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ABSTRACT
FROM ~1.5 MA TO TODAY:
INSIGHTS INTO THE SOUTHERN SAN ANDREAS FAULT SYSTEM FROM 3D
MECHANICAL MODELS
SEPTEMBER 2014
LAURA A. FATTAUSO, B.S., UNIVERSITY AT ALBANY, SUNY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Michele L. Cooke

Three-dimensional mechanical simulations of the San Andreas fault (SAF) within
the Coachella Valley in California produce deformation that match geologic observations
and demonstrate the impact of fault geometry on uplift patterns. Most models that include
the Coachella Valley segment of the SAF have assumed a vertical orientation, but recent
studies suggest that this segment dips 60-70° northeast. We compare models with varied
fault geometry and evaluate how well they reproduce observed uplift patterns. Our model
with a dipping SAF matches geologic observations, while models containing a vertical
fault do not. This suggests that the active Coachella Valley segment of the SAF dips 6070° northeast.
Since ~1.5 Ma, the SAF in this region has undergone a major reorganization that
entailed initiation of the San Jacinto fault and termination of slip on the West Salton
detachment fault. The trace of the SAF itself has also evolved, with several shifts in
activity through the San Gorgonio Pass. Despite a rich geologic record of these changes,
the mechanisms that controlled abandonment of faults, initiation of new strands, and
shifting loci of uplift are poorly understood. We model snapshots in time through the
evolution of the fault system, and assess the mechanical viability of our snapshots by
comparison with uplift patterns inferred from the stratigraphic record. Model results are
compared with vertical axis rotation. We examine incipient faulting using maps of strain
energy density, and explore changes to the mechanical efficiency of the system to better
understand the evolution of this fault system.
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PREFACE
This thesis presents the work of two related but distinct research projects. Both
projects utilize 3D boundary element method modeling to explore the mechanics of
faulting in southern California, at the active plate boundary between the North American
and Pacific plates. The first project aims to better constrain the geometry of active
faulting in the region-- particularly of the Coachella Valley segment of the San Andreas
fault. Fault dip is of particular interest here as it has significant repercussions for the
distribution of shaking from a rupture. This segment of the fault has not ruptured since
1690 and has a recurrence interval of 180 years (Philibosian et al., 2011), making more
precise constraint on geometry a valuable piece of information.
Recent studies of magnetism, seismicity, and geodetic data suggest that while
typically modeled as vertical, the San Andreas fault may dip 60-70° in the Coachella
Valley. We test models with various plausible subsurface fault geometries and compare
model results for slip rates and uplift rates to geologic observations of these parameters.
Uplift patterns observed in the Coachella Valley are well-matched by models that
incorporate a northeast dipping San Andreas fault in this region, and not by models
incorporating a vertical fault. We therefore conclude that mechanical models support
interpretations that the San Andreas fault dips in this region, and that models of stresses
and rupture should incorporate this geometry to accurately simulate vertical deformation.
For the second study, we explore the evolution of the fault system in this region
over the past ~1.5 Ma, which saw the abandonment of a major detachment fault and the
initiation of the San Jacinto fault zone, as well as several changes to the active trace of
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the San Andreas fault through the San Gorgonio knot. We use elastic models to simulate
distributions of deformation and strain at various snapshots in time through the evolution
of the fault system. As with our first study, we compare uplift and subsidence from
models to geologic observations to identify regions where the models are simulating
deformation well, as well as to identify where models do not match observation well,
which might be targets for future study. We compare mechanical efficiency between
models, as well as maps of strain energy density, a quantity that describes the intensity of
off-fault deformation, to explore the mechanisms controlling the abandonment of some
faults and the growth of others. We also compare vertical axis rotation rates from our
models to rotation rates from Paleomagnetism studies within our study region.
These two projects incorporate many different modeling results to enhance our
understanding of both active faulting, as well as the evolution of fault systems in a
complex region at an active plate boundary. We incorporate modeling and analysis
methods that have been utilized in previous studies. We also have developed a new
technique for deriving vertical axis rotation from the models, which may be a basis for
future modeling studies that explore the relationship between slip on faults and rotation in
the crustal blocks around them. We hope the modeling community will incorporate
dipping fault geometry for the SAF in the Coachella Valley based on our findings. Each
project will be submitted separately to peer-reviewed journals for publication, with
authors Laura Fattaruso, Dr. Michele L. Cooke from UMass Amherst, and Dr. Rebecca J.
Dorsey from University of Oregon.
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CHAPTER 1
SENSITIVITY OF UPLIFT PATTERNS TO DIP OF THE SAN ANDREAS
FAULT IN THE COACHELLA VALLEY, CA

1.1 Abstract
Three-dimensional mechanical simulations of the San Andreas fault (SAF) system
within the Coachella Valley in southern California produce deformation that match
geologic observations and demonstrate the first-order impact of fault geometry on uplift
patterns. To date, most models that include the Coachella Valley segment of the SAF
have assumed a vertical orientation for this fault, but recent studies of seismicity and
geodetically observed strain suggest that this segment of the fault may dip 60°-70° to the
northeast. We compare models with varied geometry along this segment of the fault and
evaluate how well they reproduce observed uplift patterns in the Mecca Hills and
Coachella Valley. Incorporating well-constrained fault geometry in regional models will
provide a more accurate understanding of active faulting in southern California, which is
critical for rupture and hazard modeling that identify regions most susceptible to
earthquake damage.
We have tested three Boundary Element Method models for the active geometry
of the Coachella Valley segment of the SAF: one contains a vertical Coachella segment,
the second contains a northeast ~65˚ dipping Coachella segment, and the final alternative
contains a vertical Coachella segment plus a sub-parallel northeast dipping fault at depth.
This final model honors the geometric interpretation of seismicity from the Southern
California Earthquake Center Community Fault Model version 4.0. The models
containing vertical Coachella Valley segments both produce uplift between the SAF and
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San Jacinto fault that is more uniformly distributed than geologic observations suggest
and fail to produce uplift in the Mecca Hills. The dipping model produces tilting of the
Coachella Valley consistent with geologic observations of tilting between the San Jacinto
and San Andreas faults. The dipping model also produces relative subsidence southwest
of the fault and localized uplift in the Mecca Hills that better match the geologic
observations. These results suggest that the active Coachella Valley segment of the SAF
dips 60-70˚ to the northeast.
1.2 Introduction
Vertical crustal motion is a widely observed aspect of deformation in regions of
continental strike-slip tectonics such as along the San Andreas fault (SAF) in California
(e.g. Rymer, 1991; Roeske et al., 2007; Spotila et al., 2007; Sylvester and Smith, 1976).
Previous mechanical modeling has demonstrated that complex fault geometry exerts a
primary control on deformation (e.g. Marshall et al., 2008; Meigs et al., 2008). In
Southern California, plate interactions and fault structure are complex (Figure 1)—with a
reduction of strike-slip rates within the Big Bend of the SAF and through the San
Gorgonio Pass, and a transfer of deformation east of the SAF into the Eastern California
Shear Zone (Oskin et al., 2007). Plate motion is also taken up on strike-slip faults subparallel to and west of the SAF, including the San Jacinto fault (SJF) and Elsinore fault.
This region is well suited for investigating the mechanisms by which fault geometry
controls vertical deformation, as recent studies have provided new interpretations of the
subsurface fault geometry and improved understanding of active vertical deformation
(e.g., Fuis et al., 2012; Lin et al., 2007; Lin, 2013; Lindsey and Fialko, 2013). Mechanical
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models that simulate vertical deformation can also provide insight into the effects of
different active fault geometries on off-fault deformation patterns.
To date, most models investigating deformation, stress, rupture, and groundshaking have assumed that the southern SAF is vertical (e.g. Meade and Hager, 2005;
Spinler et al., 2010; Loveless and Meade, 2011; Herbert and Cooke, 2012; Smith-Konter
and Sandwell, 2009; Luo and Liu, 2012; Carena et al., 2004; Becker et al., 2005).
However, seismicity, aeromagnetic data, and recent strain observations from GPS and
InSAR suggest that the active Coachella segment of the SAF dips 60-70° NE (Fuis et al.,
2012; Lin et al., 2007; Lin, 2013; Lindsey and Fialko, 2013). An alternative fault
geometry that accounts for the pattern of microseismicity described by Lin et al (2007)
has been included in the latest version of the Southern California Earthquake Center’s
(SCEC) Community Fault Model (CFM) v. 4.0 (Nicholson et al., 2012). In this
interpretation, it is assumed that seismicity occurs along a second fault system that strikes
sub-parallel to the SAF (Figure 2). These uncertainties motivate us to explore three
alternative possibilities for the geometry of the Coachella segment of the SAF (Figure 2).
Additionally, we include smaller en-echelon faults on the northeast side of the SAF in the
Indio and Mecca Hills (Figure 3), which have not been included in previous mechanical
modeling studies (e.g. Cooke and Dair, 2011; Herbert and Cooke, 2012). Geologic and
stratigraphic relationships in the Mecca Hills reveal localized uplift and subsidence
patterns (e.g. Sheridan and Weldon, 1994; Boley et al., 1994; McNabb, 2013; McNabb et
al., 2013) that can be compared to mechanically modeled deformation. We use localized
uplift patterns in the Mecca Hills to assess the most plausible geometry for the SAF in the
Coachella Valley and better understand the interplay of fault geometry and deformation.
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Our model results show that a northeast dip to the Coachella Valley segment of
the SAF better matches the geologic data of vertical motion than a model with a vertical
SAF. The geometry of the Coachella Valley segment of the SAF may have significant
implications for ground shaking from an earthquake rupture through this region. Dynamic
simulations of rupture on dipping faults show that the hanging walls of such faults endure
much greater shaking than footwall regions (e.g. Oglesby et al., 2000; Fuis et al., 2012).
Furthermore, this section of the SAF has a high likelihood of rupture in the near future as
it has been ~340 years since the last major rupture and recurrence intervals for such
events are bracketed at 116-202 years (Philibosian et al., 2011). In light of this seismic
hazard, it is critical that models incorporate accurate fault geometry in order to accurately
assess hazard.

1.3 Geologic Background
The SAF in the Coachella Valley consists of a single main segment along the
eastern edge of the valley that splits into the Banning and Mission Creek strands where
Interstate 10 crosses the fault (Figure 1). The fault zone contains many geomorphic
features that record recent and ongoing deformation, including dextrally deflected and
beheaded streams, shutter ridges, sags, fault scarps, and displaced Quaternary alluvial
fans (Keller et al., 1982; Bilham and Williams, 1985; Sieh and Williams, 1997; Rymer,
2000; Shifflett et al., 2002; van der Woerd et al., 2006; Behr et al., 2010). The late
Quaternary strike-slip rate along this segment of the fault is bracketed between 12 and 22
mm/yr, with a preferred rate of 14-17 mm/yr (Behr et al., 2010). During much of the
Pleistocene, the SAF did not occupy the margin of a basin, but was embedded in a
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tectonic lowland with deposition across the active fault trace (Axen and Fletcher, 1998).
Pleistocene deposits from formerly subsided parts of the basin were later uplifted within
the Mecca Hill within complex folds that illuminate the deformational history (Rymer
1991, 1994; Sylvester and Smith 1976).
1.3.1 Is the Coachella Valley segment of the SAF vertical?
Most deformation models of southern California, including those used for seismic
hazard analysis, assume that the active surface of the SAF is vertical in the Coachella
Valley (e.g. Meade and Hager, 2005; Spinler et al., 2010; Loveless and Meade, 2011;
Herbert and Cooke, 2012; Smith-Konter and Sandwell, 2009; Luo and Liu, 2012; Carena
et al., 2004; Becker et al., 2005). However, a variety of evidence has accumulated in
recent years suggesting that the active surface of the SAF in the Coachella Valley dips
between 60°-70° to the northeast (Fialko, 2006; Fuis et al., 2012; Lin et al., 2007; Lin,
2013; Lindsey and Fialko, 2013). Fuis et al. (2012) found that a 65° northeast dipping
SAF produces the best fit to magnetic gradients due to bedrock variations along a transect
through the Little San Bernardino Mountains. Because magnetic anomalies from the
basement rocks reflect deformation over a long period of time, this record reflects overall
cumulative deformation through time, and not necessarily active fault geometry today.
Data from recent microseismicity and geodesy also support non-vertical active fault
geometry (Lin et al., 2007; Fialko, 2006; Lin, 2013; Lindsey and Fialko, 2013).
Seismicity locations from Lin et al. 2007, show clusters of seismicity from 6-11 km depth
that, when projected to the surface, are offset 3-5 km to the northeast of the surface trace
of the SAF (Figure 3). The projected locations off the fault trace are well beyond the
range of uncertainty in locating methods, which suggests that the active segment of the
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SAF in this region dips to the northeast. More recent relocations are consistent with this
interpretation (Lin, 2013). Furthermore, geodetic observations from InSAR Line-of-sight
(LOS) velocities and GPS stations have identified a systematic strain rate asymmetry
across the SAF in the Coachella Valley (Fialko, 2006; Lindsey and Fialko, 2013).
Possible explanations for the asymmetry include non-vertical fault geometry and material
heterogeneity across the fault. Lindsey and Fialko (2013) determined that an
unrealistically high contrast in material properties across the fault would be needed to
explain the observed asymmetry in strain rate, and that models including a 60° northeast
dip on the SAF best match geodetic observations and provide the most feasible
explanation for the strain-rate asymmetry.

