
Sensitivity of uplift patterns to dip of the San Andreas 
fault in the Coachella  Valley, California

Laura A. Fattaruso1, Michele L. Cooke1, and Rebecca J. Dorsey2

1Department of Geosciences, University of Massachusetts, Amherst, Massachusetts 01003, USA
2Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403, USA

ABSTRACT

Three-dimensional mechanical simula-
tions of the San Andreas fault system within 
the Coachella  Valley in southern California 
produce deformation that matches geologic 
observations and demonstrate the first-
order impact of fault geometry on uplift pat-
terns. To date, most models that include the 
Coachella   Valley segment of the San Andreas 
fault have assumed a vertical orientation 
for this fault, but recent studies of seismic-
ity 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 mod-
els will provide a more accurate understand-
ing of active faulting in southern California, 
which is critical for rupture and hazard mod-
eling that is used to identify regions most sus-
ceptible to earthquake damage.

We have tested three boundary-element 
method models for the active geometry of the 
Coachella  Valley segment of the San Andreas 
fault: one contains a vertical Coachella  seg-
ment, the second contains a northeast ~65° 
dipping Coachella  segment, and the fi nal 
alternative contains a vertical Coachella  seg-
ment plus a subparallel northeast-dipping 
fault at depth. This fi nal 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 
San Andreas and San Jacinto faults that is 
more uniformly distributed than geologic 
observations suggest, and these models fail to 
produce uplift in the Mecca Hills. The dip-
ping model produces tilting of the Coachella   

Valley consistent with geologic observa-
tions 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 observa-
tions. These results suggest that the active 
Coachella   Valley segment of the San Andreas 
fault dips 60°–70° to the northeast.

INTRODUCTION

Vertical crustal motion is a widely observed 
aspect of deformation in regions of continen-
tal strike-slip tectonics such as along the San 
Andreas fault in California (e.g., Sylvester 
and Smith, 1976; Rymer, 1991; Roeske et al., 
2007; Spotila et al., 2007). Previous mechani-
cal modeling has demonstrated that com-
plex 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 com-
plex (Fig. 1)—with a reduction of strike-slip 
rates along the San Andreas fault through the 
San Gorgonio Pass (Herbert and Cooke, 2012; 
McGill et al., 2012) and a transfer of defor-
mation east of the San Andreas fault 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 San 
Andreas fault, including the San Jacinto fault 
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 interpre-
tations of the subsurface fault geometry and 
improved understanding of active vertical 
deformation (e.g., Lin et al., 2007; Fuis et al., 
2012; Lin, 2013; Lindsey and Fialko, 2013). 
Mechanical 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 deforma-
tion, stress, rupture, and ground shaking have 
assumed that the southern San Andreas fault is 
vertical (e.g., Carena et al., 2004; Becker et al., 
2005; Meade and Hager, 2005; Smith-Konter 
and Sandwell, 2009; Spinler et al., 2010; Love-
less and Meade, 2011; Herbert and Cooke, 
2012; Luo and Liu, 2012). However, seismic-
ity, seismic imaging, aeromagnetic data, and 
recent strain observations from global position-
ing system (GPS) and interferometric synthetic 
aperture radar (InSAR) suggest that the active 
Coachella  segment of the San Andreas fault 
dips 60°–70° NE (Lin et al., 2007; Fuis et al., 
2012; Bauer et al., 2013; Fuis et al., 2013; 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 (SCEC) 
Community Fault Model (CFM) version 4.0 
(Nicholson et al., 2012). In this interpretation, it 
is assumed that seismicity occurs along a second 
fault system that strikes subparallel to the San 
Andreas fault (Fig. 2). These uncertainties moti-
vate us to explore three alternative possibilities 
for the geometry of the Coachella  segment of 
the San Andreas fault (Fig. 2). Additionally, we 
include smaller en echelon faults on the north-
east side of the San Andreas fault in the Indio 
and Mecca Hills (Fig. 3); these faults have not 
been included in previous mechanical model-
ing 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., Boley et al., 
1994; Sheridan and Weldon, 1994; McNabb, 
2013; McNabb et al., 2013) that can be com-
pared to mechanically modeled deformation. 
We use localized uplift patterns in the Mecca 
Hills to assess the most plausible geometry 
for the San Andreas fault in the Coachella  Val-
ley 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 San 
Andreas fault better matches the geologic data 
of vertical motion than a model with a verti-
cal San Andreas fault. The geometry of the 
Coachella  Valley segment of the San Andreas 
fault may have signifi cant 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 shak-
ing than footwall regions (e.g., Oglesby et al., 
2000; Fuis et al., 2013). Furthermore, this sec-
tion of the San Andreas fault has a high likeli-
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Figure 1. Simplifi ed geologic map of the Coachella  Valley region (compiled from Jennings, 1977; Matti et al., 1992; Powell, 1993; Axen and 
Fletcher, 1998; Janecke et al., 2010; Weldon, 2011, personal commun.), 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.

