion and a change from subsi-
dence to uplift of the basin. This regional change in vertical motions
was accompanied by onset of dextral-wrench faulting, folding, and
crustal rotations over large area west of the Salton Sea (e.g. Kirby
et al., 2007; Janecke et al., 2010). Initiation of the SJFZ was accompanied
by pronounced changes in vertical crustal motions in the southern SAF
system. Abrupt acceleration of uplift in the western San Gabriel
Mountains is attributed to initiation and acceleration of slip on the
SJFZ (Morton and Matti, 1993; DiBiase et al., 2015). The onset of rapid
subsidence in the San Bernardino basin between the SAF and SJF, north-
west of the Crafton Hills fault (Fig. 1), is also interpreted to correspond
to initiation of the SJFZ (Morton and Matti, 1993; Anderson et al.,
2004). The San Timoteo Badlands, just south of the Crafton Hills fault,
record deposition for several million years until 1 ± 0.3 Ma, when sub-
sidence slowed and inversion of the basin led to uplift and erosion of
nonmarine sedimentary deposits (Hehn et al., 1996; Morton and
Matti, 1993; Albright, 1999). Kendrick et al. (2002) document uplift in
the San Timoteo Badlands at rates of 0.34–0.83 m/ka over the past
100 ka. Lastly, active uplift and northeast tilting in the southern Santa
Rosa Mountains is attributed to post-detachment oblique convergence
across the southern SAF and large vertical displacement on strands of
the San Jacinto fault zone (Dorsey and Langenheim, 2015).

Several areas along the SAF record uplift through time. The San
Bernardino Mountains experienced rapid uplift during slip on the
Mission Creek strand of the SAF, with a subsequent reduction in uplift
rate in the northern San Bernardino Mountains with the transfer of
slip to straighter and more vertical structures through San Gorgonio
Pass (e.g. Meisling and Weldon, 1989; Matti et al., 1992; Binnie et al.,
2008; Spotila et al., 2001).Meisling andWeldon (1989) document uplift
of the northwestern San Bernardino Mountains since ~2–1.5 Ma, and
Spotila et al. (2001) document 3–6 km of uplift on the Yucaipa Ridge
block (Fig. 1) in the southern San Bernardino Mountains since 1.8 Ma.
Southeast of San Gorgonio Pass, ongoing asymmetric subsidence is
indicated by an increase in sediment thickness northeast across the
Coachella Valley towards the SAF (Fig. 1; Langenheim et al., 2005;
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Dorsey and Langenheim, 2015). These observations provide evidence
for vertical crustal motions that can be used for comparison to patterns
predicted by our suite of model results.

2.3. Vertical-axis rotation from paleomagnetic studies

Several paleomagnetic studies provide evidence for vertical-axis rota-
tions in fault bound blocks located in the San Timoteo Badlands, Borrego
Badlands, and Mecca Hills (Lutz et al., 2006; Housen and Dorsey, 2010;
Albright, 1999; Chang et al., 1987; Housen et al., 2013). Albright (1999)
and Hehn et al. (1996) documented 5–10° CCW rotation in ~1 to
6.3 Ma strata of the San Timoteo Badlands. In the Mecca Hills, Housen
et al. (2013) observe 3–5° of CWrotation northeast of the Painted Canyon
fault since ~1Ma, and 3–8° of CCW rotation between the Painted Canyon

fault and SAF, since ~1–2Ma. In the Borrego Badlands, rotations are spa-
tially variable,withdiffering estimates of rotation in the northwest versus
southeast portions of this block. Lutz et al. (2006) documented essentially
zero CWrotation (0°±8°) since ~1Ma in the northwestern Borrego Bad-
lands, while Housen and Dorsey (2010) document significant CW rota-
tion (30–40°) in the SE portion of the Borrego Badlands in strata that
range in age from ~1 to 4.5 Ma. A consistent feature of these spatially di-
verse datasets is that sections such as the Borrego Badlands and San
Timoteo Badlands, which include strata N3.5 Ma in age, do not show
significant variations in the amount of vertical-axis rotation as a function
of age, indicating that these rotations occurred after deposition of
the youngest portions of these sections. This consistency indicates that
the rotations have occurred primarily during dextral deformation
over the past 1–2 Ma.
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3. Modeling methods

We use the three-dimensional Boundary Element Method (BEM)
code Poly3D, which solves the governing equations of deformation
using continuum mechanics (e.g. Crouch and Starfield, 1990; Thomas,
1993). Fault geometries for the model of the present day are based on
fault surfaces from the Southern California Earthquake Center's Com-
munity FaultModel (CFM),which are compiled fromgeologicmapping,
seismicity, and geophysical data (Plesch et al., 2007). Refinements to
CFM Version 4 fault geometry that improve match to geologic slip
rates and uplift patterns are also included in our models (Herbert and
Cooke, 2012; Fattaruso et al., 2014).

Within the model, three-dimensional fault surfaces are discretized
into triangular elements, each with constant slip and zero opening,
within a linear-elastic and homogeneous material (Fig. 4). The triangu-
lar elements of these BEMmodels are particularlywell suited formodel-
ing the complex fault network of southern California because branching
and curving fault surfaceswith incomplete intersections can be simulat-
ed without compromising the accuracy of the results. The elastic nature
of the host rock limits the simulation to strain accumulation b1%.
Consequently, the results do not accurately represent deformation
over long time scales because inelastic processes within the crust
(e.g., microcracking, calcite twinning, pressure solution) are not
captured by elasticmodeling. Rather than simulating the continuous de-
velopment of the fault system,we simulate snapshots of deformation at
key stages in the evolution of the fault system (Fig. 2). As with previous
investigations of uplift pattern (Meigs et al., 2008; Fattaruso et al.,
2014), we compare the pattern of uplift from these models to the geo-
logic patterns documented in geologic studies, and are not concerned
with matching absolute uplift rates because inelastic processes not
modeled here may impact these rates.

Previous Poly3D models have refined our understanding of the
geometry of active faulting in southern California by comparing the
alternative viable fault model results to uplift patterns (Meigs et al.,
2008; Cooke and Dair, 2011; Fattaruso et al., 2014) and fault slip rates
(e.g. Marshall et al., 2008; Cooke and Dair, 2011; Herbert and Cooke,

2012). Furthermore, BEM investigations of alternative fault configura-
tions (e.g. Griffith and Cooke, 2004; Marshall et al., 2008; Meigs et al.,
2008; Dair and Cooke, 2009; Herbert et al., 2014; Fattaruso et al.,
2014) demonstrate that the three-dimensional fault geometry and con-
nectivity exhibit first-order effects on the partitioning of deformation
within these fault systems, including uplift and strain energy density
(SED) patterns (Griffith and Cooke, 2004; Meigs et al., 2008; Cooke
and Dair, 2011). Consequently, we expect that changes in fault geome-
try through time exert a substantial influence on uplift and SED patterns
within the region.