1.3.2 Deformation in the Coachella Valley
Recent studies document active northeast tilting of the southern Santa Rosa
Mountains and Coachella Valley between the SAF and SJF (Dorsey et al., 2012a; Dorsey
and Langenheim, submitted). Gravity data reveal northeastward thickening of sediments
in the Coachella Valley, suggesting increased subsidence to the northeast (Langenheim et
al., 2005, Langenheim et al., 2007). Exposure of Pliocene marine deposits at high
elevation in the southern Santa Rosa Mountains requires post-Pliocene uplift of at least
~600 m (Matti et al., 2002). Steep range front morphology, prominent fault facets, large
landslides on the faulted western flank of the Santa Rosa Mountains, and the presence of
large alluvial fans on the eastern flank record significant asymmetric tilting to the
northeast (Dorsey et al., 2012a; Dorsey and Langenheim, submitted). An abrupt
subvertical discontinuity in the thickness of subsurface sediment at the SAF, from several
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kilometers on the southwest side to <1 km on the northeast side (Fuis et al., 2012;
Langenheim et al., 2007) implies relative subsidence on the southwest side of the
Coachella Valley segment of the SAF.
Transpressional deformation and localized uplift are observed northeast of the SAF in
the Mecca HIlls (e.g. Sylvester and Smith, 1976; Rymer, 1991; Rymer, 1994; Sheridan
and Weldon, 1994). Nonmarine sedimentary rocks are exposed in a thick section that
rests nonconformably on Mesozoic and Precambrian crystalline basement rock (Dibblee,
1986, 1997; Sylvester and Smith, 1976; Boley et al., 1994). The 760-ka Bishop ash and
740-ka Thermal Canyon ash near the top of the section (Rymer, 1989, 1991, 1994), and
preliminary new paleomagnetic data (Messe et al., 2012, 2013; McNabb, 2013; McNabb
et al., 2013) provide additional constraints on depositional age. Uplift magnitude and rate
vary throughout the Mecca Hills, as indicated by variable depth of erosion into
sedimentary and basement rocks. The largest magnitude and likely rate of uplift is
observed on the southwest side of the Painted Canyon fault, where Mecca Conglomerate
(Pliocene-Pleistocene) on the southwest side is juxtaposed against Upper Palm Spring
formation (mid-late Pleistocene) on the northeast side (Boley et al., 1994; McNabb, 2013;
McNabb et al., 2013).
The trace of the SAF is neither sharply defined nor perfectly linear in this area. In
some places its exposure is marked by red clay mélange with heavily strained blocks of
sandstone containing Colorado River Sediment. A possible source for this mélange may
be the Borrego Formation (~2.9-1.2 Ma), which is not mapped in this region, but may
underlie the exposed sediments (McNabb, 2013). The exposure of the Borrego Formation
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suggests vertical transport of material up the fault, likely in conjunction with dip slip,
which can be enhanced by dipping fault geometry.

1.4 Model Setup
In this paper, we investigate the uplift pattern for three alternative configurations of
the SAF in the Coachella valley (Figure 2): vertical SAF (Model V), northeast dipping
SAF (Model D) and a combination of both a vertical SAF and an adjacent northeast
dipping structure based on the CFM 4.0 (Model H). The differences in uplift patterns
from these models will reveal the sensitivity of uplift to these variations in fault
geometry. Furthermore, the uplift patterns resulting from these models will be compared
to the overall tilt of the Coachella Valley as well as the pronounced and localized uplift
within the Mecca Hills to constrain the active fault configuration.
We use the three-dimensional Boundary Element Method (BEM) code Poly3D,
which solves the governing differential equations of deformation using continuum
mechanics (e.g. Crouch and Starfield, 1990; Thomas, 1993). Fault geometries used in the
model (Figure 4) are based on fault surfaces from the SCEC CFM, which are compiled
from geologic mapping, seismicity, and geophysical data (Plesch et al., 2007). Previous
refinements to CFM fault geometry that improve match to geologic slip rates along the
faults are included in these models (Herbert and Cooke, 2012). The three-dimensional
fault surfaces are discretized into triangles of constant slip and zero opening, and lie
within a linear-elastic and homogeneous material (Figure 4). The triangular elements of
these BEM models are particularly well suited for modeling the complex fault network of
southern California because branching and curving fault surfaces with incomplete
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intersections, such as within the CFM, can be simulated without compromising the
accuracy of the results.
Previous Poly3D models have constrained the geometry of active faulting in southern
California by comparing the model results to uplift patterns (Meigs et al., 2008; Cooke
and Dair, 2011) and fault slip rates (e.g. Marshall et al., 2008; Cooke and Dair, 2011).
BEM investigations of alternative fault configurations (e.g. Meigs et al., 2008; Griffith
and Cooke, 2004; Marshall et al., 2008; Dair and Cooke, 2009; Herbert et al, in press)
demonstrate that the three-dimensional fault geometry and connectivity exhibit first-order
effects on the distribution of deformation within these fault systems, including uplift
patterns (Meigs et al., 2008; Cooke and Dair, 2011). Consequently, changes in fault
geometry along the Coachella Valley segment of the SAF, and the inclusion of secondary
faults in Indio and Mecca Hills, may exert a substantial influence on uplift within the
region.
Our model of the southern SAF extends from the Salton Sea past the intersection with
the Garlock fault in the north and includes faults of the ECSZ and the SJF. The fault
geometry follows that used in Herbert and Cooke (2012) with one modification. In
addition to exploring a dipping Coachella segment of the SAF and adding secondary
faults within the Mecca Hills, we updated the Banning strand of the SAF to dip ~65-75
northeast. This modification increased dip-slip rates on the Banning strand by ~2 mm/yr,
with corresponding increased uplift northeast of the fault, but did not have a significant
impact on strike-slip rates. This geometry, which sub-parallels the adjacent Garnet Hill
fault follows the SCEC v. 4.0 (Nicholson et al., 2012).
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Fault surfaces are extended to the freely-slipping base of the model at 35 km depth,
which simulates distributed deformation below the seismogenic crust (Figure 4). This
avoids artificially constraining fault slip along the basal tip-line of the faults. Faults in the
model are frictionless, simulating low frictional slip over multiple earthquake cycles. The
results cannot accurately represent deformation on time scales greater than ~100,000
years due to the inelastic processes operating in the crust (e.g. microcracks, calcite
twinning, pressure solution, etc) that are important on longer time scales within folds and
are not captured by elastic modeling. Consequently, as with previous models of uplift
pattern (Meigs et al, 2008), we compare the pattern of uplift from these models to the
geologic patterns and are not concerned with matching absolute uplift rates.
We apply plate boundary velocities along the base of the models far from the
investigated faults so that the interior parts of the model base and all faults are free to slip
and interact without prescribed rates of slip (Figure 4). Subsequently, the faults slip in
response to a combination of tectonic loading and interaction with one another.
Following Herbert and Cooke (2012) tectonic loading is applied for a range of 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°-325°(e.g. DeMets et al.,
2010). These models do not include any faults west of the SJF, which are estimated to
accommodate ~5 mm/yr of the plate motion (e.g. Platt and Becker, 2010), so we subtract
this from the net velocity applied to the models. The modeled slip rates presented in this
study are averaged from models with applied tectonic loading at the fastest (45 mm/yr
applied at 320°) and slowest (40 mm/yr applied at 325°) rates. Where the SAF and SJF
extend outside the model boundaries, we apply geologic slip rates on edge patches of the
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faults. This includes a rate of 35 mm/yr applied along the central segment of the SAF at
the northern edge of the models (Weldon and Sieh, 1985). On the southeast edge of the
model, slip is partitioned between the SAF and SJF, but the appropriate partitioning of
strike-slip rate between the SAF and SJF in the Coachella Valley remains a subject of
debate. The large range in published strike-slip rates along the San Jacinto fault from 1.9
to >20 mm/yr does not yield sharp constraints on slip rate partitioning (Blisniuk et al.,
2011; Kendrick et al., 2002, Prentice et al., 1986; Rockwell, 2008; Sharp, 1981; Janecke
et al., 2010). To incorporate the uncertainty of slip partitioning between the SAF and SJF,
we vary the slip applied at the southern edge of our models from equal loading of 17.5
mm/yr on both faults, to unequal loading with 10 mm/yr on the SJF and 25 mm/yr on the
SAF at the southeast edge of the model.
To investigate the role of SAF geometry on regional deformation, we test three
models for the geometry of the Coachella Valley segment of the SAF (Figure 2): Model
V incorporates a vertical SAF, Model D incorporates a northeast dipping SAF, and
Model H incorporates a vertical SAF with an adjacent, sub-parallel dipping fault at depth,
as represented in the CFM version 4.0 (Nicholson et al., 2012). We have renamed this
dipping fault at depth the Hidden fault, from its name in the CFM as the Hidden Springs
fault, to avoid confusion with another mapped fault in the region named the Hidden
Springs fault. The geometry for the Hidden fault and secondary faults in Indio Hills and
Mecca Hills are based on fault geometries from the latest CFM 4.0 (Nicholson et al.,
2012). For Model D, the dip of the SAF varies along strike from 60-70˚, with an average
dip of ~67˚ to the northeast. Secondary faults extend from the surface to depths of 3-10
km. These faults merge at depth with the SAF in Model D, and the Hidden fault in Model
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H. In Model V the secondary faults do not intersect with the SAF at depth, and are
consequently unconnected to any larger fault. The subparallel traces of the Painted
Canyon fault and Platform fault are within 1 km of one another in some locations and
cannot be resolved separately by our mesh. For modeling purposes a region in which
these two faults are within ~1 km has been simplified into a single fault surface, with
splays to the north and northeast where the faults diverge.