HSF HSF HSF
Figure 2. Three models for the 
geometry of the Coachella  Val-
ley segment of the San Andreas 
fault (SAF) 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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hood of rupture in the near future as it has been 
~340 years since the last major rupture, and 
recurrence intervals for such events are brack-
eted 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.

GEOLOGIC BACKGROUND

The San Andreas fault in the Coachella  Val-
ley 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 (Fig. 1). The fault 
zone contains many geomorphic features that 
record recent and ongoing deformation, includ-
ing dextrally defl ected 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; Shiffl ett et al., 2002; van 
der Woerd et al., 2006; Behr et al., 2010). The 
Late Quaternary strike-slip rate along this seg-
ment 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 Pleisto-
cene, the San Andreas fault did not occupy the 
margin of a basin but was embedded in a tec-
tonic lowland with deposition across the active 
fault trace (Axen and Fletcher, 1998). Pleisto-
cene deposits from formerly subsided parts of 
the basin were later uplifted within the Mecca 
Hills within complex folds that illuminate the 
deformational history (Sylvester and Smith, 
1976; Rymer 1991, 1994).

Structural Interpretation: Is the 
Coachella  Valley Segment of the 
San Andreas Fault Vertical?

Most deformation models of southern Cali-
fornia, including those used for seismic hazard 
analysis, assume that the active surface of the 
San Andreas fault is vertical in the Coachella  
Valley (e.g., Carena et al., 2004; Becker et al., 
2005; Meade and Hager, 2005; Smith-Konter 
and Sandwell, 2009; Spinler et al., 2010; Love-
less and Meade, 2011; Herbert and Cooke, 2012; 
Luo and Liu, 2012). However, a variety of evi-
dence has accumulated in recent years suggest-
ing that the active surface of the San Andreas 
fault in the Coachella  Valley dips between 60° 
and 70° to the northeast (Fialko, 2006; Lin et al., 
2007; Fuis et al., 2012; Lin, 2013; Lindsey  and 

N

Figure 3. Geologic map of Mecca Hills (location noted on Fig. 1), compiled from Sylvester and Smith (1976), Rymer (1991, 1994), Weldon 
(2011, personal commun.), 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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Fialko, 2013). Fuis et al. (2012) found that a 
65° northeast-dipping San Andreas fault pro-
duces the best fi t to magnetic gradients due to 
bedrock variations along a transect through the 
Little San Bernardino Mountains. Because mag-
netic anomalies from the basement rocks refl ect 
deformation over a long period of time, this 
record refl ects overall cumulative deformation 
through time, and not necessarily active fault 
geometry today. Data from recent microseis-
micity and geodesy also support nonvertical 
active fault geometry (Fialko, 2006; Lin et al., 
2007; Lin, 2013; Lindsey and Fialko, 2013). 
Seismicity locations from Lin et al. (2007) 
show clusters of seismicity from 6 to 11 km 
depth that, when projected vertically to the sur-
face, are offset 3–5 km to the northeast of the 
surface trace of the San Andreas fault (Fig. 3). 
The projected locations off the fault trace are 
well beyond the range of uncertainty in locat-
ing methods, which suggests that the active 
segment of the San Andreas fault in this region 
dips to the northeast, or, alternatively, occurs 
on a separate fault located northeast of the San 
Andreas fault (Nicholson et al., 2012; Nichol-
son et al., 2013). More recent relocations are 
consistent with this interpretation (Lin, 2013). 
Furthermore, geodetic observations from 
InSAR line-of-sight (LOS) velocities and GPS 
stations have identifi ed a systematic strain-rate 
asymmetry across the San Andreas fault in the 
Coachella  Valley (Fialko, 2006; Lindsey and 
Fialko, 2013). Possible explanations for the 
asymmetry include nonvertical fault geometry 
and material heterogeneity across the fault. 
Lindsey and Fialko (2013) determined that an 
unrealistically high contrast in material proper-
ties across the fault would be needed to explain 
the observed asymmetry in strain rate, and that 
models including a 60° northeast dip on the San 
Andreas fault best match geodetic observations 
and provide the most feasible explanation for 
the strain-rate asymmetry.