The fault model of southern California extends from the Salton Sea
past the intersection of the SAF with the Garlock fault in the north and
includes faults of the Eastern California Shear Zone (ECSZ) and the
SJFZ. The geometry representing the evolution of the SAF through the
San Gorgonio Pass over the past 1 Ma follows that used by Cooke and
Dair (2011) and the CFM. Because it is not currently active, the WSDF
is not provided within the CFM. To represent this fault in the model,
we extrapolate the fault surface from maps and cross-sections that re-
construct the geometry of the fault during the time of its activity
(Dorsey et al., 2012). We extend the listric detachment N30 km east of
the San Andreas and have it shallowing into the base of the seismogenic
crust at between 9 and 12 km depths. All other non-listric fault surfaces
in the model extend to the freely-slipping base of the model at 35 km
depth to simulate distributed deformation below the seismogenic
crust (Fig. 4). Although we are concerned with discrete fault surfaces
only to the base of the seismogenic crust (between 10 and 15 km),
deformation does not cease below the seismogenic crust, so we extend
the faults in themodel to greater depth to avoid artificially limiting fault
slip at the base of the faults. Faults within the model are frictionless,
simulating the low frictional slip conditions that arise during
earthquakes. Permanent slip along the faults accrues during these
earthquake events.

We apply plate boundary velocities along the base of the models far
from the investigated faults so that the interior portions of the model
base and all faults are free to slip and interact without prescribed rates
of slip (Fig. 4). Consequently, the faults slip in response to a combination
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of tectonic loading and interaction with one another. For models that
simulate faulting after the cessation of extension (b2 Ma), we apply
overall right-lateral shear consistent with present-day observations of
plate rate. For the model with active slip along the WSDF within
regional transtension, we apply modern strike-slip boundary velocities
plus east–west extension velocities along the boundaries that are repre-
sentative of modern extensive environments.

Because we do not have relative plate motion to constrain the
extensional velocities during slip on the WSDF, we apply velocities
based on geodetic observations in modern analogs to the detachment
system. Modern rifts have a wide range of extension rates, from
11 mm/yr across the southern Salton trough (Crowell et al., 2013), up
to 30 mm/yr of extension in western Turkey (Aktug et al., 2009). Slip
rates for the WSDF increased with application of extension from 10 to
30 mm/yr. All the tested models produce dip-slip rates within the
geologic range of 2.3–5 mm/yr between roughly 6–7(?) and ~1.2 Ma,
during the period of active extensional slip on the WSDF (Shirvell
et al., 2009; Dorsey et al., 2011). For models with active extension on
the WSDF, we superpose a mid range rate 20 mm/yr of East–West
divergent velocities onto the modern strike-slip tectonic boundary
velocities. With this boundary loading, model surface dip-slip rates of
2.9 ± 0.7 mm/yr on the WSDF match slip rates constrained by Shirvell
et al. (2009).

For the post-extension WSDF models we follow Herbert and Cooke
(2012) and use boundary velocities and orientations constrained by
GPS studies and global plate motion models that estimate plate motion
of ~45–50 mm/yr at orientations between 320° and 325° (e.g. DeMets
et al., 2010). For simplicity, and because variations in tectonic loading
do not alter first-order uplift patterns (Herbert and Cooke, 2012),
we run all of the models presented here with tectonic loading of
50 mm/yr at 320°. These models do not include any faults west of the
SJFZ, which are estimated to accommodate ~5 mm/yr of the plate
motion (e.g. Platt and Becker, 2010), so we subtract this velocity from
the net velocity applied to the models.

Where the SAF and SJFZ extend outside the model boundaries, we
apply slip rates on edge patches of the faults. This includes a right-
lateral rate of 35 mm/yr strike-slip along the central segment of the
SAF at the northern edge of the models (Weldon and Sieh, 1985). For
models predating the initiation of the SJFZ, all 35 mm/yr is applied to
the SAF at the southeast edge of the model. For models with both the
San Jacinto and San Andreas faults, slip is partitioned on the southeast
edge of the model between the faults equally. Fattaruso et al. (2014)
and Herbert and Cooke (2012) demonstrated that partitioning of
strike-slip on the San Jacinto and San Andreas faults at the southern
edge of the model has little impact on strike-slip rates north of the
Salton Sea where fault geometry governs the partitioning of slip
among faults. We also prescribed 5 mm/yr of normal dip-slip at the
basal edges of the WSDF to simulate processes at depth that drive this
low angle detachment.

The location and shape of faults, and the location of landforms shift
with ongoing strike-slip along faults. Precisely re-locating and
reconstructing paleo-fault geometries is beyond the scope of this
study, and errors in our reconstruction limit the precision with which
comparison can be made between observations and the results of our
models of paleo-fault configurations. To the first order, these snapshot
models allow us to understand the mechanical interaction of faults in
their reasonably reconstructed configurations. From thiswe can identify
regions in whichmodels appear tomatch geologic observations, as well
as identify mismatches that might aid us in identifying gaps in our
understanding of the fault system's evolution and interaction with the
landscape.

3.1. Isostatic adjustment

Weadjust the surface uplift rates produced by themodels to account
for isostasy using a crustal flexure model of an elastic crust over a

viscous mantle. Following Cooke and Dair (2011) and Fattaruso et al.
(2014), we use a mantle density of 4100 kg/m3, crustal density of
2700 kg/m3, and a flexural rigidity of the crust of 2 × 1023 Pa·m3 for
our correction. This isostatic correction generally reduces the amplitude
and increases the wavelength of the uplift patterns.

3.2. Tectonic work

The overall mechanical efficiency of evolving fault systems provides
insight into whether active faults adjust to become more efficient (e.g.
Cooke and Madden, 2014). One metric for evaluating mechanical effi-
ciency is the external tectonic work applied to a fault system, as more
efficient systems will require less work to accommodate the same
strain. In less efficient systems, more force is required to achieve the
same boundary displacements resulting in greater tectonic work. Exter-
nal tectonic work on a fault system is distributed within the system in
many ways, including as internal deformation, frictional heating, uplift
against gravity, and seismic release of energy (e.g. Cooke and Murphy,
2004; Cooke and Madden, 2014). Within our elastic models, work ap-
plied to the system is all converted to internal deformation, as frictional
heating, gravity, seismic energy, and fault propagation are not included
in these simulations. In simulations that include thework of friction and
gravity, internal work can still account for a large portion of the work
budget (Del Castello and Cooke, 2007; Marshall et al., 2010) and thus
still provides insight into the efficiency of the fault system. Internal
work is the volume integral of strain energy density, the calculation of
which is described in the next section. The external work rate is calcu-
lated along the boundaries of the model that have applied velocities,
as one half of the product of the velocity and the tractions applied to
achieve this velocity (e.g. Cooke and Madden, 2014). We integrate the
tectonic work rate along the model boundaries to calculate the rate of
total work required to deform different fault network configurations
at stages of the recent evolution of the southern SAF in order to assess
the evolution of the fault system's efficiency.