1.4.1 Effect of slip rate partitioning applied to the model boundaries
To explore the impact of slip partitioning between the SAF and SJF we applied
different distributions of slip rates to the edges of these faults at the southern boundary of
our models. Herbert and Cooke (2012) found that although changes to the model-edge
slip rate have some effect on strike-slip rates nearest the model boundaries, changes to
model-edge slip rates do not impact matches to the geologic strike-slip rates near the San
Gorgonio Pass, which was the focus of that study. We use the same approach as Herbert
and Cooke (2012) and incorporate a revised fault configuration for the Coachella Valley
to assess the impact of slip partitioning along the southern model boundary on slip rates
in the Coachella Valley. The impact of boundary loading for all three fault geometries
are similar and for the sake of brevity, we show the results only for Model D, which we
later show to be our preferred model. We compare strike-slip rates for models with
loading at the southern edge of the model equally split between the SAF and SJF (17.5
mm/yr on both) and with greater strike-slip rates applied on the SAF relative to the SJF
(25 mm/yr on SAF, 10 mm/yr on SJF; Figure 5). As expected, equal loading on the
southern edges of the faults produces a greater strike-slip rate on the SJF and lower
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strike-slip rate on the SAF relative to unequal loading. Interestingly, the shapes of the slip
curves do not change significantly. The maximum increase in strike-slip rate along the
SJF within this region of ~1 mm/yr (Figure 5) is far less than the 7.5 mm/yr strike-slip
rate increase along the southern edge of the model, while the maximum decrease in
strike-slip rates along the SAF (2 mm/yr) is less than the 7.5 mm/yr decrease in boundary
loading. The lack of proportionate changes in strike-slip rates with these changes to the
applied loading demonstrates that fault geometry exerts a large control on the distribution
of strike-slip rates. Fault strands farther from the edge of the model are affected less by
the change in boundary loading than faults near the southern boundary.
The wide range of published geologic strike-slip rates for the SJF does not
provide a narrow enough constraint to prefer one loading scenario over the other. The
variations between observed slip rates likely reflect spatial variation in slip rates due to
interaction among the fault segments (Blisniuk et al, 2011). The small changes in dip-slip
rates along the faults in the model under different boundary loading (Table 1) yield
associated minor changes in uplift rates. For the sake of simplicity, and because the
resulting changes are small, the model results presented in this paper are from models
with equal strike-slip loading rates on the southern edges of the SJF and SAF.

1.5 Comparison of uplift and slip rates to geologic record
1.5.1 Sensitivity of Strike-Slip Rates to fault configuration
We compare the strike-slip rates produced by the three different structural models
to available geologic rates along the faults (e.g. Dair and Cooke, 2009; Herbert and
Cooke, 2012) (Figure 6). All three of the models produce similar strike-slip rates for the
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Garnet Hill strand, and the northern portions of the Garnet Hill and Mission Creek
strands. The models show some differences in strike-slip rate near Biskra Palms, where
the Coachella Valley segment of the SAF branches to the vertical Mission Creek and
north-dipping Banning strands. There, Model D produces greater strike-slip rate (~1
mm/yr) on the Banning strand relative to the other 2 models. These differences are due to
the different transitions from the vertical or dipping Coachella segment of the SAF to the
other fault strands in each model. All three models produce modest right-lateral strikeslip rates (<2.2 mm/yr) on secondary faults in the Indio Hills and Mecca Hills regions,
with Model H producing the greatest strike-slip rates on these faults. Model D produces
slight (up to 0.5 mm/yr) left-lateral strike-slip rate on some sections of these secondary
faults.
Both Models D and H produce slightly lower strike-slip rates on portions of the
Coachella Valley segment relative to Model V. Model H produces a strike-slip rate ~1
mm/yr lower for the section of the Coachella segment adjacent to the Hidden fault
(Figure 6, between 50-95 km on x-axis), and produces a slightly greater strike-slip rate
(<0.5 mm/yr) on the southernmost part of the strand, south of the Hidden fault. Model D
produces strike-slip rates up to ~1.5 mm/yr lower than Model V on the Coachella strand
in the Mecca Hills region. These differences are modest compared to the total strike-slip
rate accommodated on the fault, suggesting that the dip of the fault, and the presence of
the Hidden fault and secondary faults, do not substantially alter the fault’s ability to
accommodate strike-slip.
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1.5.2 Comparison of strike-slip rates with Geologic rates
To date, strike-slip rates have been measured at three sites along the SAF in the
Coachella Valley; excavated exposures at Biskra Palms (Behr et al., 2010) and offset
channels near Thousand Palm oasis (Fumal et al., 2002) and Pushawalla Canyon
(Blisniuk et al., 2012). All of our model results fall within the geologic slip-rate at Biskra
Palms of 12-22 mm/yr, with a preferred rate of 14-17 mm/yr. A new rate from Blisniuk et
al. (2012) of 17-24 mm/yr on the Mission Creek strand is much higher than these model
results. Previous geologic studies in this region of complex faulting have not found
evidence for Holocene offset on the Mission Creek strand further to the north (Yule and
Sieh, 2003), and thus this strand has been mapped in the USGS Quaternary Fault
Database as inactive northwest of Highway 62 (Figure 1; USGS, 2013). The termination
of fault activity to the north should limit strike-slip rates on the Mission Creek strand, as
seen in the model results (Figure 6). The higher rate from Blisniuk et al. (2012) on the
Mission Creek strand indicates that active faulting in this region may be more complex
than currently interpreted and further study is required to resolve these discrepancies.
Strike-slip rates along faults in the Mecca Hills are not well known. The Painted Canyon
fault has documented right-lateral offset, and other faults in the area show evidence for
right-lateral slip (Sheridan and Weldon, 1994). For the region of this study, the
geologically observed strike-slip rates cannot be used to distinguish between alternative
configurations of the SAF because the differences in strike-slip rate between the three
alternative models presented here are much smaller than the published ranges for
geologically observed slip-rates (Figure 6).
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1.5.3 Coachella Valley Uplift
The three alternative SAF structural models do not produce large differences in
strike-slip rate distribution, but they do produce distinctive dip-slip rates and uplift
patterns (Figure 7). We adjust the surface uplift rates produced by the models to account
for isostasy using a crustal flexure model of an elastic crust over a viscous mantle.
Following Cooke and Dair (2011), we use a mantle density of 4100 kg/m3, crustal density
of 2700 kg/m3, and a flexural rigidity of the crust of 2 x 1023 Pa⋅m3 for our correction.
Model V and Model H both produce relatively uniform and moderate uplift
between the SAF and SJF, contrary to observed tilting with uplift in the Santa Rosa
Mountains and relative subsidence in the Coachella Valley southwest of the SAF
(Langenheim et al., 2005; Dorsey et al., 2012a; Dorsey and Langenheim, submitted). All
of the models produce uplift on the northeast side of the Clark fault segment of the SJF
where rapid uplift is observed in the Santa Rosa Mountains (location 1 on Figure 7)
(Matti et al., 2002). Uplift on the northeast side of the SJF is enhanced in Model D
relative to the other models. Model D also produces a gradient of uplift that decreases
from southwest to northeast between the SJF and SAF, with moderate subsidence on the
SW side of the SAF (location 2 on figure 7). The uplift pattern in Model D, which has a
single active fault surface that dips to the northeast, best matches the tilting of the
Coachella Valley interpreted from increasing sediment thickness from west to east across
the Coachella Valley (Langenheim et al., 2005).
In the Mecca Hills, exposure of the late Pliocene/early Pleistocene Mecca
Conglomerate west of the Painted Canyon fault implies fast, recent uplift rates in this
region (Sylvester and Smith, 1976; McNabb, 2013; McNabb et al., 2013). In contrast to
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this observation, Model V produces relative uplift southwest of the SAF in the southern
Coachella Valley and fails to produce the uplift observed between the Painted Canyon
fault and SAF (Figure 8, location 1). Model H produces subsidence between the Painted
Canyon fault and SAF rather than the observed uplift. The only model that matches the
observed uplift between the Painted Canyon fault and SAF is Model D, which has very
rapid (2.3 mm/yr) uplift in this area. Model D also matches the northeast-side-down sense
of motion observed on the Platform fault (Sylvester and Smith, 1977; Sheridan and
Weldon, 1994; Figure 8, location 2). Of the three alternative fault configurations for the
Coachella Valley segment of the SAF, Model D with a single northeast dipping fault
surface best matches the general uplift pattern observed in the Mecca Hills.
Just to the southeast of the Mecca Hills, Durmid Hill (see Figure 1 for location) is
a region with well-documented uplift between 3-4 mm/yr (Bilham et al., 1985; Sylvester
et al., 1993). While none of the models produce uplift rates as high as 3-4 mm/yr, Model
D produces the highest rate of uplift in this region (1.24 mm/yr). Model H produces a
much smaller rate of uplift (0.38 mm/yr), and Model V does not produce appreciable
uplift. Again, Model D best matches the documented pattern of uplift.
Model D produces a notably different uplift pattern around the Blue Cut fault than
Model V or H (Figure 7). Dip-slip on the Blue Cut fault is enhanced in Model D,
producing moderate subsidence north of the fault and uplift south of the fault. In a
geodetic study of the region, Spinler et al. (2010) modeled slip rates on the Blue Cut fault
but the study is inconclusive about the magnitude and orientation of dip slip on the Blue
Cut fault.
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Another area where uplift in Model D differs from Models V and H is between
the Banning and Garnet Hill strands of the SAF, near their intersection with the
Coachella valley segment of the SAF. Models V and H both produce rapid uplift (>3
mm/yr) whereas Model D produces minor subsidence. At present, uplift rates in this
region are not well understood, and further data would be needed to distinguish if any of
the models are accurately simulating the vertical deformation here. All models reproduce
the uplift observed in the San Bernardino Mountains.

1.6 Discussion
Our models of the Coachella Valley in southern California demonstrate the
sensitivity of uplift pattern to changes in fault geometry. Outstanding questions relate to
1) why a model with a SAF that dips produces uplift while a model with a vertical SAF
does not, 2) the degree of error that vertical SAF models may incur when simulating
regional deformation, and 3) the effect of a dipping SAF on regional seismic hazard.
Why uplift of the Mecca Hills region?
The geologic observations and model results both show significant recent uplift in
the Mecca Hills. The source of this localized uplift in the model with a dipping SAF is
regional transpression along this part of the plate boundary. The Coachella Valley
segment of the SAF has an average strike of 315°, which deviates 5˚ to 10˚ from the
regional plate velocities (320-325°; DeMets et al., 2010). This tectonic loading produces
transpression on this section of the fault with 9-18% of the loading expressed as local
contraction rather than strike-slip. The maximum rate of model uplift in the Mecca Hills
is ~2.3 mm/yr, and strike-slip rates in the region average around 20 mm/yr. Since tan-
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1