Deformation in the Coachella  Valley

Recent studies document active northeast 
tilting of the southern Santa Rosa Mountains 
and Coachella  Valley between the San Andreas 
and San Jacinto faults (Dorsey et al., 2012). 
Gravity data reveal northeastward thickening 
of sediments in the Coachella  Valley, suggest-
ing increased subsidence to the northeast (Lan-
genheim et al., 2005; Langenheim et al., 2007). 
Exposure of Pliocene marine deposits at high 
elevation in the southern Santa Rosa Moun-
tains requires post-Pliocene uplift of at least 
~600 m (Matti et al., 2002). Steep range front 
morphology, prominent fault facets, large land-
slides on the faulted western fl ank of the Santa 

Rosa Mountains, and the presence of large allu-
vial fans on the eastern fl ank record signifi cant 
asymmetric tilting to the northeast (Dorsey 
et al., 2012). An abrupt subvertical discontinu-
ity in the thickness of subsurface sediment at 
the San Andreas fault, from several kilometers 
on the southwest side to <1 km on the northeast 
side (Langenheim et al., 2007; Fuis et al., 2012) 
implies relative subsidence on the southwest 
side of the Coachella  Valley segment of the San 
Andreas fault.

Transpressional deformation and localized  
uplift are observed northeast of the San Andreas 
fault in the Mecca Hills (e.g., Sylvester and 
Smith, 1976; Rymer, 1991; Rymer, 1994; Sheri-
dan and Weldon, 1994). Nonmarine sedimen-
tary rocks are exposed in a thick section that 
rests nonconformably on Mesozoic and Pre-
cambrian crystalline basement rock (Sylvester 
and Smith, 1976; Dibblee, 1986, 1997; 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 of uplift is observed 
on the southwest side of the Painted Canyon 
fault, where Mecca Conglomerate (Pliocene–
Pleisto cene) 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 San Andreas fault is neither 
sharply defi ned 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 (ca. 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 suggests 
vertical transport of material up the fault, pos-
sibly in conjunction with dip slip, which can be 
enhanced by nonvertical fault geometry.

MODEL SETUP

In this paper, we investigate the uplift pattern 
for three alternative confi gurations of the San 
Andreas fault in the Coachella  Valley (Fig. 2): 
vertical San Andreas fault (Model V), northeast-
dipping San Andreas fault (Model D), and a 
combination of both a vertical San Andreas 
fault and an adjacent northeast-dipping structure 
based on the SCEC CFM v. 4.0 (Model H). The 

differences in uplift patterns from these mod-
els 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 confi guration.

We use the three-dimensional boundary-ele-
ment method (BEM) code Poly3D, which solves 
the governing differential equations of deforma-
tion using continuum mechanics (e.g., Crouch 
and Starfi eld, 1990; Thomas, 1993). Fault 
geometries used in the model (Fig. 4) are based 
on fault surfaces from the SCEC CFM, which 
are compiled from geologic mapping, seismic-
ity, and geophysical data (Plesch et al., 2007). 
Previous refi nements 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 con-
stant slip and zero opening and lie within a lin-
ear-elastic and homogeneous material (Fig. 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 intersections, such as within 
the CFM, can be simulated without compromis-
ing the accuracy of the results.