3.3. Strain energy density

Strain energy density (SED) is a measure of the elastic strain stored
in the rocks around faults (e.g. Jaeger and Cook, 1976). It measures the
mechanical work performed by the rock and is calculated at a point as
half the sum of the product of the stress and strain tensor components:

SED ¼ 1=2 σxxεxx þ σyyεyy þ σ zzεzz þ 2σxyεxy þ 2σyzεyz þ 2σxzεxz
! "

:

ð1Þ

The SED, work per unit volume (Timoshenko and Goodier, 1934),
can be mapped throughout the model. While SED measures elastic
strain, regions of higher elastic strain are also likely to undergomore in-
elastic strain such as microcracking, and thus SED serves as a tool for
identifying regions where incipient faulting is likely (e.g. Du and
Aydin, 1993; Okubo and Schultz, 2005; Olson and Cooke, 2005). We
explore distributions of SED along horizontal slices at depths of 8 km,
within the seismogenic crust in this region.

SED values are very high near the edges of the dislocation elements
that comprise the faults and as an artifact of the discretization, these
local SED concentrations do not necessarily represent regions of high
strain accumulation within the host rock. Concentrated stresses at
fault tips and kinks are expected, but the discretization of the fault
into elements of uniform displacement means that artificial concentra-
tions of stress arise locally at each node between fault elements away
from kinks and terminations. The size of these artifacts depends on ele-
ment size, and so regions of high SED that are larger than the element
size are not discretization artifacts and reflect meaningful concentra-
tions of strain (Olson and Cooke, 2005). For this reason, we perform a
median filter on the stress data to remove artifacts. To highlight regions
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of overall high or low SED, we perform an 8 km square moving average
filter and only contour the SED values up to 60 mPa/yr.

3.4. Vertical-axis rotation

Vertical-axis rotation from themodels can be compared with paleo-
magnetic evidence for block rotations. This dataset has been used before
to validate models (e.g. Itoh et al., 2008; Platt and Becker, 2013). Rota-
tions within the modeled velocity field can be determined by taking
the curl of the velocity field. We calculate the vertical-axis rotations
from each snapshot model. Because our simulations are elastic, rotation
rates are significantly higher and more geographically concentrated,
especially at fault tips, than is possible in the actual crust. Inelastic
deformation within regions of high stress, would act to dissipate stress-
es and reduce rotation rates. Despite this limitation, first order patterns
of rotation sense andmagnitude are a valuablemetric for comparison of
model results to paleomagnetic data. Additionally, vertical-axis rotation
expresses the distortional component of the SED field and provides
another expression of off-fault deformation.

4. Results

4.1. Uplift/subsidence

Model results for patterns of uplift and subsidence are presented
chronologically from oldest to most recent snapshots in the evolution
of the southern San Andreas fault system. This facilitates comparison
to evidence from the stratigraphic and geomorphic record, but also
means that results from models with the greatest uncertainty are pre-
sented here first.

Stratigraphic evidence shows that a large basin formed and subsided
in the hanging wall of the WSDF between about 6 or 8 Ma and 1.2 Ma,
between the southern Peninsular Ranges and the southern SAF, due to
dip-slip on the WSDF (Axen and Fletcher, 1998; Dorsey et al., 2011,
2012). Models with transtensional tectonic boundary conditions simu-
late the period of extension on theWSDF (Fig. 5a). The model produces
basins east of the WSDF and SAF, although a lobe of uplift between the
faults contradicts the expectation that extension along theWSDF should
produce subsidence across the entire hanging wall (Location 1, Fig. 5a).
The area of subsidence could be increased by addition of dip-slip offset
on secondary normal faults in the hanging wall of the WSDF. Normal
faults of this type, although rarely exposed at the western margin of
the Salton Trough, are interpreted to cut the hanging wall of the
WSDF near the southern Santa Rosa Mountains (Dorsey and
Langenheim, 2015), and seismic studies reveal steeply dipping reflec-
tors in the Coachella basin thatmay represent similar hanging-wall nor-
mal faults (Persaud et al., 2014). We test the impact that hanging-wall
normal faults may have on subsidence patterns with an additional
model that includes these hypothetical faults (Fig. 6). The addition of
two shallow NE dipping (30°) hanging-wall normal faults interrupts
the lobe of uplift (Fig. 6a) and produces more subsidence between the
WSDF and SAF (Fig. 6b).

In theMecca Hills (Fig. 1), sediments record a shift at ca. 2.5Ma from
subsidence on the Painted Canyon fault (inferred fromdeposition of the
Mecca Conglomerate SW of the Painted Canyon fault), to reverse slip
and uplift between the Painted Canyon fault and SAF (McNabb, 2013).
This change in the direction of dip-slip motion on the Painted Canyon
fault is matched by our model results for snapshots before and after
the shift from transtensional to dextral loading (Location 2, Fig. 5a–b),
but the documented timing of the change at ~2.5 Ma (McNabb, 2013)
does not match our estimate for the timing of that transition ~1.5–
1.3Ma. This change in slip directionmay reflect an earlier change in tec-
tonic loading on the SAF that was not related to the cessation of exten-
sion in the region. It may also reflect that the time periods represented
by these particular snapshots are uncertain, as we can't precisely con-
strain the timing of the transition from transtensional to dextral

boundary loading in the region.Within the models, this transition is as-
sociated with decreased activity along the WSDF. In the snapshot with
dextral loading that simulates the change of slip direction on the
Painted Canyon fault (Fig. 5b), the WSDF still exhibits dip slip, but this
slip decreases from an average rate of 2.55 mm/yr of normal slip with
transtensional boundary conditions to 0.02 mm/yr with dextral bound-
ary conditions.