(2.3/20) = 6.6°, this ratio of uplift to strike-slip rate is consistent with the expected ratio

of contraction to strike-slip resulting from 5-10° of transpressional tectonic loading on
this section of the SAF. Not all of the regional compression will be directly expressed as
uplift because various deformation mechanisms may occur in the rocks around the faults.
The obliquity of the tectonic loading induces transpression along both vertical and
dipping faults; the difference lies in how the models express the compressional
component of loading. Model D produces uplift expected in the Mecca Hills whereas
Models V and H do not. In Model D, the dip of the Coachella Valley segment allows for
the fault perpendicular compression to be accommodated by reverse-slip on the fault. By
contrast, in Model V, compression across the vertical Coachella Valley segment of the
SAF increases the normal compression across this fault but does not result in reverse-slip.
Model H displays a combination of these mechanisms for accommodating compression,
with small amounts of reverse-slip on the blind and dipping Hidden fault as well as
somewhat higher compressive stresses across the Coachella Valley segment of the SAF.
Consequently, the uplift patterns in Models V and H show broad regions of general uplift
rather than localized uplift within the Mecca Hills (Figure 7).
To rule out other sources for the localized uplift at Mecca Hills in the models, we
apply tectonic loading parallel to the Coachella Valley segment in Model D to eliminate
the compressional loading on this segment (Figure 9). This slight change in orientation of
loading has a major impact on the distribution of uplift and subsidence. Most
significantly, the sense of dip-slip on the Coachella Valley segment of the SAF changes.
The model simulating realistic plate motion (320°) produces reverse slip on the SAF and
subsequent uplift northeast of the fault. By contrast, when loading is applied parallel to
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the SAF (314°) the SAF experiences normal slip and subsidence northeast of the fault.
Consequently, the model without transpression on the SAF does not produce the
localized uplift in the Mecca Hills. The change in dip-slip sense on the SAF also
eliminates the subsidence observed southwest of the SAF. This change, in combination
with decreased uplift northeast of the SJF in the Santa Rosa Mountains in this model,
reduces the northeast tilting between the SAF and SJF that we observe in Model D under
realistic plate velocity orientations. These results demonstrate that transpression caused
by the small degree of obliquity of plate motion relative to the SAF is the driving factor
that produces the distinctive uplift patterns observed around the Coachella Valley.
These results also show that the expression of transpression strongly depends on
fault geometry. Transpression across vertical faults may be expressed as distributed
deformation rather than localized reverse slip and associated uplift. Furthermore, a small
degree of obliquity (< 20%) can result in significant localized uplift rates of 2.3 mm/yr.
The reverse slip rates are smaller than the strike-slip rates, but the accumulated uplift
facilitated by secondary faults produces a distinct uplift pattern.
Fault connectivity also influences the degree of reverse slip along the secondary
faults. The secondary faults within the Indio and Mecca Hills in the CFM 4.0 connect at
depth with the northeast dipping Hidden fault. In Model D, they merge at depth with the
dipping SAF; however the secondary faults do not intersect with the vertical SAF in
Model V. Because of this reduced connectivity, we are not surprised that Model V
produces very little dip-slip and associated localized uplift on these faults relative to
Models D and H.
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It is worthy of note that the uplift patterns within the Mecca Hills have changed
over time, with evidence for both contractional and extensional features in the area. For
example, the Painted Canyon fault experiences compression today, but stratigraphy
indicates that it was previously an extensional feature. Questions remain as to the
mechanisms by which fault structures in the Mecca Hills have formed, shut down, and
reactivated throughout evolving transtensional and transpressional regimes, and the
mechanisms by which the stresses in the area have changed over time. Future mechanical
models should explore the evolution of the fault system in this area and may shed light
onto the mechanisms that localized faulting, folding, and uplift in the Mecca Hills.

1.6.1 How wrong is the deformation in models that currently use a vertical Coachella
segment?
Our model results suggest that models using a vertical Coachella Valley segment
may produce a reasonable match to strike-slip rates in the region, but will underestimate
reverse-slip and consequent vertical deformation. Simulations of vertical deformation and
ground shaking will be substantially affected by the difference between vertical and
dipping fault geometry.
Models that use geodetic data to constrain fault activity produce slip rates for this
segment of the SAF in the range of 16.7-25 mm/yr (Spinler et al., 2010; Becker et al.,
2005, Fialko, 2006; Meade and Hager, 2005; Fay and Humphreys, 2005; Lundgren et al.,
2009). These models all implement a vertical SAF and the slip rates overlap the
geologically constrained rate at Biskra Palms of 12-22 mm/yr. In a recent study exploring
the impact of the dip of the SAF, Lindsey and Fialko (2013) saw that a northeast dipping
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SAF produces best fit to InSAR data with slower strike-slip rate on the Coachella Valley
segment of the SAF than the vertical SAF (19 versus 25mm/yr). Because the Lindsey
and Fialko (2013) analysis uses line of sight from InSAR in addition to GPS, the
comparison includes a vertical component of deformation, which is an expression of the
local compression. As a result, Lindsey and Fialko (2013) find that the dipping SAF
produces better match to the InSAR data than the vertical alternative. These results
confirm our analysis that inclusion of vertical motion gives a more complete
understanding of fault slip rates and deformation along the San Andreas fault system.
Although models with vertical SAF can produce reasonable strike-slip rates, these models
will miss a significant portion of the deformation.

1.6.2 How does fault geometry affect seismic hazard?
A dipping Coachella segment of the SAF has greater surface area within the
seismogenic crust than a vertical SAF, enhancing the magnitude of potential earthquakes
along this segment of the fault. The Shakeout scenario simulated a rupture on this section
of the fault down to 11.1 km, from Biskra Palms to Bombay Beach, a 69.22 km trace
length (Jones et al., 2008). The change from a vertical fault to one that dips 65° yields a
10.3% increase in the surface area of the fault, yielding a proportionate increase in the
seismic moment (Spence et al., 1989). In addition, strike-slip rupture along dipping fault
surfaces produce different ground shaking than strike-slip rupture along vertical faults
(e.g. Oglesby et al., 2000; Fuis et al., 2013). For example, Fuis et al. (2013) simulated a
probable rupture on a dipping Coachella Valley segment of the SAF and found that
ground shaking increased by as much as a factor of 2 in the hanging wall, and decreased
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by the same amount in the footwall. This result means that earthquake hazard for
population centers in the Coachella Valley may be lower than previous assessments
would suggest. To-date, large-scale efforts to characterize seismic hazard in Southern
California have assumed vertical fault geometry (Jones et al., 2008; Working Group on
California Earthquake Probabilities, 2008) and thus may be misrepresenting the hazard
posed by rupture on this section of the fault.

1.7 Conclusions
We simulate deformation on alternative fault configurations for the Coachella
Valley segment of the SAF. Varying the dip of the fault in three-dimensional mechanical
models does not produce significantly different distributions of strike-slip rates that could
give preference to one model over another based on currently available geologic rates.
However, the alternative fault configurations produce significant variability in uplift
patterns. Model D, which includes a northeast dipping Coachella Valley segment,
produces a substantially better match to patterns of uplift, subsidence, and tilting between
the SAF and SJF, and localized uplift in the Mecca Hills. The models of the southern
SAF demonstrate that a Coachella Valley segment with a 60-70° NE dip is a
mechanically viable geometric interpretation of the active fault surface. The fault
structures in Model D agree with distributions of local seismicity, and are consistent with
geodetic observations of recent strain. Crustal deformation models that neglect the
northeast dip of the San Andreas fault in the Coachella Valley will not replicate the
significant vertical motions in the region and therefore inaccurately estimate seismic
hazard.
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Table 1. Weighted Average Dip Slip rates (negative values are reverse slip, or east-side
up for vertical faults) with standard deviation of spatial variability for models with equal
(SAF=SJF)* and unequal (SAF > SJF)* partitioning of slip southern boundary of model.
Fault

SAF > SJF*
Dip slip
(mm/yr)

SAF = SJF*
Dip slip
(mm/yr)

San Jacinto fault
0.26 ± 0.03 0.31 ±0.03
San Jacinto Valley
-0.47 ± 0.03 -0.47 ±0.03
Anza/Clark
-0.14 ± 0.02 -0.11 ±0.03
Coyote Creek
San Andreas fault
-2.06 ± 0.11 -2.02 ±0.11
San Bernardino
-2.41 ±0.15 -2.24 ±0.15
San Gorgonio Pass
-0.49 ±0.11 -0.56 ±0.10
Banning
-1.66 ±0.13 -1.58 ±0.12
Garnet Hill
0.10 ±0.13
0.11 ±0.12
Mission Creek
-0.64 ±0.06 -0.47 ±0.06
Coachella Valley
Secondary faults in Mecca Hills
0.59 ±0.25
0.54 ±0.22
Indio Hills
0.43 ±0.06
0.37 ±0.05
Berdoo Canyon
1.30 ±0.11
1.36 ±0.11
Painted Canyon
0.28 ±0.05
0.31 ±0.06
Platform
-0.43 ±0.05 -0.44 ±0.05
Hidden Springs
*SAF = SJF denotes 17.55 mm/yr of slip on each fault at the model boundary. SAF > SJF
denotes 25 mm/yr on the SAF, and 10 mm/yr on the SJF at the model boundary.
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Figure 1. Simplified geologic map of the Coachella Valley region (compiled from
Jennings, 1977; Matti et al., 1992; Powell, 1993; Axen & Fletcher, 1998; Janecke et al.,
2010), with faults shown in black and highways in red. Inset shows location within
southwestern North America. Abbreviations: BSZ, Brawley seismic zone; CCF, Coyote
Creek fault; CF, Clark fault; CPF, Cerro Prieto fault; DH, Durmid Hill; EFZ, Extra fault
zone; GF, Garlock fault; IH, Indio Hills; MH, Mecca Hills; PCF, Painted Canyon fault;
PMF, Pinto Mountain fault; SAF, San Andreas fault (-bs, Banning strand; -cv, Coachella
Valley segment; -ghs, Garnet Hill strand; -ms, Mill Creek strand; -mcs, Mission Creek
strand; -sb, San Bernardino segment); SJF, San Jacinto fault; SRF, Santa Rosa fault.
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HSF

HSF

HSF

Figure 2. Three models for the geometry of the Coachella Valley segment of the San
Andreas fault used in this study. Line of NE-SW cross-section is shown in Figure 1.
Black dots are seismicity cross-sections from Lin et al. (2007). Black dashes at surface
represent the location of the surface traces of San Andreas fault and Hidden Springs fault
(HSF).
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Figure 3. Geologic map of Mecca Hills (location noted on Figure 1), compiled from
Sylvester and Smith (1976), Rymer (1991, 1994), Weldon (unpubl. map data), and
McNabb (2013). Abbreviations: ECF, Eagle Canyon fault; HSF, Hidden Springs fault;
PCF, Painted Canyon fault; PF, Platform fault; SAF, San Andreas fault; SCF, Skeleton
Canyon fault.
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Figure 4. Oblique view of the model setup and fault surfaces. Faults are discretized into
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Creek section of San Jacinto fault (SJF). Half the plate motion (v) is applied to the
southwest and northeast edges of the base of the model, at 35 km depth. Applied plate
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southeast edges as indicated by arrows. Where faults extend outside the boundary of the
model, we prescribe slip rates along edge faults.
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the southern edge of the model. Dashed lines represent results from models with 25
mm/yr applied to the SAF and 10 mm/yr to the SJF at the edge of the model; solid lines
represent results from models with 17.5 mm/yr applied to both the SAF and SJF. Vertical
bars represent geologic strike-slip rates. 1- Blisniuk et al., 2012; 2- Fumal et al., 2002; 3Behr et al., 2010; 4- Rockwell, 2008; 5,13- Sharp, 1981; 6,7,8,9,10,12- Blisniuk et al.,
2011; 11- Janecke et al., 2010.
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Figure 7. Contoured uplift rates in the Coachella Valley region, corrected for isostasy. (a)
Model V produces relatively uniform uplift between the SAF and SJF (1,2), as well as
drop-down on the NE side of the SAF in the Mecca Hills region (3). (b) Model D
matches the tilting pattern observed by producing enhanced uplift on the NE side of the
Clark fault segment of the SJF (1) and decreasing uplift eastward across the valley (2).
Model D also produces localized uplift on the NE side of the SAF in the Mecca Hills
region (3). (c) Model H produces the similar uniform uplift between the SAF and SJF as
Model V (1,2), and enhanced subsidence on the NE side of the SAF (3). Dashed line
indicates position of ‘Hidden’ fault at depth. Boxes outline Mecca Hills region explored
in Figure 9. SAF - San Andreas fault; SJF - San Jacinto fault; BCF - Blue Cut fault.
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Figure 8. Contoured uplift rates in the Mecca Hills region corrected for isostasy. (a)
Model V does not produces uplift SW of the Painted Canyon Fault (PCF). (b) Model D
produces significant localized uplift in the Mecca Hills on the SW side of the PCF,
matching the geologically observed uplift pattern in the region. (c) Model H produces
subsidence between the PCF and SAF, contrary to geologic observations. Dashed line
indicates position of ‘Hidden’ fault at depth. SAF - San Andreas fault; PCF - Painted
Canyon fault; PF - Platform fault; HSF - Hidden Springs fault.
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Figure 9. Contoured uplift rates in the Coachella Valley region for preferred Model D,
corrected for isostasy. a) Uplift rates obtained from tectonic loading applied at 314°, subparallel to the average trace of the Coachella Valley segment of the SAF and b) tectonic
loading applied at 320°, true to observation of relative plate motion between Pacific and
North American plates.
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CHAPTER 2
MECHANICAL INSIGHTS INTO TECTONIC REORGANIZATION OF THE
SOUTHERN SAN ANDREAS FAULT SYSTEM SINCE CA. 1.5 MA