Previous Poly3D models have constrained 
the geometry of active faulting in southern Cali-
fornia 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). Boundary-ele-
ment method investigations of alternative fault 
confi gurations (e.g., Griffi th and Cooke, 2004; 
Marshall et al., 2008; Meigs et al., 2008; Dair 
and Cooke, 2009; Herbert et al., 2014) demon-
strate that the three-dimensional fault geometry 
and connectivity exhibit fi rst-order effects on 
the distribution of deformation within these 
fault systems, including uplift patterns (Meigs 
et al., 2008; Cooke and Dair, 2011). Conse-
quently, changes in fault geometry along the 
Coachella  Valley segment of the San Andreas 
fault, and the inclusion of secondary faults in 
Indio and Mecca Hills, may exert a substantial 
infl uence on uplift within the region.

Our model of the southern San Andreas fault 
extends from the Salton Sea past the intersection 
with the Garlock fault in the north and includes 
faults of the eastern California shear zone and 
the San Jacinto fault. The fault geometry fol-
lows that used in Herbert and Cooke (2012) 
with one modifi cation. In addition to exploring 
a dipping Coachella  segment of the San Andreas 
fault and adding secondary faults within the 
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Mecca Hills, we updated the Banning strand of 
the San Andreas fault to dip ~65°–75° northeast. 
This modifi cation increased dip-slip rates on the 
Banning strand by ~2 mm/yr, with correspond-
ing increased uplift northeast of the fault, but it 
did not have a signifi cant impact on strike-slip 
rates. This geometry, which subparallels the 
adjacent Garnet Hill fault, follows the SCEC 
CFM v. 4.0 (Nicholson et al., 2012).

Fault surfaces are extended to the freely slip-
ping base of the model at 35 km depth, which 
simulates distributed deformation below the 
seismogenic crust (Fig. 4). In the crust, seismo-
genic slip on discrete fault surfaces extends to 
depths between ~10 and 15 km; but by extend-
ing the fault surfaces in the model to 35 km 
depth, we prevent slip from being artifi cially 
constrained at the base of the modeled faults. 
Faults in the model are frictionless, simulat-
ing low frictional slip over multiple earthquake 
cycles. The results cannot accurately repre-
sent 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 impor-

tant on longer time scales within folds and are 
not captured by elastic modeling. Consequently, 
as with previous models of uplift rate patterns 
(Meigs et al., 2008), we compare the pattern of 
uplift rates 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 (Fig. 4). Subse-
quently, the faults slip in response to a combina-
tion of tectonic loading and interaction with one 
another. Following Herbert and Cooke (2012), 
tectonic loading is applied for a range of veloci-
ties and orientations constrained by GPS studies 
and global plate motion models that estimate 
plate motion of ~45–50 mm/yr at orientations 
between 320° and 325° (e.g., DeMets et al., 
2010). These models do not include any faults 
west of the San Jacinto fault, which are esti-
mated to accommodate ~5 mm/yr of the plate 
motion (e.g., Platt and Becker, 2010); so we 
subtract this rate of motion 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 San Andreas 
and San Jacinto faults extend outside the model 
boundaries, we apply geologic slip rates on 
edge patches of the faults. This includes a rate 
of 35 mm/yr applied along the central segment 
of the San Andreas fault at the northern edge of 
the models (Weldon and Sieh, 1985). On the 
southeast edge of the model, slip is partitioned 
between the San Andreas and San Jacinto faults, 
but the appropriate partitioning of strike-slip 
rate between the San Andreas and San Jacinto 
faults 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 (Sharp, 1981; Prentice 
et al., 1986; Kendrick et al., 2002; Rockwell, 
2008; Janecke et al., 2010; Blisniuk et al., 2011). 
To incorporate the uncertainty of slip partition-
ing between the San Andreas and San Jacinto 
faults, 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 San Jacinto fault and 25 mm/yr 
on the San Andreas fault at the southeast edge 
of the model. We do not explore a San Jacinto 
fault > San Andreas fault scenario because there 
is not signifi cant support for this scenario in the 
literature.