Rapid uplift of the San BernardinoMountains since ~1.7Ma north of
theMission Creek strand of the SAF (Spotila et al., 2001) iswell matched
by our models (location 3, Fig. 5a–c). The accumulation of deformation
through San Gorgonio Pass at this time is identified as a contributing
factor to initiation of the SJFZ (Matti and Morton, 1993; Morton and
Matti, 1993). Our models show a reduction of uplift rate in the San
Bernardino Mountains (rates of 3–6 mm/yr reducing to 2–4.8 mm/yr)
with the introduction of the full length of the SJFZ (location 3, Fig. 5d),
indicating that slip on the SJFZ channels some deformation away from
the San Bernardino Mountains, although uplift rates remain relatively
high. The change of fault geometry from the Mission Creek to Mill
Creek fault (Fig. 5d–e) is accompanied by another reduction of uplift
rates in the San Bernardino Mountains (rates of 2–4.8 mm/yr reduce
to 1–2.4 mm/yr).

Several changes in deposition/erosion patterns are linked to initia-
tion of the SJFZ.Model uplift patternsmatch an observed increase in up-
lift rates in the eastern San Gabriel Mountains with the onset of slip
along the SJFZ (DiBiase et al., 2015) (location 4, Fig. 5b–d). In addition,
subsidence in the San Bernardino basin is enhanced with the growth
of the SJFZ (location 5, Fig. 5c–d), matching geologic observations
(Morton and Matti, 1993; Anderson et al., 2004). The model does not
predict full inversion and uplift of the San Timoteo basin, as document-
ed by Kendrick et al. (2002), (location 6, Fig. 5b–e), but subsidence of
that basin is significantly reduced during the period of active slip on
the Mill Creek strand of the SAF through San Gorgonio Pass (Fig. 5e).
This model does not include a small restraining bend in the SJFZ in
this region that likely drove uplift (Kendrick et al., 2002), so refinements
to fault geometry in this region could potentially improve the match of
the model results to uplift data here.

Previous modeling studies have demonstrated that models of the
present day fault configuration match uplift patterns between the SAF
and SJFZ well when incorporating NE-dipping fault geometry for the
Coachella Valley segment of the SAF (Fattaruso et al., 2014). Fault geom-
etry used for the present-daymodel in this study is slightly revised from
Fattaruso et al. (2014). In this study the Garlock fault and a larger por-
tion of the SierraMadre fault are included to improve simulation around
those faults, while the Big Bear fault is excluded. Present-day models
from both studies provide a good match to both uplift in the Santa
Rosa Mountains (location 8, Fig. 5f) and asymmetric subsidence across
the Coachella Valley location 7, Fig. 5f), with the highest rate of subsi-
dence and deposition on the northeast side of the valley adjacent to
the SAF. The predicted pattern of uplift in the southern Santa Rosa
Mountains and asymmetric subsidence in the southern Coachella Valley
agrees well with the pattern of northeast crustal tilting documented in
this area for the past ca. 1.2 Ma (Dorsey and Langenheim, 2015).

4.2. Work/efficiency

Due to the work necessary to grow new fault surfaces through the
creation of new cracks, fault systems should only initiate new faults
when the active fault surfaces have become inefficient and sufficiently
high amounts of strain are transferred into the surrounding rock, lead-
ing to incipient faulting (e.g. Cooke and Murphy, 2004; Cooke and
Madden, 2014). For this reason, when we see one fault strand aban-
doned in favor of slip along another, we expect that the new fault geom-
etry has greater mechanical efficiency. Such transitions associated with
decreases in external work are documented in accretionary systems
(e.g. Del Castello and Cooke, 2007). Therefore, a decreasing external
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work suggests increasing mechanical efficiency of modeled fault
systems.

The total rate of external work on the model boundaries to deform
each snapshot model is plotted on Fig. 7. The abrupt transitions within
the mechanical evolution arise because we only model snapshots in
time, and cannot capture the evolution of efficiency resulting from con-
tinuous changes to fault geometry. Prescribed tectonic velocities along
the model boundary are the same for all but the earliest transtensional
model, which includes additional east–west velocities applied to the
model boundaries to simulate extension as well as a section along the
distal edge of the WSDF to simulate the deep mechanisms driving this
fault. Because both the applied velocities and fault area are greater in
the earliest transtension model, the calculated external work rate,
~15.25 TJ/yr far exceeds that of the other models 9.75–11.18 TJ/yr,
inhibiting direct comparison (Fig. 7). In order to compare this model
to the others, we normalize the total velocity times fault area of this
model to that of other models, reducing the rate of net work by 15% to
~12.91 TJ/yr (Fig. 7, solid line). The adjusted external work rate for the
transtensional model is still significantly greater than any models with
dextral loading (Fig. 7). This suggests that this fault network configura-
tion does not accommodate extension as efficiently as it accommodates
dextral slip. Mechanical efficiency increases significantly for the same
fault configuration with dextral strike-slip boundary velocities (transi-
tion at ~1.3 Ma). Only a slight increase in mechanical efficiency

(~4 GJ/yr decrease in tectonic work) accompanies the removal of the
WSDF and initiation of the northern section of the SJFZ at ~1.3 Ma.
The addition of the full extent of the SJFZ produces greater increases
in efficiency of the fault system (ΔWork ~ 134 GJ/yr).

A pronounced increase in mechanical efficiency accompanies the
transition from the Mission Creek and Mill Creek SAF geometries
(~1289 GJ/yr), consistent with previous studies (Cooke and Dair,
2011). The results of Cooke and Dair (2011) also show a decrease in ef-
ficiency with the transition from the Mill Creek geometry to the more
complex present day fault configuration. The models of this study
show a somewhat smaller ~18 GJ/yr decrease in efficiency than the
~23 GJ/yr decrease with the Cooke and Dair (2011) models. Improve-
ments to fault geometry since their study in 2011, such as addition of
the Crafton Hills fault and using a dipping geometry for the Banning
strand of the SAF, have reduced the change inmodel efficiency between
theMill Creek time and present daymodels. For example, the north dip
of the Banning strandmay facilitate local transpressional uplift more ef-
fectively than the vertical strand used in previous models. This is a
reassuring result, suggesting that with a better understanding of
present-day active faulting, the change from the efficient Mill Creek
strand to the more complex present-day fault configuration may not
be as mechanically improbable as it had formerly seemed. Kendrick
et al. (2015) postulated that slip along the Pinto Mountain fault across
the Mill Creek strand disrupted this fault and caused its abandonment.
This mechanism may explain why the overall efficiency of the system
decreases slightly with the transition to the currently active faults.

4.3. Strain energy density

While applied tectonic work provides a measure of the overall effi-
ciency of each snapshot model, maps of rate of SED accumulation
allow us to explore the spatial distribution of internal work to see
which regions in our study area are more or less efficient, and how
this changes between models of different time periods. Locally high
SED rate indicates regions where deformation is not accommodated ef-
ficiently by the faults in themodel, and regionswith low SED rate reflect
greater efficiency.