2.1 Abstract
Between ~1.5 -1.1 Ma, the southern San Andreas fault system underwent a major
reorganization that included initiation of the San Jacinto fault and termination of slip on
the extensional West Salton detachment fault during a local change from transtension to
transpression, with no known change in relative plate motion. The southern San Andreas
fault itself has also evolved since this time, with several changes to the active trace of the
fault within San Gorgonio Pass. While the geologic record reveals these changes,
mechanisms that controlled abandonment of active faults, initiation of new strands, and
shifting loci of uplift are incompletely understood. We use three-dimensional mechanical
Boundary Element Method models to investigate these changes to the fault network.
A series of snapshot models of the succession of active fault geometries explore
the role of fault interaction and tectonic loading in abandonment of the West Salton
detachment fault, initiation of the San Jacinto fault, and changes to the trace of San
Andreas fault. We assess the viability of our models by comparison with uplift patterns
inferred from the stratigraphic record. Interpreted changes to uplift patterns are well
matched by models, and affirm ideas about the role of the San Jacinto fault in changing
uplift rates. Results for vertical axis rotation are compared to data from paleomagnetism
studies. We explore mechanical efficiency at each step in the evolution using calculations
of tectonic work. Strain energy density patterns are used to identify regions of incipient
faulting, supporting north-to-south propagation of the San Jacinto fault.
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2.2 Introduction
The Pacific-North American plate boundary in southern California is composed of
an intricate network of faults with a complex late Cenozoic history (Figure 10)(e.g.
Powell, 1993). Shear displacement such as that between the Pacific and North American
plates is most efficiently accommodated by straight vertical faults like the CholameCarrizo segment of the San Andreas fault. However, in more complex regions, like the
San Gorgonio knot, heterogeneity and complexity form a feedback loop as the fault
system evolves. Localized stresses shift, fault bends accentuate, new faults rupture, with
all of this resulting in complex active fault network geometry. Geologic studies of fault
evolution illuminate this rich history of changes to the fault system. Since ~1.5 Ma, a
major shift in fault style occurred with the cessation of extension on the West Salton
detachment fault and the initiation of the San Jacinto and Elsinore faults, which
accommodate dextral offset to the west of the San Andreas fault (Figure 11) (e.g. Kirby
et al., 2007; Shirvell et al., 2009; Dorsey et al., 2012a). Three-dimensional mechanical
models offer a tool to understand the interaction of fault geometry, tectonic loading, and
deformation, to both strengthen our understanding of the geologic history as well as
illuminate mechanisms driving changes to the fault system.
In this study we explore a series of models simulating deformation at snapshots in
time through the evolution of the San Andreas fault in southern California since ~1.5 Ma
(Figure 12). Fault geometry through time is approximated using reconstructions of paleofault traces, incorporating evidence from a variety of geologic studies constraining the
duration and magnitude of active slip on various structures within our study area (Matti et
al., 1002; Morton and Matti, 1993; Dorsey et al., 2012b). A previous study by Cooke and
Dair (2011) used a series of models to explore changes to uplift/subsidence patterns, slip
rate, and the efficiency of the fault system through the San Gorgonio knot as active fault
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geometry changed over the past ~1 Ma. This study expands on that work by both utilizing
more refined fault geometry (Herbert and Cooke, 2012; Fattaruso et al., In review) and by
incorporating an earlier major change in fault configuration in the region: the shift from
extension accommodated on the West Salton detachment fault to dextral deformation on
the San Jacinto fault.
Like Cooke and Dair (2011), we use slip rates, uplift/subsidence patterns, and
mechanical efficiency to improve our understanding of the mechanisms that drive
changes to fault geometry, and the mechanical implications of those changes. We also
investigate model results for tectonic work, strain energy density distributions, and
vertical axis rotation rates. Comparing tectonic work between 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. Vertical axis
rotation rates can be compared to rates measured from paleomagnetism studies in several
regions within our study area.

2.3 Geologic Background
2.3.1 Evolution of active fault system—WSDF to present day
We examine the southern San Andreas fault system from its southernmost extent,
the Coachella segment in the Salton trough, to the Mojave section adjacent to the San
Gabriel Mountains to the north. The Salton trough is the northernmost extent of the Gulf
Extensional Province (Figure 10), the oblique rift system centered around rifting in the
Gulf of California, which transitions to the north into the dextral strike-slip of the San
Andreas (Gastil et al., 1975; Shirvell et al., 2009). Extension began in the Gulf
Extensional Province ~12 Ma with the end of subduction at the SW margin of Baja and
the increase of Pacific plate velocity relative to North America from ~ 33 mm/yr to ~52
mm/yr (Atwater, 1989; Atwater and Stock, 1998). Around 8 Ma, relative motion between
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the Pacific and North American plates rotated 15 degrees clockwise, enhancing the
dextral component of transtension between the two plates (Atwater and Stock, 1998). By
~5.5 Ma dextral strike-slip dominated the Gulf Extensional Province, beginning the
period of transtension we see today (Shirvell et al., 2009).
Late Miocene to early Pleistocene transtension in the Salton trough was
accommodated by top-to-east extension on the West Salton detachment fault and dextral
strike-slip on the San Andreas fault (Figure 11a)(Axen and Fletcher, 1998).
Thermobarometry studies estimate that 8-10 km of horizontal extension were
accommodated by the detachment fault over its active lifespan (Shirvell et al., 2009). The
detachment may have been active as early as ~12 Ma, but a shift to rapid exhumation in
the footwall is well documented at ~5.3 Ma, lasting until ~2 Ma (Shirvell et al., 2009).
Between ~1.5-1.1 Ma, a poorly understood change in local stresses shifted extension
further south, causing dextral strike-slip to prevail in the northern Salton trough (Figure
11b).
This shift is seen in the abandonment of the West Salton detachment fault (~1.31.1 Ma) and the corresponding initiation of the subparallel San Jacinto (~1.5-1.3 Ma in
the north) and Elsinore fault systems(~1.2+/- 0.1 Ma), which accommodate significant
dextral strike-slip offset to the west of the San Andreas (Figure 11b)(Lutz et al., 2006;
Kirby et al., 2007; Steely et al., 2009; Janecke et al., 2010; Matti and Morton, 1993; Matti
and Morton, 1993). Earlier ages for initiation of the San Jacinto fault in the north of ~1.5
Ma suggest that the fault may have initiated in the North and propagated southeast (Matti
and Morton, 1993; Morton and Matti, 1993; Dorsey et al., 2012b). Estimates that suggest
the San Jacinto and Elsinore faults initiated earlier (ca. 2-3 Ma) rely on extrapolation of
slip rates back in time (e.g. Sharp, 1981; Rockwell et al., 1990; Blisniuk et al., 2010) and
are less reliable than geologic and stratigraphic evidence that date the initiation later
(Morton and Matti, 1993; Lutz et al., 2006; Kirby et al., 2007; Steely et al., 2009; Janecke
et al., 2010; Dorsey et al., 2012b). Since shutting off activity ~1 Ma, the West Salton
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detachment fault has been dissected and offset by these strike-slip fault systems (Dorsey
et al., 2012b).
Today, active strike-slip plate motion in southern California is partitioned among
many faults, with the San Andreas and San Jacinto faults taking up the majority of
displacement (Figure 10). The San Jacinto fault consists of several subparallel, relatively
straight NW-SE striking segments. The geometry of the San Andreas fault is complex
through the San Gorgonio knot, the region connecting the straight San Bernardino
segment in the NW to the also fairly linear Coachella segment in the SE (Figure 10). The
active trace of the San Andreas fault through the San Gorgonio knot has shifted multiple
times throughout the Pleistocene (Matti and Morton, 1993; Yule and Sieh, 2003).
The Mission Creek strand of the San Andreas fault was the dominant strand
through most of the Pliocene. This north-dipping strand forms a sharply curved, steeply
dipping (60-70°) restraining bend, possibly formed over time by interaction with the leftlateral Pinto Mountain fault to the east (Matti and Morton, 1993). The formation and
accentuation of this restraining bend between ~2.5-1.2 Ma may have driven the initiation
of the San Jacinto fault (Matti and Morton, 1993). ~500 ky the Mission Creek strand was
abandoned in favor of the straighter, vertical Mill Creek strand of the SAF (Matti and
Morton, 1993). From 500 ky to ~100 ky the Mill Creek strand accommodated 8 km of
dextral offset (Kendrick et al., 2010). Activity shifted ~100 ky 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 northern section near
the San Bernardino segment. Additionally, during the Quaternary, subsequent to the shift
from Mission Creek to Mill Creek strand geometry, the sawtooth-shaped San Gorgonio
Pass Thrust fault formed to accommodate significant contraction and uplift caused by the
restraining bend to the north (Figure 10) (Matti and Morton, 1993).
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2.3.2 Geologic evidence for comparison to model uplift/subsidence patterns
A variety of geologic evidence is available for comparison to modeled uplift and
subsidence patterns within our study region. During active extension on the West Salton
detachment fault, a large basin formed in the hanging wall of the WSDF and spanned
across the Salton trough, with subsidence and deposition of nonmarine sediment as well
as marine sediment in a larger Salton Sea-like body of water, the Borrego Lake (Figure
12)(Dorsey et al., 2012b). This extension lasted several million years and was likely
accompanied by significant thinning and rupture of the crust. The cessation of subsidence
associated with extension on the WSDF is evident in the Mecca Hills NE of the
Coachella Valley segment of the SAF. In this region, sediments record a ~1.5-1 Ma shift
from deposition to uplift, corresponding to the end of extension on the WSDF and
initiation of the San Jacinto fault (McNabb, 2013).
The initiation of the San Jacinto fault had repercussions for uplift and subsidence
in several key regions in this region. A rapid acceleration of uplift in the eastern San
Gabriel Mountains is linked to the initiation and acceleration of slip on the SJF (Morton
and Matti, 1993). The formation of the San Bernardino basin between the SAF and SJF,
north of the Crafton Hills fault is also dated to correspond with the initiation of the SJF.
The San Timoteo Badlands, just south of the Crafton Hills fault, record a high rate of
deposition for several million years up until the initiation of the SJF, at which point
subsidence halted and inversion of the basin led to exposure of nonmarine sedimentary
deposits (Hehn et al., 1996). Today, ongoing uplift is observed on the eastern flank of the
SJF in the Santa Rosa Mountains (Dorsey and Langenheim, submitted).
Significant rapid uplift of the San Bernardino Mountains took place during times
of activity along the Mission Creek strand of the SAF, with a subsequent reduction of
uplift rate with the shift of slip to straighter and more vertical structures through the San
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Gorgonio knot (e.g. Matti et al., 1992; Binnie et al., 2008; Spotila et al., 2001).
Additionally, asymmetrical subsidence is recorded in the sediments of the Coachella
Valley, with increasing sediment thickness moving east across the valley towards the
SAF, indicating active subsidence on the western flank of the Coachella Valley segment
of the SAF (Langenheim et al., 2007; Dorsey and Langenheim, submitted). These
observations provide first-order uplift and subsidence patterns for comparison to our suite
of models.