To investigate the role of San Andreas fault 
geometry on regional deformation, we test three 
models for the geometry of the Coachella  Val-
ley segment of the San Andreas fault (Fig. 2): 
Model V incorporates a vertical San Andreas 
fault; Model D incorporates a northeast-dipping 
San Andreas fault (see Supplemental File1); and 
Model H incorporates a vertical San Andreas 
fault with an adjacent, subparallel-dipping fault 
at depth, as represented in the SCEC CFM v. 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 is based 
on fault geometries from the latest SCEC CFM 
v. 4.0 (Nicholson et al., 2012). For Model D, 
the dip of the San Andreas fault varies along 
strike from 60° to 70°, with an average dip of 
~67° to the northeast (see Supplemental File 
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1Supplemental File. 3D PDF of Model D mesh 
(preferred Model). If you are viewing the PDF of this 
paper or reading it offl ine, please visit http:// dx .doi 
.org /10 .1130 /GES01050 .S1 or the full-text article on 
www .gsapubs .org to view the Supplemental File.
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[see footnote 1]). Secondary faults extend from 
the surface to depths of 3–10 km. These faults 
merge at depth with the San Andreas fault in 
Model D and the Hidden fault in Model H. In 
Model V, the secondary faults do not intersect 
with the San Andreas fault at depth, and they 
are consequently unconnected to any larger 
fault. The subparallel traces of the Painted Can-
yon 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 simplifi ed into a single 
fault surface, with splays to the north and north-
east where the faults diverge.

Effect of Slip-Rate Partitioning Applied 
to the Model Boundaries

To explore the impact of slip partition-
ing between the San Andreas and San Jacinto 
faults, we applied different slip rates where the 
faults extend beyond the southern boundary of 
our models. Herbert and Cooke (2012) found 
that although changes to the slip rates applied 
at the edges of the model 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 
confi guration 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 is similar, and for the 
sake of brevity, we show the results only for 
Model D, which we later show to be our pre-
ferred model. We compare strike-slip rates for 
models with loading at the southern edge of the 
model equally split between the San Andreas 
and San Jacinto faults (17.5 mm/yr on both) and 
with greater strike-slip rates applied on the San 
Andreas fault relative to the San Jacinto fault (25 
mm/yr on San Andreas fault; 10 mm/yr on San 
Jacinto fault; Fig. 5). As expected, equal loading 
on the southern edges of the faults produces a 
greater strike-slip rate on the San Jacinto fault 
and lower strike-slip rate on the San Andreas 
fault relative to unequal loading. Interestingly, 
the shapes of the slip-rate curves do not change 
signifi cantly (Fig. 5). The maximum increase 
in strike-slip rate along the San Jacinto fault 
within this region of ~1 mm/yr (Fig. 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 
San Andreas fault (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 dem-
onstrates that fault geometry exerts a large con-
trol 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 San Jacinto fault does not pro-
vide a narrow enough constraint to prefer one 
loading scenario over the other. The variations 
between observed slip rates likely refl ect spatial 
variation in slip rates due to interaction among 
the fault segments (Blisniuk et al., 2011). The 
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small changes in dip-slip rates along the faults 
in the model under different boundary load-
ing (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 San Jacinto and San 
Andreas faults.

COMPARISON OF UPLIFT AND SLIP 
RATES TO GEOLOGIC RECORD

Sensitivity of Strike-Slip Rates to 
Fault Confi guration

Comparison of the strike-slip rates produced 
by the three different structural models to avail-
able geologic rates along the faults (e.g., Dair 
and Cooke, 2009; Herbert and Cooke, 2012) 
reveals that strike-slip rates do not vary sig-
nifi cantly with these changes to fault geometry 
(Fig. 6). All three of the models produce similar 
strike-slip rates for the Garnet Hill strand and 
the northern portions of the Banning and Mis-
sion Creek strands. The models show some dif-
ferences in strike-slip rate near Biskra Palms, 
where the Coachella  Valley segment of the 
San Andreas fault branches to the vertical Mis-
sion 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 two models. These differences are due 
to the different transitions from the vertical or 

dipping Coachella  segment of the San Andreas 
fault to the other fault strands in each model. 
All three models produce modest right-lateral 
strike-slip 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 rates on 
some sections of these secondary faults.

Both Models D and H produce slightly lower 
strike-slip rates on portions of the Coachella  Val-
ley segment relative to Model V. Model H pro-
duces a strike-slip rate ~1 mm/yr lower for the 
section of the Coachella  segment adjacent to the 
Hidden fault (Fig. 6, between 50 and 95 km on 
x-axis), and it 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 Hid-

den fault and secondary faults, do not substan-
tially alter the fault’s ability to accommodate 
strike slip.