For ourfirst snapshot – theWSDFmodel with transtensional bound-
ary loading (Fig. 5g) – a large region of high SED rate extends for tens of
kilometers in each direction around theMission Creek strand of the SAF.
This matches the expectation for high off-fault deformation around a
restraining bend within a strike-slip system (Hatem et al., 2015). SED
rate is also high in the region where the northern portion of the SJFZ
later grows (dashed line, Fig. 5g). At the future position of the southern
portions of the SJFZ, SED rate is lower than to the north. This supports
the interpretation that the SJFZ initiated in the north, as faults are
more likely to grow in regions of high SED. SED rate is also very high

50 km
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Uplift (mm/yr) Uplift (mm/yr)

WSDF
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Fig. 6. Isostatically adjusted uplift patterns for models of extension with (a) no normal splays and with (b) two normal splays branching from the floor of the detachment. Splay faults
reduce uplift between the San Andreas fault (SAF) and West Salton detachment fault (WSDF).
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within the Coachella Valley, SW of the secondary faults in the Indio and
Mecca Hills. Median SED is much greater for this first snapshot than for
any others, reflecting the fact that larger velocities are applied to the
boundaries of this model, and also that the fault system is configured
to accommodate strike-slip more efficiently than transtension.

As tectonic loading on this same fault configuration changes from
transtension to dextral strike-slip (Fig. 5h), median SED rate drops
from 26.1 mPa/yr to 20.2 mPa/yr, and the distribution of SED changes
slightly. SED rate increases slightly in the ECSZ (2–10 mPa/yr increase),
while net strike-slip rate across the ECSZ faults decreases (Table 1).
Under dextral tectonic loading, off-fault deformation increases within
the ECSZ. SED rate remains high in the region of the northern tip of
the SJFZ with dextral tectonic loading, but decreases southwest of the
Mecca Hills (Fig. 5h).

In the next snapshot in time at ~1.1 Ma (Fig. 5i), we remove the
WSDF from the model and introduce the northernmost portion of the
SJFZ. Median SED rate for the entire system does not change significant-
ly, but local SED rate decreases around and to thewest of the active SJFZ
and increases significantly to the south where the SJFZ is not yet active
(dashed line, Fig. 5i). This concentration of SED rate supports continued
southward propagation of the new strike-slip fault.

With the inclusion of entire extent of the SJFZ in our next snapshot
model (Fig. 5j), the median SED rate of the entire fault system drops
from 20.0 to 15.0 mPa/yr consistent with increase in efficiency of the
fault system through this transition (Fig. 7). Reduction in local SED
rate is especially notable around the SJFZ, and SED rate in the ECSZ
also drops significantly. High SED rate around the Mission Creek strand
of the SAF persists through all of themodels (Fig. 5g–j). The overall drop
in SED rate throughout the system suggests an overall increase in me-
chanical efficiency of the fault system as the SJFZ accommodates defor-
mation within the system. This is consistent with the hypothesis that
the SJFZ initiated due to inefficiency of the system created by the bend
in the SAF through San Gorgonio Pass, and is also consistent with
model results for externalwork. The increased efficiency of the fault sys-
tem manifests as reduced off-fault deformation.

In our next snapshotmodel at 0.5–0.1Ma (Fig. 5k)we have removed
the Mission Creek strand through San Gorgonio Pass (Fig. 5j) and re-
placed it with the more linear Mill Creek strand of the SAF following
the interpreted history of the fault system (Matti and Morton, 1993).
The median SED rate of the system drops dramatically from 15.0 mPa/
yr to 11.2mPa/yr—with notable decreases in the Salton block (between
the SAF and SJFZ), ECSZ, and most significantly through the restraining
bend. This is again consistent with the increase in efficiency revealed
by the drop in tectonicwork (Fig. 7) as themore linearMill Creek strand
of the SAF accommodates strike-slip deformation much better than the
more kinked Mission Creek strand of the SAF (Table 1). This is also con-
sistent with analog experiments of restraining bends that show greater
efficiency for gentler restraining bends (Hatem et al., 2015).

In the transition from the Mill Creek strand to the present-day SAF
configuration (Fig. 5l), median SED rate increases from 11.2 mPa/yr to
13.5 mPa/yr, most notably increasing around the bend in the SAF. SED
rate goes down in the ECSZ, indicating that while the overall efficiency
of themodeled fault system in this transition decreases, it also increases
in some regions, providing a possible explanation for why the system

moved from a seemingly more efficient to less efficient fault geometry
through the bend. The change of active fault geometry through the
bend seems counterintuitive—changing from a fairly efficient linear ge-
ometry to a less efficient, more sinuous geometry. However, since SED
rate decreases elsewhere, it is possible that the change in San Gorgonio
Pass creates a local inefficiency, but still contributes to greater efficiency
of the system on a larger scale.

4.4. Vertical-axis rotations

Paleomagnetic studies in the study region provide evidence for
vertical-axis rotations over the past ~2 Ma. Paleomagnetic data record
vertical-axis rotations in the San Timoteo Badlands, Borrego Badlands,
and Mecca Hills (Lutz et al., 2006; Housen and Dorsey, 2010; Albright,
1999; Housen et al., 2013). Vertical-axis rotation rate maps for each
snapshot model are plotted on Fig. 5m–r.

Models with an active WSDF have significant (N3°) clockwise rota-
tion rates west of the WSDF (Fig. 5m, n), which is markedly reduced
by the introduction of the SJFZ (Fig. 5p). The off-fault distortional strain
is taken up as slip along the SJFZ. Counterclockwise rotation rates in the
San Gabriel Mountains north of the Sierra Madre fault during extension
on theWSDF (Fig. 5m) decreases to near-zero rotation, and some clock-
wise rotation rates are predicted in the eastern San Gabriel Mountains,
with the evolution of the fault system (Fig. 5m–p). Models produce dis-
tributed counterclockwise rotation rates in the ECSZ in early models
(Fig. 5m–o) as well as in the Mill Creek model (Fig. 5q), but the
present-day model has very little rotation in the ECSZ (Fig. 5r). This re-
duction in off-fault distortion is consistent with the decrease in SED
rates within the ECSZ through the fault evolution. The counterclockwise
rotation rates between right-lateral faults of the ECSZ are also consistent
with ‘bookshelf’ style rotation interpreted for theMojave (e.g. Valentine
et al., 1993). In addition to counterclockwise rotation within the ECSZ
when the Mill Creek strand of the SAF is active (~0.5–0.1 Ma), we also
see enhanced counterclockwise rotation between the SAF and SJFZ
(Fig. 5q) compared to other models of the past ~1.1 Ma (Fig. 5p, r).
The northern San BernardinoMountains, just south of the North Frontal
thrust fault, transition from rapid counterclockwise rotation N1.5 Ma
(Fig. 5m–p) to near-zero rotation today (Fig. 5r). This is consistent
with decreased SED rates in this region.