2.4 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
Community Fault Model (SCEC CFM), which are compiled from geologic mapping,
seismicity, and geophysical data (Plesch et al., 2007). Refinements to CFM 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., In Review).
The three-dimensional fault surfaces are discretized into triangular elements of
constant slip and opening within a linear-elastic and homogeneous material (Figure 13).
The triangular elements of these BEM models are particularly well suited for modeling
the complex fault network of southern California because branching and curving fault
surfaces with incomplete intersections can be simulated without compromising the
accuracy of the results. The elastic nature of the host rock limits the simulation of longterm strain accumulation. The results do not accurately represent deformation on time
scales greater than ~100,000 years. Over longer timescales, inelastic processes operate in
the crust (e.g., propagation of faults, microcracks, calcite twinning, pressure solution, etc)
that are not captured by elastic modeling. Rather than simulating the continuous
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development of the fault system, we simulate snapshots of deformation at key stages in
the evolution of the fault system (Figure 12). As with previous models of uplift pattern
(Meigs et al, 2008; Fattaruso et al., In Review), we compare the pattern of uplift from
these models to the geologic patterns and are not concerned with matching absolute uplift
rates.
Previous Poly3D models have constrained the geometry of active faulting in southern
California by comparing the model results to uplift patterns (Meigs et al., 2008; Cooke
and Dair, 2011) and fault slip rates (e.g. Marshall et al., 2008; Cooke and Dair, 2011).
BEM investigations of alternative fault configurations (e.g. Meigs et al., 2008; Griffith
and Cooke, 2004; Marshall et al., 2008; Dair and Cooke, 2009; Herbert et al, 2014)
demonstrate that the three-dimensional fault geometry and connectivity exhibit first-order
effects on the partitioning of deformation within these fault systems, including uplift and
strain energy density (SED) patterns (Meigs et al., 2008; Cooke and Dair, 2011; Griffith
and Cooke, 2004). Consequently, changes in fault geometry through time should exert a
substantial influence on uplift and SED patterns within the region.
The fault model of southern CA extends from the Salton Sea past the intersection
with the Garlock fault in the north and includes faults of the ECSZ and the SJF. The
geometry for the evolution of faults through the San Gorgonio Pass follows Cooke and
Dair (2011). The geometry for the West Salton detachment is extrapolated from maps and
cross-sections reconstructing the geometry of the fault (Dorsey et al., 2012b). We extend
the detachment >30 km east of the San Andreas to simulate crustal extension on the
listric detachmentent that shallows into the base of the seismogenic crust at between 9-12
km depths. All other fault surfaces are extended to the freely-slipping base of the model
at 35 km depth to simulate distributed deformation below the seismogenic crust (Figure
13). This avoids artificially constraining fault slip along the basal tip-line of the faults.
Faults in the model are frictionless, simulating low frictional slip over multiple
earthquake cycles.
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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 (Figure 13). Consequently, faults slip in
response to a combination of tectonic loading and interaction with one another.
Following Herbert and Cooke (2012) we tested tectonic loading for a range of 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°-325°(e.g. DeMets et al.,
2010). For the simplicity of presenting results, and because variations in tectonic loading
do not significantly affect first-order uplift patterns (Herbert and Cooke 2012), we
present models with tectonic loading of 50 mm/yr at 320°. These models do not include
any faults west of the SJF, which are estimated to accommodate ~5 mm/yr of the plate
motion (e.g. Platt and Becker, 2010), so we subtract this from the net velocity applied to
the models.
Where the SAF and SJF extend outside the model boundaries, we apply geologic
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 SJF, all 35 mm/yr is
applied to the SAF at the southeast edge of the model. For models with San Jacinto and
San Andreas faults, slip is partitioned on the southeast edge of the model between the
faults equally. Fattaruso et al. (In Review) and Herbert and Cooke (2012) demonstrated
that partitioning of slip on the San Jacinto and San Andreas faults at the southern edge of
the model has little impact north of the Salton Sea. We also prescribed 5 mm/yr of
normal dip-slip at the far basal edges of the West Salton detachment fault to simulate
processes at depth that drive this low angle detachment, and prevent the connection of the
WSDF to the SAF in the model from having a clamping effect on slip along the WSDF.
The location and shape of faults, and the location of landforms shift with ongoing
strike-slip along faults. Precisely re-locating and reconstructing previous fault geometries
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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 models allow us to understand the
mechanical interaction of faults in reasonable reconstructed configurations. From this we
can identify regions in which models appear to match 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.
There is no evidence to support a change in relative plate boundary motion between
the present day and ~2 Ma when the WSDF was active, so the extension associated with
the detachment fault must have been due to local extension within the transition from
strike-slip faulting in the north to rifting to the south in the Gulf of California. The
extension localized on the WSDF from ~7-2 Ma shifts southward in the present day to
the southern Salton Trough and Brawley seismic zone, transitioning into rifting further
south in the Gulf of California (Shirvell et al., 2009). Because we do not have relative
plate motion to constrain the extension rate, we apply reasonable extension rates based on
geodetic observations of extension rates at modern analogs to this system. Modern rifts
have a wide range of extension rates, with an extension rate of 11 mm/yr across the
southern Salton trough (Crowell et al., 2013), up to as high as 30 mm/yr of extension in
western Turkey (Aktug et al., 2009). We superpose 20 mm/yr of East-West extension
onto the strike-slip tectonic boundary velocities. With this boundary loading, we match
surface dip-slip rates on the West Salton Detachment fault to slip rates constrained by
Shirvell et al. (2009), who found rates of 2.3-5 mm/yr of dip-slip between 7-2 Ma, during
the period of active extensional slip on the WSDF. Our model produces a maximum
surface dip-slip rate of 4.2 mm/yr and an average of 2.9 ± 0.7 mm/yr.

2.4.1 Isostatic Adjustment
We adjust the surface uplift rates produced by the models to account for isostasy
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using a crustal flexure model of an elastic crust over a viscous mantle. Following Cooke
and Dair (2011), we use a mantle density of 4100 kg/m^3, crustal density of 2700
kg/m^3, and a flexural rigidity of the crust of 2 x 10^23 Pa×m3 for our correction.

2.4.2 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 stresses times the strains in
each direction:
V0=1/2(σxxεxx+ σyyεyy+ σzzεzz+2σxyεxy+ 2σyzεyz+ 2σxzεxz)

(1)

This value, V0, work per unit volume (Timoshenko and Goodier, 1934), is the SED,
and can be mapped at selected horizontal slices through the model. While SED measures
elastic strain, regions of higher elastic strain are also likely to undergo more inelastic
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). We
explore distributions of SED at depths of 8 km, just above the base of the seismogenic
crust in this region.
SED values can be very high near the edges of dislocation elements that comprise the
faults as an artifact of the discretization and do not necessarily represent regions of high
SED. Concentrated stresses at fault tips and kinks are expected, but the discretization of
the fault into elements of uniform displacement means that artificial concentrations of
stress arise along the fault and away from kinks and terminations. For this reason we
filter out high values of SED (>60 microPa) and perform an 8 km square moving average
filter to highlight regions of overall high or low SED. These artifacts depend on element
size, and so regions larger than element size are not artifacts and reflect actual
concentrations of strain (Olson and Cooke, 2005).
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2.5 Results
2.5.1 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 is intuitive for comparison to evidence from the stratigraphic record, but
also means that results from models with the greatest uncertainty are presented first.
In models with transtensional boundary conditions applied to the West Salton
detachment fault (Figure 14a), we expect to see a large basin form between the WSDF
and SAF (Dorsey et al., 2012b; Dorsey and Langenheim, In review). We observe basin
formation to the east of both the WSDF and SAF, however, a lobe of uplift between the
faults contradicts the expectation that extension along the WSDF will produce subsidence
across the entire hanging wall (Location 1, Figure 14a). The lobe of anomalous uplift is
likely due to the timescale of extension, crustal thinning, and subsidence. Elastic models
simulate deformation well on the scale of multiple earthquake cycles. However, crustal
thinning and subsidence between the WSDF and SAF took place over several million
years (>5 Ma), and involved repeated formation of normal splay faults now buried in the
deep basins of the hangingwall, as observed in geophysical subsurface imaging of the
Salton Sea (Dorsey et al., 2012b). Rupture of new fault surfaces is not included in our
elastic simulations, and this limitation results in the incorrect uplift pattern. We test the
impact splaying normal faults branching from the floor of the detachment fault have on
uplift patterns with two additional models including splay faults (Figure 15). We see that
the addition of one (Figure 15a) or two (Figure 15b) shallow NE dipping (30°) splay
faults interrupts the lobe of uplift, with the splay faults accommodating normal slip and
enhancing subsidence between the WSDF and SAF.
In the Mecca Hills (Location 2, Figure 14a) the local shift from transtension to
dextral deformation (Figure 14a-d) is recorded in a shift from normal slip on the Painted
Canyon fault inferred from deposition of the Mecca Conglomerate on its SW flank, to
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reverse slip and uplift of the crust between the Painted Canyon fault and SAF. This shift
in activity of the Painted Canyon fault is matched by our model results for snapshots of
the shift from transtensionial to dextral loading (Figure 14a-b).
Rapid uplift of the San Bernardino Mountains interpreted since ~1.8 Ma north of
the Mission Creek strand of the SAF (Spotila et al., 2001) is well matched by models
(location 3, Figure 14a-c). The intensity of deformation through the San Gorgonio knot at
this time is identified as a contributing factor to the initiation of the San Jacinto fault
(Matti and Morton, 1993; Morton and Matti, 1993). Our models show a reduction of
uplift in the San Bernardino Mountains (from rates between 3-6 mm/yr down to 2-4
mm/yr) with the introduction of the full length of the San Jacinto fault (location 3, Figure
14d), indicating that slip on the San Jacinto channels deformation away from the San
Bernardino Mountains, although uplift rates are still relatively high here. The change of
fault geometry from the Mission Creek to Mill creek fault (Figure 14d-e) is accompanied
by another reduction of uplift rate, by a 1-2 mm/yr, in the San Bernardino Mountains,
consistent with decreased exhumation rates for this region (Spotila. et al., 2001).
Several changes in deposition/uplift patterns are linked to the initiation of the San
Jacinto fault. Model uplift patterns match an observed acceleration in uplift rates in the
San Gabriel Mountains with onset of slip on the SJF (DiBiase, 2011) (location 4, Figure
14b-d). Accommodation space for deposition in the San Bernardino basin is enhanced
with the initiation and full introduction of the SJF (location 5, Figure 14c-d), matching
geologic observation (Morton and Matti, 1993). We do not observe a full inversion of the
San Timoteo basin (Kendrick et al., 2002) (location 6, Figure 14b-e), but subsidence of
that basin is significantly reduced during the period of active slip on the Mill Creek
strand of the SAF and development of the San Gorgonio thrust fault through the San
Gorgonio knot (Figure 14e).
Previous modeling studies have demonstrated that models of the present day
match uplift patterns between the SAF and SJF well when incorporating NE-dipping fault
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geometry for the Coachella Valley segment of the SAF (Fattaruso et al., In review). Thus,
it is not surprising that our present day models are a good match to both rapid uplift in the
Santa Rosa Mountains (location 8, Figure 14f), as well as asymmetric subsidence across
the Coachella Valley location 7, Figure 14f) with the highest rate of subsidence and
deposition on the western flank of the SAF.