Comparison of Strike-Slip Rates 
with Geologic Rates

To date, strike-slip rates have been measured 
at three sites along the San Andreas fault in the 
Coachella  Valley: excavated exposures at Biskra 
Palms (Behr et al., 2010) and offset channels 
near Thousand Palms 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 evi-
dence for Holocene offset on the Mission Creek 
strand farther to the north (Yule and Sieh, 2003), 
and thus this strand has been mapped in the U.S. 
Geological Survey (USGS) Quaternary Fault 
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Figure 6. Right-lateral strike-slip rates along the surface trace of the San Andreas fault 
system and nearby faults, averaged from models with tectonic loading at fastest and slowest 
rates. Rates obtained from geologic studies shown as vertical bars. New rates from Blisniuk 
et al. (2012) are well outside of the rates obtained from modeling and highlight the need for 
further geologic constraints on slip rates in the region.

TABLE 1. WEIGHTED AVERAGE DIP-SLIP RATES

Fault

SAF > SJF
Dip slip 
(mm/yr)

SAF = SJF
Dip slip 
(mm/yr)

San Jacinto fault (SJF)
San Jacinto Valley 0.26 ± 0.03 0.31 ± 0.03
Anza/Clark –0.47 ± 0.03 –0.47 ± 0.03
Coyote Creek –0.14 ± 0.02 –0.11 ± 0.03

San Andreas fault (SAF)
San Bernardino –2.06 ± 0.11 –2.02 ± 0.11
San Gorgonio Pass –2.41 ± 0.15 –2.24 ± 0.15
Banning –0.49 ± 0.11 –0.56 ± 0.10
Garnet Hill –1.66 ± 0.13 –1.58 ± 0.12
Mission Creek 0.10 ± 0.13 0.11 ± 0.12
Coachella Valley –0.64 ± 0.06 –0.47 ± 0.06

Secondary faults in Mecca Hills
Painted Canyon 1.30 ± 0.11 1.36 ± 0.11
Platform 0.28 ± 0.05 0.31 ± 0.06
Hidden Springs –0.43 ± 0.05 –0.44 ± 0.05

Note: 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 at the southern 
boundary of model.

*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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Database as inactive northwest of Highway 62 
(Fig. 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 (Fig. 6). The higher rate from Blis-
niuk 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 dis-
crepancies. Strike-slip rates along faults in the 
Mecca Hills are not well known. The Painted 
Canyon fault has documented right-lateral off-
set, and other faults in the area show evidence 
for right-lateral slip (Sheridan and Weldon, 
1994). For the region of this study, the geologi-
cally observed strike-slip rates cannot be used to 
distinguish between alternative confi gurations 
of the San Andreas fault 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 (Fig. 6).

Coachella  Valley Uplift

The three alternative San Andreas fault struc-
tural models do not produce large differences 
in strike-slip rate distribution, but they do pro-
duce distinctive dip-slip rates and uplift pat-
terns (Fig. 7). We adjust the surface uplift rates 
produced by the models to account for isostasy 
using a crustal fl exure 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 fl ex-
ural rigidity of the crust of 2 × 1023 Pa·m3 for our 
correction.

Model V and Model H both produce rela-
tively uniform and moderate uplift between 
the San Andreas and San Jacinto faults, con-
trary to observed tilting with uplift in the Santa 
Rosa Mountains and relative subsidence in the 
Coachella  Valley southwest of the San Andreas 
fault (Langenheim et al., 2005; Dorsey et al., 
2012). All of the models produce uplift on the 
northeast side of the Clark fault segment of the 
San Jacinto fault, where rapid uplift is observed 
in the Santa Rosa Mountains (location 1, Fig. 
7) (Matti et al., 2002). Uplift on the northeast 
side of the San Jacinto fault 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 San 
Jacinto and San Andreas faults, with moderate 
subsidence on the SW side of the San Andreas 
fault (location 2, Fig. 7). The uplift pattern in 
Model D, which has a single active fault sur-
face 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 Plio-
cene–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 this observation, Model V 
produces relative uplift southwest of the San 
Andreas fault in the southern Coachella  Valley 
and fails to produce the uplift observed between 
the Painted Canyon fault and San Andreas fault 
(location 1, Fig. 8). Model H produces sub-
sidence between the Painted Canyon fault and 
San Andreas fault rather than the observed 
uplift. The only model that matches the observed 
uplift between the Painted Canyon fault and 
San Andreas fault 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 (Syl-
vester and Smith, 1976; Sheridan and Weldon, 
1994; location 2, Fig. 8). Of the three alterna-
tive fault confi gurations for the Coachella  Valley 