While we can compare snapshots of rotation rates at different stages
in the evolution in the fault system to measured paleomagnetic rota-
tions (Fig. 5m–r), the observed rotations are accumulated on timescales
up to 2+Ma, so amore appropriate approach is toweight rotation rates
from the snapshots in our evolution models over the corresponding
timespan of each stage to produce composite estimates of net rotation
over the past 2 Ma and 1 Ma (Fig. 8). For the past 1 Ma, the duration
of each stage of faulting is fairly well constrained (Kendrick et al.,
2010). The time-averaged rotation rates for time periods greater than
1 Ma has uncertainties associated with both the timing of the shift
from transtension to strike-slip, aswell as theduration for the full devel-
opment of the SJFZ. Tomake a best approximation,weweight theWSDF
model in strike-slip loading from 1 to 1.5 Ma, and the WSDF in
transtensional loading from 1.5 to 2Ma. Themodel with only the north-
ern section of the SJFZ is not included in the time-averaged maps

Table 1
Area-weighted average right-lateral slip rates in mm/yr with standard deviation.

Snapshot model Time Period SAF SJFZ WSDF ECSZ

Present day ~0.1 Ma–present 20.2 ± 2.5 8.8 ± 3.2 n/a 1.2 ± 0.4
Mill Creek strand active ~0.5–~0.1 Ma 24.4 ± 1.9 8.6 ± 3.1 n/a 1.2 ± 0.4
Mission Creek strand active ~1.1–~0.5 Ma 20.8 ± 1.8 9.1 ± 3.3 n/a 1.4 ± 0.4
Only North SJF active ~1.3 Ma (?) 24.9 ± 2.6 4.3 ± 1.2 n/a 1.8 ± 0.6
WSDF transcurrent ~1.5–~1.3 Ma (?) 25.3 ± 2.6 n/a 0.4 ± 0.7 1.8 ± 0.6
WSDF transtension N 1.5 Ma 28.7 ± 2.5 n/a 0.2 ± 1.3 2.0 ± 0.6

Strike-slip rates for the San Andreas fault (SAF), San Jacinto fault zone (SJFZ), West Salton detachment fault (WSDF) and Eastern California Shear Zone (ECSZ) are averaged over the fault
surface used in the models. Rates for each snapshot model (described in first column) are presented in mm/yr of right-lateral slip with standard deviation.
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because thismay not have been a prolonged stage in the fault evolution.
Furthermore, significant rotation at the southern tip of the SJFZ in this
model was likely transient as the San Jacinto propagated southward.

Albright (1999) documented 5–10° CCW rotation since ~2Ma in the
San Timoteo Badlands (Fig. 8a, region 1). Rotation rates summed over
the past ~2 Ma from models indicate moderate (2–5°) CW rotation
here, failing to match the paleomagnetic data. Models of the past
~1 Ma have concentrations of strong (N6°) CCW rotation near the
Crafton Hill fault within this region (Fig. 5p–r), but significant CW rota-
tion in models from 1 to 2 Ma counteract this. This could mean that our
fault geometry in this region is not correct for the older
models—changes to the surface trace or connectivity of the WSDF to
other faults could change the rotations here. Uncertainty is
compounded by the complexity of the faults surrounding the San
Timoteo Badlands. An alternative explanation for this discrepancy is
that the vertical-axis rotation reported by Albright (1999) all took
place after 1.1 Ma.

In the Mecca Hills (Fig. 8b, region 2) models reproduce highly local-
ized patterns of rotation measured by paleomagnetism, with moderate
(~3°) CW rotation northeast of the Painted Canyon fault since ~1 Ma,
and moderate (~3°) CCW rotation southwest of the Painted Canyon
fault, between the Painted Canyon fault and SAF, since ~1–2 Ma
(Housen et al., 2013). The geometry of faults in this region has been val-
idated by match of the deformation model results to uplift patterns
(Fattaruso et al., 2014), suggesting that in regionswheremodel fault ge-
ometry has been able to match one dataset, it is more likely to match
other datasets well. In contrast to this region, both uplift and rotation
rates in the San Timoteo badlands are not as well-matched to geologic
data, suggesting that this region may not be modeled accurately, and
could benefit from further investigation.

In the Borrego Badlands, in the stepover between the Clark and
Coyote Creek strands of the SJFZ (Fig. 8b, region 3), Lutz et al. (2006)
documented a rotation rate of 0° ± 8° since ~1 Ma in the NW of region
3, indicating basically zero rotation in that area. Yet, only ~10 km to the
southeast Housen and Dorsey (2010) documented CW rotation of
30–40° since ~1.6 Ma. The ~1 Ma time-averaged model matches the
spatial variations in the paleomagnetic-derived rotations, with the
model results showing strong (N6°) CW rotation to the southeast, and
less than 8° net CCW rotation to the northwest (Fig. 8b).

In addition to comparing the time-averaged rotations to the paleo-
magnetic data, we can compare the patterns of vertical-axis rotation
from the present-day model to regional models that calculate vertical-
axis rotations from inversion of GPS data (McCaffrey, 2005; Bos and
Spakman, 2005). The inversions with simplified geometry for fault net-
works cannot resolve the level of spatial variability of rotation rates in
our models that results from fault interaction. Consequently, we only
compare the broad patterns of vertical-axis rotation rates in the regions
of the Salton Trough and the area between the Pinto Mountain and San

Andreas faults. The present-daymodel shows strong clockwise rotation
between the PintoMountain and San Andreas faults consistentwith the
results of Bos and Spakman (2005) who modeled clockwise rotation
rates around 8–12°/Ma for this region, but faster than the rates of
McCaffrey (2005) who modeled a very slight (b0.3°/Ma) counterclock-
wise rotation rate. Within the Salton Trough, the present day model
shows slight CW rotation consistent with results of McCaffrey (2005)
who found ~0.15°/Ma CW rotation here, but slower than the rotation
rates of Bos and Spakman (2005) of ~8–12°/Ma of CW rotation. Differ-
ences in vertical-axis rotation rates could arise from the difference in
fault connectivity between our models and the block models, as well
as from the modeling approach.

5. Discussion

5.1. Trade-offs between slip efficiency and off-fault deformation through
time

Given the variety of results presented here, it is worthwhile to ex-
plore the connections and trade-offs between slip, uplift, vertical-axis
rotation, and SED. To thefirst order, these correlations and trade-offs re-
flect changes in the partitioning of deformation between fault slip and
off-fault deformation. In the ECSZ, for example, the faults experience en-
hanced strike-slip and CCW rotation rate for our first 3 snapshotmodels
before the full development of the SJFZ (Table 1; Fig. 5m–o). Strike-slip
rates on ECSZ faults decreases with the growth of the SJFZ, as does CCW
rotation and SED. Vertical-axis rotation rates in the ECSZ are the
smallest for the present day model (Fig. 5r), as are slip rates (Table 1).