2.5.2 Work/Efficiency
The overall mechanical efficiency of the fault system is a valuable parameter to
explore when examining an evolving fault system, as it provides insight into whether
changes are driven by movement towards a more efficient fault configuration, or if other
mechanisms must be invoked to explain the changes. One method for evaluating
efficiency is the external tectonic work applied to a system, as more efficient systems will
require less work to deform. External 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 applied to the system is all converted to
internal deformation, as frictional heating, gravity, seismic energy, and fault propagation
are not included in these simulations. Internal work provides insight into the efficiency of
fault system because this deformation accounts for the majority of work in crustal fault
systems (Del Castello and Cooke, 2007; Marshall et al. 2010). We are able to integrate
the tectonic work on the model boundaries to calculate the total work required to deform
different geometric configurations. In less efficient systems, more force is required to
achieve the same boundary displacements resulting in greater tectonic work.
Due to the work necessary to grow new fault surfaces, 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, leading to incipient
faulting (Cooke and Murphy, 2004; Cooke and Madden, 2014). For this reason, when we
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see one fault strand abandoned for another, we expect that the new fault geometry has
greater mechanical efficiency. Such transitions are documented in accretionary systems
(e.g. Del Castello and Cooke, 2007). Heterogeneity of the crust -- the presence of
significantly stronger blocks of crust, or the presence of pre-existing weaknesses -provide possible explanations for scenarios where this is not the case.
The total work to deform the system in our models is integrated from work along
the sections of the model at the far edges where tectonic slip rates are applied (Figure 16).
Transitions within the mechanical evolution are abrupt because we only model snapshots
in time, and cannot capture the evolution of efficiency resulting from continuous changes
to fault geometry. Tectonic velocities are the same for all but the earliest transtensional
model. In order to compare this model to the others, we adjust the tectonic work of this
model to account for the increased displacements applied to the model boundaries.
Comparing the two boundary conditions, the displacement x fault area on the faults
driving the models for the 5 dextral models are ~85% of the displacement x fault area at
the edges of the transtensional model. The total net work on this model is ~11 TJ (Figure
16, dashed line), and ~9.3 TJ (Figure 16, solid line) after being adjusted for comparison
to the other models. The adjusted value of ~9.3 TJ is still significantly greater than any
models with dextral loading. This indicates that this fault configuration does not
accommodate extension as efficiently as it accommodates dextral slip. Efficiency
increases significantly for the WSDF model with dextral strike-slip boundary
displacements. Surprisingly, only a slight increase in mechanical efficiency (~4 GJ/yr
decrease in tectonic work) corresponds to the removal of the WSDF and initiation of the
northern section of the SJF. Efficiency increases more (~122 GJ/yr) with the addition of
the full extent of the SJF.
The change in mechanical efficiency between the Mission Creek and Mill Creek
geometries is pronounced (~932 GJ/yr), consistent with previous studies (Cooke and
Dair, 2011). From the results of Cooke and Dair (2011) we expect the transition from the
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Mill Creek geometry to the present day we expect to show a decrease in efficiency as the
system transitions to a more complex fault configuration. We do see this, but the ~8
GJ/yr change is smaller than the ~23 GJ/yr increase with the Cooke and Dair (2011)
models. Improvements to fault geometry since their study in 2011, such as using a
dipping geometry for the Banning strand of the SAF, have reduced the difference in
model efficiency between the Mission Creek time and present day models. The north dip
of the Banning strand may facilitate uplift more readily 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.

2.5.3 Strain Energy Density
While applied tectonic work provides a measure of the overall efficiency of each
snapshot model, SED allows us to explore the spatial distribution of deformation to see
which regions in our study area are more or less efficient, and how this changes between
models of different time periods. Regions with high SED are regions where deformation
is not accommodated efficiently by the faults in the model, and regions with low SED
reflect greater efficiency.
For our first snapshot-- the WSDF model with transtensional boundary loading
(Figure 14g), a large region of high SED extends for tens of kilometers in each direction
around the Mission Creek fault. This matches the expectation that there will be high
strain around a restraining bend within a strike-slip system. SED is also high in the region
where the northern portion of the SJF later grows (dashed line, Figure 14g). SED is much
lower in regions encompassing the future position of the southern portions of the SJF.
This supports the scenario that the SJF initiated in the north, as faults are more likely to
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grow in regions of high SED. SED is also very high within the Coachella Valley, SW of
the secondary faults in the Indio and Mecca Hills.
As we change the loading on this same fault configuration from transtension to
strike-slip (Figure 14h), the distribution of SED changes slightly. SED increases slightly
in the ECSZ (between 2-10 microPa/yr increase), while net strike-slip across the ECSZ
faults decreases (Table 2). This indicates that the faults in the ECSZ accommodate
tectonic transtensional loading as slip along fault surfaces more efficiently than they do
under dextral tectonic loading. Under dextral tectonic loading, more deformation takes
place off the faults. SED remains high in the region of the northern tip of the SJF with
dextral tectonic loading, but decreases to the SW of the Mecca Hills.
As we move to our next snapshot in time (Figure 14i), we now have removed the
WSDF from the model and introduced the northernmost portion of the SJF. SED
decreases around and to the west of the active SJF and increases significantly to the south
where the SJF is not yet active (dashed line, Figure 14i). This concentration of SED
supports continued southward propagation of the new strike-slip fault.
As we introduce the entire extent of the SJF in our next snapshot model (Figure
14j), the SED of the entire system drops (average SED drops from 26.7 to 22.5
microPa/yr), especially around the SJF. SED in the ECSZ also drops significantly. High
SED around the Mission Creek fault is persistent through all of these models (Figure 14gj). The drop in SED throughout the system suggests an overall increase in mechanical
efficiency of the fault system as the San Jacinto fault accommodates a significant amount
of deformation within the system. This is consistent with the hypothesis that the SJF
initiated due to inefficiency of the system created by the bend in the SAF through the San
Gorgonio knot.
In our next snapshot model (Figure 14k) we have removed the Mission Creek
strand through the San Gorgonio knot and replaced it with the more linear Mill Creek
strand of the SAF. The SED of the system drops dramatically-- in the Salton block,
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ECSZ, and most significantly through the restraining bend. This is again consistent with
an increase in efficiency as the more linear Mill Creek strand of the SAF accommodates
deformation as slip on the fault much better than the more kinked Mission Creek strand
of the SAF.
Moving from Mill Creek strand to the present day San Andreas fault
configuration (Figure 14l), we see SED increase through the bend. SED goes down in the
ECSZ, providing a possible piece of evidence as to why the system seemingly moved
from a more efficient to less efficient fault geometry through the bend. The change to
fault geometry through the bend seems counterintuitive—changing from a fairly efficient
linear geometry to a less efficient, more sinuous geometry. However, since SED
decreases elsewhere, it is possible the change in the San Gorgonio knot creates a local
inefficiency, but still contributes to greater efficiency of the system on a larger scale.

2.5.4 Vertical Axis rotations
A variety of paleomagnetic studies within our modeled study region provide
geologic data for vertical axis rotation of crustal blocks over the past ~2 Ma.
Paleomagnetic data document vertical axis rotation in the San Timoteo Badlands,
Borrego Badlands, and Mecca Hills (Lutz et al., 2005; Housen and Dorsey, 2010;
Albright, 1999; Housen et al., 2013). By taking the curl of the horizontal velocity field
we map vertical axis rotation rates from the snapshot models. 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. Despite this limitation, first
order patterns of rotation orientation and magnitude are a valuable metric for comparison
of model results to geologic data.
The vertical axis rotation rates for each snapshot in time are shown in Figure 14
(m-r). Models with an active WSDF have significant clockwise rotation to the west of the
detachment (Figure 14m,n), which is significantly reduced by the introduction of the San
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Jacinto fault (Figure 14p). Counterclockwise rotation in the San Gabriel Mountains north
of the Sierra Madre fault during extension on the WSDF (Figure 14m) decreases to nearzero rotation, and some clockwise rotation in the eastern San Gabriel Mountains, with the
evolution of the fault system (Figure 14m-p). Models produce distributed
counterclockwise rotation in the ECSZ in early models (Figure 14m-o) as well as the Mill
Creek model (Figure 14q), but the present-day model has very little rotation in the ECSZ
( Figure 14r). In addition to counterclockwise rotation of the ECSZ when the Mill Creek
strand of the SAF was active, we also see enhanced counterclockwise rotation between
the SAF and SJF (Figure 14q) compared to other models of the past ~1 Ma (Figure
14p,r). The northern San Bernardino Mountains, just south of the North Frontal thrust
fault, see a shift through time from rapid counterclockwise rotation (Figure 14m-p) to
near-zero rotation today (Figure 14r).
While we can compare snapshots of rotation rates at different stages in the
evolution in the fault system to measured paleomagnetic rotations (Figure 14 m-r), the
observed rotations are accumulated on timescales up to 2+ Ma, so a more appropriate
approach is to weight rotation rates from the snapshots in our evolution models over the
corresponding timespan of each stage to obtain time-weighted rotations. For the past 1
Ma, the timeframe of each stage of faulting is fairly well constrained (Kendrick et al.,
2010). We use present-day rotation rates for the past 0.1 Ma, Mill Creek model rates from
0.1-0.5 Ma, and Mission Creek model rates for 0.5-1 Ma (Figure 17). 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, as well as the duration for the full
development of the San Jacinto fault. To make a best approximation, we weight the
WSDF model in strike-slip loading from 1-1.5 Ma, and the WSDF in transtensional
loading from 1.5-2 Ma. The model with only the northern section of the San Jacinto fault
is not included in the time averaged maps since there is no evidence that this was a
prolonged stage in the fault evolution. Furthermore, significant rotation at the tip of the
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San Jacinto fault in this model was likely short-lived as the San Jacinto continued to
propagate southward.
Albright et al. (1999) document 5-10° CCW rotation since ~2 Ma in the San
Timoteo Badlands (Figure 17a, region 1). Rotation rates summed over the past ~2 Ma
from models indicate moderate CW rotation here, failing to match the paleomagnetic
data. Models of the past ~1 Ma do have CCW rotation in this region (Figure 14p-r), but
significant CW rotation in models from 1-2 Ma counteract this. This could mean that our
fault geometry in this region is not correct for 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 this particular region.
In the Mecca Hills (Figure 17b, region 2) models reproduce highly localized
patterns of rotation measured by paleomagnetism—with moderate CW rotation northeast
of the Painted Canyon fault since ~1 Ma, and moderate CCW rotation southwest of the
Painted Canyon fault, between the Painted Canyon fault and SAF, since ~1-2 Ma
(Housen et al., 2013). The model fault geometry in this region has been validated by
matches to uplift patterns (Fattaruso et al., IR), suggesting that in regions where model
fault geometry 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 (Figure 17, region 3) Lutz et al. (2006) documented zero
rotation northwest of the Inspiration Point fault (Figure 17b, Region 3, pink line, not
included in model) while Housen and Dorsey (2010) documented significant CW rotation
(30-40°) to the SE since ~1.6 Ma. We added the Inspiration Point fault to the present day
model and found that it did not change rotation rates. The model produces a significant
spatial gradient of rotation rates from CW to CCW right where the fault is, suggesting
that high rotation gradients could indicate locations of faults, or regions where faults are
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likely to grow. Our models match the data of significant CW rotation south of the fault,
and no net rotation just to its northwest.