segment of the San Andreas fault, 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, Dur-
mid Hill (see Fig. 1 for location) is a region with 
well-documented uplift between 3 and 4 mm/yr 
(Bilham and Williams, 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 than Model V or H northeast of the 
Mission Creek fault and around the Blue Cut 
fault (Fig. 7). Dip slip on the Blue Cut fault is 
enhanced in Model D, producing moderate sub-
sidence 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 
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Figure 7. Contoured uplift rates in the 
Coachella  Valley region, corrected for isos-
tasy. (A) Model V produces relatively uni-
form uplift between the San Andreas fault 
(SAF) and San Jacinto fault (SJF) (1 and 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 geologically 
observed between the SJF and SAF by pro-
ducing 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 simi-
lar uniform uplift between the SAF and SJF 
as Model V (1 and 2), and enhanced subsid-
ence 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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magnitude and orientation of dip slip on the 
Blue Cut fault.

Just to the southwest, another area where 
uplift in Model D differs from Models V and 
H is between the Banning and Mission Creek 
strands of the San Andreas fault, near their inter-
section with the Coachella  Valley segment of the 
San Andreas fault. Models V and H both pro-

duce 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 repro-
duce the uplift observed in the San Bernardino 
Mountains.

DISCUSSION

Our models of the Coachella  Valley in 
southern California demonstrate the sensitiv-
ity of uplift pattern to changes in fault geom-
etry. Outstanding questions relate to (1) why a 
model with a San Andreas fault that dips pro-
duces uplift, while a model with a vertical San 
Andreas fault does not; (2) the degree of error 
that vertical San Andreas fault models may 
incur when simulating regional deformation; 
and (3) the effect of a dipping San Andreas fault 
on regional seismic hazard.

Why Uplift of the Mecca Hills Region?

The geologic observations and model results 
both show signifi cant recent uplift in the Mecca 
Hills. The source of this localized uplift in 
the model with a dipping San Andreas fault 
is regional transpression along this part of the 
plate boundary. The Coachella  Valley segment 
of the San Andreas fault 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 transpres-
sion on this section of the fault with 9%–18% 
of the loading partitioned as local contraction 
rather than 100% strike slip. The maximum 
rate of model uplift in the Mecca Hills is ~2.3 
mm/yr, and strike-slip rates in the region aver-
age ~20 mm/yr. Since tan–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° to 10° of transpressional tec-
tonic loading on this section of the San Andreas 
fault. 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 com-
pression to be accommodated by reverse slip on 
the fault. By contrast, in Model V, compression 
across the vertical Coachella  Valley segment 
of the San Andreas fault increases the normal 