In models that include the SJFZ, strike-slip rate on the SAF is fastest
for the ~0.5–0.1 Ma snapshot model with the active Mill Creek strand
of the SAF through San Gorgonio Pass. This period of faster strike-slip
on the SAF also corresponds to reduced uplift, SED and vertical-axis ro-
tation in the San BernardinoMountains, as deformation is accommodat-
ed more efficiently as slip on the fault for this period thereby reducing
off-fault deformation (Fig. 5k). This more efficient fault geometry
through the bend channels more strike-slip onto the SAF and reduces
strike-slip along the SJFZ (Table 1), which also results in reduced uplift
on the SJFZ in the Santa Rosa Mountains during this model snapshot
(Fig. 5e, location 8). Comparing these changes in slip partitioning be-
tween the SAF and SJFZ to slip rates through time described by
Bennett et al. (2004), we find that the models match some first-order
changes to slip partitioning. The fastest strike-slip rates along the SAF
are over the past ~5 Ma (Powell andWeldon, 1992) and the first snap-
shot model of this study has the fastest slip rate for the SAF (Table 1).
The models also match the decreased strike slip rate on the SAF after
the inception of the SJFZ (Harden andMatti, 1989; Bennett et al., 2004).

The active Mill Creek strand snapshot from 0.5 to 0.1 Ma with en-
hanced strike-slip on the SAF also exhibits enhanced CCW rotation
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Fig. 8. Vertical-axis rotation rates weighted over the past (a) ~2 Ma and (b) ~1 Ma. Boxes indicate regions with paleomagnetism data available for comparison in 1. the San Timoteo
Badlands, 2. Mecca Hills, and 3. Borrego Badlands.
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rate between the SAF and SJFZ (Fig. 5q). In contrast, models with the ac-
tive Mission Creek strand and with the present-day faults through San
Gorgonio Pass, which both have lower SAF slip rates than the Mill
Creek strand snapshot, both also produce a lobe of significant CW rota-
tion southeast of the Crafton Hills fault (Fig. 5p, r). In this region, chang-
es to the active fault geometry seem to have a significant impact on both
themagnitude and orientation of vertical-axis rotation. Thus, changes to
the fault geometry in this region over the course of the past 2 Ma could
account for the time-dependence of rotation observed from paleomag-
netic data in the San Timoteo Badlands.

While the fault geometry of the present-daymodel is slightly less ef-
ficient than the Mill Creek SAF configuration that preceded it (Fig. 7),
the overall trend of our snapshot models is towards greater efficiency
with evolution of the southern San Andreas fault system. The change
of tectonic boundary conditions from transtension to dextral strike-
slip, the abandonment of the WSDF, the initiation of the SJFZ, and the
change from the active Mission Creek strand to the Mill Creek strand
of the SAF through San Gorgonio Pass all produce monotonic increases
to the overall efficiency of the system that are consistentwith the notion
that fault systems evolve towards greater efficiency (e.g. Cooke and
Madden, 2014).

5.2. Challenges

While mechanical models offer a wealth of results for comparison to
geologic data, the elastic models have limitations for simulating evolu-
tion of uplift and basin formation through time. For one thing, our
models represent snapshots in time, and not the continuous evolution
of faults as their geometry changes in response to deformation over
time. We make large assumptions in the reconstruction of paleo-fault
geometry used in our models—for example, we model the Mission
Creek fault in its present day configuration, but evidence supports a
change from an earlier, more linear Mission Creek fault geometry to
the curving geometry used in our model, due to interaction with the
left-lateral Pinto Mountain fault to the east (Matti and Morton, 1993;
Matti et al., 1992). Reconstructing the fault geometry is beyond the
scope of this study, so we accept this simplification but must keep it in
mind when analyzing our results.

Additionally, in identifying regions of uplift/subsidence, our snap-
shots do not incorporate the lateral translation of the crust through
time inherent to a strike-slip fault system. This is less of a problem
when comparingmodels of the present day to established regions of ac-
tive uplift or subsidence, but as basins move through time, reconstruc-
tion in three-dimensions becomes slightly more complex. Faults in our
model slip at a wide range of rates from up to ~12 mm/yr left-lateral
strike-slip to 35 mm/yr right-lateral strike-slip, so translation will vary
by region, with up to 35 km of translation possible over 1 Ma. For this
reason, uplift or subsidence adjacent to faults trending roughly E–W
(i.e. sub-perpendicular to the orientation of overall dextral platemotion,
and consequently having slower strike-slip rate and low translation)
match well to observations. In this case, these regions next to slowly
slipping faults are uncoincidentally regions with extremely high uplift
rates—the San Bernardino Mountains and San Gabriel Mountains. In
contrast, regions next to NW–SE trending fast-slipping faults, such as
the San Timoteo Badlands may undergo considerably more translation
along the faults.

Local changes to uplift/subsidence patterns near secondary faults,
such as the change from normal slip to reverse slip along the Painted
Canyon fault, resulting in a shift from deposition to uplift, are also
more easily constrained than local uplift patterns adjacent to faults
with higher strike slip rates. The limited strike slip along the Painted
Canyon fault may minimize obscuring of uplift signal by translation.
While this area is translated by the SAF, both sides of the PCF are trans-
lated similarly. However within regions with densely spaced, complex,
intersecting faults, uplift patterns are alsomore susceptible to inaccura-
cies in the fault geometry or connectivity, which can be challenging to

establish in especially complex regions such as through San Gorgonio
Pass.

Another limitation of this study is the simplicity of theWSDF geom-
etry in themodel.While the surface trace has a somewhat complex cur-
vilinear surface in some regions, in cross-sections the modeled fault
surface has a simple listric detachment geometry following the recon-
struction of Dorsey et al. (2012). However, detachment faults common-
ly have more complex ramp-flat geometries that influence slip and
subsidence distributions. Incorporation of amore complex 3D geometry
could alter distributions of SEDor uplift/subsidence in themodel results.
For example, depocentral regionsmay be associatedwith the position of
subjacent ramps. Another uncertainty in our reconstruction is the po-
tential connection of the northern portion of the WSDF with the SAF.
We include theWSDF only as far north as it has beenmapped—a linkage
to the SAF would alter the uplift pattern around the intersection,
resulting in more acute localized uplift and subsidence. Refinements
to the model at this level of detail, however, would not be of significant
value at this time, given the current limitations of data available.