2.6 Discussion
2.6.1 Trade-offs between slip, SED, uplift, and rotation through time
Given the wide variety of results presented here, it is worthwhile to explore the
connections and trade-offs between results for slip, uplift, and rotation, and SED. In the
ECSZ, for example, the ECSZ experiences enhanced slip and CCW rotation for our first
three snapshot models (Figure 14m-o). Slip on faults decreases with the inception of the
SJF, as does CCW rotation. Rotation in the ECSZ is the smallest for the present day
model, as are slip rates (Table 2).
In models that include the SJF, slip on the SAF is fastest for the snapshot model
with the active Mill Creek strand of the SAF through the San Gorgonio knot. This period
of faster slip on the SAF also corresponds to reduced uplift in the San Bernardino
Mountains, as deformation is accommodated more efficiently on the fault surface for this
period. We see this also in a reduction of SED (Figure14k). More efficient geometry
through the bend which channels more strike-slip onto the SAF also results in less strikeslip being partitioned onto the SJF (Table 2), which also results in reduced uplift on the
SJF in the Santa Rosa Mountains during this snapshot (Figure 14e, location 8).
The active Mill Creek strand snapshot with enhanced strike-slip on the SAF also
exhibits enhanced CCW rotation between the SAF and SJF. Models with the active
Mission Creek strand or present-day faults through the San Gorgonio knot both produce a
lobe of significant CW rotation southeast of the Crafton Hills fault. In this region
particularly, changes to the active fault geometry seem to have a significant impact on
both the magnitude and orientation of rotation. This could provide an explanation for the
time-dependence of rotation observed from paleomagnetic data in the San Timoteo
Badlands.
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2.6.2 Challenges
While mechanical models offer a wealth of results for comparison to geologic
data, there are also many clear limitations to the scope with which we can model changes
to 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 there is evidence to support 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 snapshots 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 comparing models of the present day to
established regions of active uplift or subsidence, but as basins move through time,
reconstruction 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 the greatest possible
translation over ~1 Ma of ~35 km. For this reason, uplift or subsidence localized on faults
trending roughly E-W (i.e. subperpendicular to the orientation of strike-slip) are easier to
pick out and match to observations. In this case, these regions are uncoincidentally
regions with extremely high uplift rates— the San Bernardino Mountains and San Gabriel
Mountains. Changes to uplift/subsidence directly along fault surfaces, 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 uplift patterns far away from
faults. However, regions with densely spaced, complex, intersecting faults, uplift patterns
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are also more susceptible to changes due to inaccuracies in the geometry or connectivity,
which can be challenging to establish in especially complex regions such as through the
San Gorgonio knot.
Another limitation of this study was the simplicity of the detachment geometry in
the model. While the surface trace does produce a somewhat complex curvilinear surface
in some regions, cross-sections of the modeled fault surface are all a simple listric
detachment geometry following the reconstruction of Dorsey et al., 2012b. However,
Dorsey and Langenheim (In review) describe a flat-ramp-flat geometry of the WSDF
under the Santa Rosa Mountains. Incorporation of this more detailed 3D geometry could
alter distributions of SED or uplift/subsidence in model results. Another uncertainty in
our reconstruction is the northern extent of the WSDF and whether it connects with the
SAF. We include the fault only as far north as it has been mapped, but connection with
the SAF would alter the uplift pattern around the connection of the faults. 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 for comparison to model results that would
be relevant to this stage of faulting.

2.6.3 Related models
Li and Liu (2007) and Liu et al. (2010) have used 3D finite visco-elasto-plastic
finite-element models to explore how changes to active fault geometry affect
distributions of strain by plastic strain energy release. Li and Liu (2007) explore models
of the SAF with and without the SJF, while Liu et al. (2010) test several iterations of
models—adding the Garlock fault, SJF, and changing the lithospheric strength of the
ECSZ and Basin and Range. A major difference between our models and theirs is that
they do not include a WSDF in their pre-San Jacinto fault models. Li and Liu (2007) also
use vertical fault surfaces while our models incorporate several dipping faults, most
notably the north-dipping Mission Creek strand of the SAF. Despite these differences,
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our results for changes to the distribution off-fault deformation with the inception of the
San Jacinto fault agree to the first-order. As in our study, they see a reduction of off-fault
deformation in the ECSZ with the initiation of the San Jacinto fault. In both studies, a
region of high strain develops between the SAF and active SJF in the southern part of the
Salton trough.
To investigate how the inclusion of the West Salton detachment affects the
distribution of SED, we ran a model without the WSDF or SJF. While the ECSZ was
relatively unaffected, the inclusion of the WSDF did produce a lobe of higher SED in the
south, just east of the WSDF surface trace (Figure 14h), which is not produced in models
without the WSDF. Models from Li and Liu (2007) produced plastic strain in this region,
which overlaps with the future location of the SJF, despite not including the WSDF. This
suggests to us that the inclusion of the WSDF in their models may have produced more
strain in this region. While Li and Liu do not address the question of north-to-south
propagation of the SJF, their models and ours both produce a lobe of high strain around
the San Gorgonio knot, which is reduced significantly by the inclusion of the SJF.

2.6.4 New ideas about the WSDF and San Gorgonio Knot
One idea to come out of contemplation about the evolution of the fault system is
the possibility that extension on the WSDF contributed to the formation of the bend in the
SAF through the San Gorgonio knot leading to the curving, north-dipping geometry of
the Mission Creek strand of the SAF. Given that the northern tip of the WSDF terminates
just south of the bend, east-west extension on the WSDF could have been responsible for
the eastward displacement of the SAF resulting in the left bend. Eastward migration of
the SAF driven by deep-rooted extension could also provide an explanation for why the
SAF dips to the NE in the Coachella Valley (e.g. Lin et al., 2007; Fuis et al., 2012;
Fattaruso et al., IR) but is vertical to the north on the San Bernardino segment of the SAF.
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The transition from transtension in the south to dextral strike-slip in the north is also
consistent with formation of the left-lateral Pinto Mountain fault.
Formation of the bend has previously been attributed to left-lateral strike-slip on
the Pinto Mountain fault (Matti and Morton, 1993). Long-lived extension of the WSDF
and left-lateral slip on the Pinto Mountain fault may have combined to drive the
formation of the bend of the SAF through the San Gorgonio knot. Extension on the
WSDF was active from ~7 Ma to ~2 Ma (Shirvell et al., 2009), while the most recent
phase of uplift of the San Bernardino Mountains on the north-dipping Mission Creek
fault is dated ~2.5 Ma (Blythe et al., 2002). This timing is consistent with the idea that
extension may have been a driving force behind the formation of the bend.

2.7 Conclusions
Our simulations allow us to test geometric models and understand the mechanical
implications of a given fault geometry and tectonic loading. Models of present-day fault
geometry produce uplift and subsidence patterns match well to geologic observations.
Models simulating active faulting back in time are able to match observed changes to
uplift and subsidence patterns in some regions—uplift in the San Gorgonio Mountains
and San Gabriel Mountains are simulated well, as well as changes to basins in the Mecca
Hills, and deposition in the San Bernardino basin and San Timoteo badlands. There are
challenges to modeling deformation over long time scales—our snapshot approach is
limited to deformation on the timescale of multiple earthquake cycles, but models
attempting to reconstruct deformation on larger timescales must take plastic deformation
into consideration.
Maps of strain energy density reveal a high concentration of SED in the region of
northern San Jacinto fault initiation, supporting the notion of a north to south propagation
path for the San Jacinto fault. The ability of the evolution models to resolve a mechanical
preference for North to South propagation of the SJF highlights the value of using SED
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for understanding regions of complex evolving fault structures, providing a tool to
distinguish between differing but plausible geologic models constraining the timing and
style of fault initiation and growth. A north to south propagation further validates the
theory that high strain in the San Gorgonio knot drove the initiation of the SJF. Patterns
of SED produced in our models alone are not enough to identify fault planes likely to
grow, as the distribution of high SED encompasses large regions. However, in
conjunction with other geologic evidence, SED contributes valuable information about
the distribution of strain in a fault system.
Tectonic work decreases in models with more efficient fault geometry, such as in
the shift between models of the WSDF to SJF, and the Mission Creek to Mill Creek.
However, tectonic work increases from when the Mill Creek strand of the SAF was
active to present geometry. Recent refinements to model fault geometry have reduced the
magnitude of this change in tectonic work, suggesting that refinement of model fault
geometry can have significant impacts on the concentration of strain within the model.
Lastly, we find that vertical axis rotation is a valuable metric for comparing models to
field data—highly localized rotation patterns are reproducible in some regions and not in
others, suggesting that fault geometry may be incompletely understood in regions that do
not match, like the San Timoteo Badlands.
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Table 2. Strike-slip rates in mm/yr (negative is right-lateral slip).
SAF

SJF

WSDF

ECSZ

LL faults

Modern

-20.19 ± 2.50

-8.83±3.22

n/a

-1.19±0.36

3.39±1.24

Mill Creek

-24.41±1.93

-8.56±3.06

n/a

-1.22±0.38

3.37±1.16

Mission
-20.77±1.84
Creek
Northern SJF -24.94±2.64

-9.13±3.32

n/a

-1.42±0.43

3.59±1.40

-4.29±1.15

n/a

-1.80±0.57

3.62±1.55

WSDF
transcurrent
WSDF
transtension

-25.27±2.60

n/a

-0.38±0.69

-1.81±0.58

3.59±1.56

-28.69±2.45

n/a

-0.21±1.25

-1.95±0.63

2.77±1.67
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Figure 10. Map of Evolution modeling study region. Inset shows location within
California. Abbreviations: BF, Banning fault; BCF, Blue Cut fault; CCF, Coyote Creek
fault; CF, Clark fault; CHF, Crafton Hills fault; ECSZ, Eastern California Shear Zone;
GHF, Garnet Hill fault; MCF, Mission Creek fault; MH, Mecca Hills; NFT, North
Frontal Thrust; PCF, Painted Canyon fault; PMF, Pinto Mountain fault; SAF, San
Andreas fault (cv, Coachella Valley; sb, San Bernardino); SBM, San Bernardino Mtns;
SRM, Santa Rosa Mtns; SJM, San Jacinto Mtns; SGM, San Gabriel Mtns; SGPT, San
Gorgonio Pass Thrust.
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(a)

(b)

Present day

Pre-1.1 Ma

Figure 11. Block diagrams of ca. 1.1 Ma fault reorganization in southern California. (a)
Oblique view of West Salton detachment fault subsurface geometry relative to the San
Andreas fault. Future location of San Jacinto and Elsinore faults shown as dashed lines.
(b) Oblique view of sub-parallel strike-slip faults active today with displaced remnants of
West Salton detachment fault shown in blue. Modified from Dorsey et al., 2012b.
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Figure 12. Timeline of Study. Fault trace maps for 5 snapshots in time modeled in this
study. Faults which will be deactivated in the next timestep are highlighted in red, and
new faults are higlighted in green. (a) Pre-1.1 Ma fault geometry with active West Salton
detachment (b) ~1.1 Ma fault geometry with West Salton detachment removed from
model and northernmost strand of San Jacinto fault (SJF) introduced to simulate north-tosouth initiation of SJF (c) ~1.1 - 0.5 Ma fault geometry with entire SJF and Mission
Creek fault (red) geometry through restraining bend (d) 0.5 - 0.2 Ma fault geometry with
straight Mill Creek fault through bend and initiation of sawtooth-shaped San Gorgonio
Thrust fault (e) 0.12 Ma - present day fault geometry with subparallel Banning and
Garnet Hill fault strands through the bend.
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Figure 13. Oblique view of the evolution model setup and fault surfaces. Faults are
discretized into triangular mesh as shown along northern section of San Andreas fault
(SAF). Half the plate motion (v) is applied to the southwest and northeast edges of the
model. Applied plate motion decreases stepwise towards the center of the model along
the northwest and southeast edges as indicated by arrows. Where faults extend outside the
boundary of the model, we prescribe slip rates along edge faults. Abbreviations: ECSZEastern California Shear Zone; WSDF- West Salton detachment fault.
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Figure 14. Uplift/Subsidence (a-f), Strain Energy Density (g-l), and Vertical Axis Rotation (m-r) maps from model
simulations. (a-f) Uplift/subsidence maps are corrected for isostacy. Locations for comparison to geologic record are
marked: 1- Borrego Lake; 2- Mecca Hills; 3- San Bernardino Mtns; 4- San Gabriel Mtns; 5- San Bernardino basin; 6- San
Timoteo basin; 7- Coachella Valley; 8- Santa Rosa Mtns. (g-l) Strain Energy Density maps at a horizontal slice 8 km
deep, in units of microPa/year, with an 8-km moving average filter. (m-r) Vertical axis rotation rates in microradians/year
with clockwise rotation shown in blue and counterclockwise rotation in red.
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