compression across this fault but does not result 
in reverse slip. Model H displays a combina-
tion 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 San 
Andreas fault. Consequently, the uplift patterns 
in Models V and H show broad regions of gen-
eral uplift rather than localized uplift within the 
Mecca Hills (Fig. 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 compres-
sional loading on this segment (Fig. 9). This 
slight change in orientation of loading has a 
major impact on the distribution of uplift and 
subsidence. Most signifi cantly, the sense of dip 
slip on the Coachella   Valley segment of the San 
Andreas fault changes. The model simulating 
realistic plate motion (320°) produces reverse 
slip on the San Andreas fault and subsequent 
uplift northeast of the fault. By contrast, when 
loading is applied parallel to the San Andreas 
fault (314°), the San Andreas fault experiences 
normal slip and subsidence northeast of the fault. 
Consequently, the model without transpression 
on the San Andreas fault does not produce the 
localized uplift in the Mecca Hills. The change 
in dip-slip sense on the San Andreas fault also 
eliminates the subsidence observed southwest 
of the San Andreas fault. This change, in com-
bination with decreased uplift northeast of the 
San Jacinto fault in the Santa Rosa Mountains in 
this model, reduces the northeast tilting between 
the San Andreas and San Jacinto faults that we 
observe in Model D under realistic plate veloc-
ity orientations. These results demonstrate that 
transpression caused by the small degree of 
obliquity of plate motion relative to the San 
Andreas fault 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 geom-
etry. Transpression across vertical faults may be 
expressed as distributed deformation rather than 
localized reverse slip and associated uplift. Fur-
thermore, a small degree of obliquity (<20%) 
can result in signifi cant 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 infl uences the degree 
of reverse slip along the secondary faults. The 
secondary faults within the Indio and Mecca 
Hills in the SCEC CFM v. 4.0 connect at depth 
with the northeast-dipping Hidden fault. In 
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Figure 8. Contoured uplift rates in the 
Mecca Hills region corrected for isos-
tasy. (A) Model V does not produce uplift 
SW of the Painted Canyon fault (PCF). 
(B) Model D produces signifi cant 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 
San Andreas fault (SAF), contrary to geo-
logic 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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Model D, they merge at depth with the dip-
ping San Andreas fault; however, the sec-
ondary faults do not intersect with the vertical 
San Andreas fault in Model V. Because of this 
reduced connectivity, we are not surprised that 
Model V produces very little dip slip and asso-
ciated localized uplift on these faults relative to 
Models D and H.

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 compres-
sion today, but stratigraphy indicates that it 
was previously an extensional feature. Ques-
tions 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.

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 seg-
ment of the San Andreas fault in the range of 

16.7 to 25 mm/yr (Becker et al., 2005; Fay 
and Humphreys , 2005; Meade and Hager, 
2005; Fialko, 2006; Lundgren et al., 2009; 
Spinler et al., 2010). These models all imple-
ment a verti cal San Andreas fault, 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 
San Andreas fault, Lindsey and Fialko (2013) 
saw that a northeast-dipping San Andreas fault 
produces a best fi t to InSAR data with slower 
strike-slip rate on the Coachella  Valley segment 
of the San Andreas fault compared to the verti-
cal San Andreas fault (19 versus 25 mm/yr). 
Because the Lindsey and Fialko (2013) analy-
sis uses line of sight from InSAR in addition to 
GPS, the comparison includes a vertical compo-
nent of deformation, which is an expression of 
the local compression. As a result, Lindsey and 
Fialko (2013) fi nd that the dipping San Andreas 
fault produces a better match to the InSAR 
data than the vertical alternative. These results 
confi rm 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 the 
vertical San Andreas fault can produce reason-
able strike-slip rates, these models will miss a 
signifi cant portion of the deformation.

HOW DOES FAULT GEOMETRY 
AFFECT SEISMIC HAZARD?

A dipping Coachella  segment of the San 
Andreas fault has greater surface area within the 
seismogenic crust than a vertical San Andreas 
fault, 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 propor-
tionate increase in the seismic moment (Spence 
et al., 1989). In addition, strike-slip rupture along 
dipping fault surfaces produces 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 San Andreas fault and found that 
ground shaking increased by as much as a factor 
of 2 in the hanging wall, and decreased 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 geom-
etry for the Coachella  Valley segment of the 
San Andreas fault (Jones et al., 2008; Working 
Group on California Earthquake Probabilities, 
2008) and thus may be misrepresenting the haz-
ard posed by rupture on this section of the fault.

CONCLUSIONS

We simulate deformation on alternative fault 
confi gurations for the Coachella  Valley seg-
ment of the San Andreas fault. Varying the dip 
of the fault in three-dimensional mechanical 
models does not produce signifi cantly 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 confi gurations produce sig-
nifi cant 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 tilt-
ing between the San Andreas and San Jacinto 
faults, and localized uplift in the Mecca Hills. 
The models of the southern San Andreas fault 
demonstrate that a Coachella  Valley segment 
with a 60°–70° NE dip is a mechanically viable 
geometric interpretation of the active fault sur-
face. The fault structures in Model D agree with 
distributions of local seismicity, and they 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 ground 
shaking in the region and therefore inaccurately 
estimate seismic hazard.
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