5.3. Related models

Li and Liu (2007) used 3D finite visco-elasto-plastic finite element
method models to explore how development of the SJFZ affects distri-
butions of plastic strain. A major difference between our fault geometry
and theirs is that they do not include a WSDF in their pre-SJFZ models.
We ran a new model with no SJFZ and no WSDF to compare results
directly to the Li and Liu (2007) model with no SJFZ (Fig. 9). Another
significant difference between the models is that Li and Liu (2007) use
vertical fault surfaces while themodels presented here incorporate sev-
eral dipping faults, most notably the north-dipping Mission Creek
strand of the SAF. Despite this difference, the results for changes to the
distribution off-fault deformation with the inception of the SJFZ agree
to the first-order (Fig. 9).

As in this study, Li and Liu (2007) see a reduction of off-fault defor-
mation in the ECSZ andwithin the SanGorgonio Pass due to initiation of
the SJFZ. In both studies, a region of high strain (elastic or plastic) de-
velops between the SAF and active SJFZ in the northern part of the
Salton trough. Themost notable difference between the plastic and elas-
tic models arises in the pre-SJFZ models, where off-fault strain in the Li
and Liu (2007) models forms a localized band of plasticity along the fu-
ture trace of the SJFZ. By comparison, the elastic model presented here
produces regions of high strain around the northern portions of the fu-
ture SJFZ and SED is more diffuse to the southeast (Fig. 9). While Li and
Liu (2007) do not address the question of north-to-south propagation of
the SJFZ, both their models and ours produce a lobe of high strain
around San Gorgonio Pass, which is reduced significantly by the
inclusion of the SJFZ (Fig. 9).

Patterns of SED produced in the 3D models alone are not enough to
identify fault planes likely to grow, as the distribution of high SED en-
compasses large regions. However, in conjunction with other geologic
evidence, SED patterns contribute valuable information about the distri-
bution of strain in a fault system.

5.4. Evolution of the WSDF, Pinto Mountain Fault, and San Gorgonio Pass

We propose that extension on the WSDF may have contributed to
formation of the restraining bend in the SAF through San Gorgonio
Pass that produced the curved, north-dipping geometry of the Mission
Creek strand of the SAF (Fig. 10). Because the north end of the WSDF
is located just south of the restraining bend, it's plausible that east–
west extension on theWSDFmay have displaced the Coachella segment
of the SAF to the east relative to the San Bernardino segment through
time, producing or enhancing the left bend of the SAF. Eastward migra-
tion of the southern SAF driven by deep-rooted extension could also ex-
plain why the SAF dips to the NE in the Coachella Valley (e.g. Lin et al.,
2007; Fuis et al., 2012; Fattaruso et al., 2014)whereas it is either vertical
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or southwest-dipping on the San Bernardino segment of the SAF north-
west of San Gorgonio Pass. Dip-slip displacement on a listric WSDF
could have tilted structures in the hangingwall including the previously
vertical SAF. The transition from transtension south of San Gorgonio
Pass (Salton Sea) to dextral strike-slip north of the pass is also consistent
with slip on the left-lateral Pinto Mountain fault (Figs. 1, 10).

Formation of the San Gorgonio Pass restraining bend has previously
been attributed to progressive left-lateral strike-slip displacement on
the Pinto Mountain fault (Matti et al., 1992; Matti and Morton, 1993).
We propose that long-lived E–W extension on the WSDF may have
acted in combination with, and possibly promoted, left-lateral slip on

the Pinto Mountain fault that resulted in progressive growth of the
restraining bend in the SAF through San Gorgonio Pass. In our snapshot
models, termination of dip-slip on the WSDF coincides with a decrease
in rate of left-lateral slip on the Pinto Mountain fault. In the earliest
model with transtension, the Pinto Mountain fault slips at up to a max-
imum of 4.5 mm/yr. With the end of slip on the WSDF and addition of
the SJFZ, the Pinto Mountain fault slows to ≤3.1 mm/yr left lateral slip.
The WSDF was active from ~7–6 (?) Ma to ~1.2 Ma (Shirvell et al.,
2009; Dorsey et al., 2011, 2012), and uplift of the southern San
Bernardino Mountains began around ~1.8 Ma (Spotila et al., 2001) pre-
ceding the end of activity on the WSDF. This timing is generally
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consistent with our suggestion that extension on the WSDF may have
contributed to bending of the SAF within the San Gorgonio Pass that
prompted the initiation of the SJFZ.

6. Conclusions

Models of present-day fault geometry produce uplift and subsidence
patterns that matchwell with geologic observations. Models simulating
active faulting back in time are able tomatch observed changes to uplift
and subsidence patterns in some regions—uplift in the San Bernardino
Mountains and San Gabriel Mountains are simulated well, as are chang-
es in the San Bernardino basin and within the San Timoteo badlands. In
particular we show that onset of the SJFZ increases uplift rates in the
eastern San Gabriel Mountains.

Our snapshot elasticmodel approach explores thefirst-order effects of
changing fault geometry, but models attempting to reconstruct the com-
plete fault evolution should also takepermanent deformation into consid-
eration.We find that vertical-axis rotation is a valuablemetric that can be
used to comparemodel predictions to field data. Highly localized rotation
patterns are reproducible in some regions and not in others, suggesting
that fault geometry may be incompletely understood or incompletely
modeled in regions that do not match, such as the San Timoteo Badlands.

Tectonic work decreases in models withmore efficient fault geome-
try, such as in changes from the extensional WSDF to the dextral SJFZ,
and from theMission Creek to theMill Creek strands of the SAF. Howev-
er, tectonic work increases with the transition from the Mill Creek
strand of the SAF to the present-day active fault geometry. Recent re-
finements to model fault geometry have reduced the magnitude of
this change in tectonic work from that of Cooke and Dair (2011), sug-
gesting that refinement of model fault geometry can have significant
impacts on the partitioning of deformation within the model.

Maps of strain energy density reveal a high concentration of SED in
the region of the northern SJFZ, supporting the notion that it initiated
in the northwest and then propagated to the southeast. The ability of
the evolution models to resolve a mechanical preference for north to
south propagation of the SJFZ highlights the value of using SED for
predicting fault growth. This approach provides a tool that can be
used to distinguish between different but plausible geologic models
and constrain the pattern of fault initiation and growth. A north to
south propagation for the SJFZ supports earlier suggestions that high
strain in the San Gorgonio pass restraining bend of the SAFwas a prima-
ry control on initiation of the SJFZ. The simulated fault evolution shows a
pattern of decreased off-fault deformation, increased fault slip, and in-
creased efficiency with the maturity of the fault system.
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