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Abstract In Southern California, the Pacific-North America relative plate motion is accommodated by
the complex southern San Andreas Fault system that includes many young faults (<2 Ma). The initiation
of these young faults and their impact on strain partitioning and fault slip rates are important for
understanding the evolution of this plate boundary zone and assessing earthquake hazard in Southern
California. Using a three-dimensional viscoelastoplastic finite element model, we have investigated how
this plate boundary fault system has evolved to accommodate the relative plate motion in Southern
California. Our results show that when the plate boundary faults are not optimally configured to
accommodate the relative plate motion, strain is localized in places where new faults would initiate to
improve the mechanical efficiency of the fault system. In particular, the Eastern California Shear Zone, the
San Jacinto Fault, the Elsinore Fault, and the offshore dextral faults all developed in places of highly
localized strain. These younger faults compensate for the reduced fault slip on the San Andreas Fault
proper because of the Big Bend, a major restraining bend. The evolution of the fault system changes the
apportionment of fault slip rates over time, which may explain some of the slip rate discrepancy between
geological and geodetic measurements in Southern California. For the present fault configuration, our
model predicts localized strain in western Transverse Ranges and along the dextral faults across the
Mojave Desert, where numerous damaging earthquakes occurred in recent years.

1. Introduction

In Southern California, the ~49 mm/yr relative plate motion between the Pacific and North American plates
[DeMets et al., 1994] has been distributed between the San Andreas Fault (SAF) and a complex system of
young faults that together form a broad plate boundary zone (Figure 1). Hence, seismicity in Southern
California is broadly distributed. Numerous damaging earthquakes in recent years, including the 1992
Landers earthquake (Mw 7.3), the 1999 Hector Mine earthquake (Mw 7.1), and the 1994 Northridge earthquake
(Mw 6.7), occurred not on the SAF proper but on these diffuse young faults (Figure 1).

Most of these secondary faults in Southern California initiated in the past 2 Ma (Table 1), likely a necessity to
compensate for the reduced slip by irregularities of the SAF proper. The Big Bend, a major restraining bend of
the SAF related to the opening of the Gulf of California between 12 and 5 Ma [Stock and Hodges, 1989; Holt
et al., 2000; Oskin and Stock, 2003], impedes slip on the SAF and causes diffuse shear stresses in much of
Southern California [Li and Liu, 2006]. It may have played a major role in the initiation of the Eastern
California Shear Zone [Liu et al., 2010]. Likewise, the San Bernardino restraining bend may have caused strain
localization and contributed to the activation of the San Jacinto Fault in the past 2 Ma [Li and Liu, 2007]. Cooke
and Dair [2011] used a three-dimensional boundary element model to show that the southern Big Bend of
the SAF has evolved to its present configuration in the past one million years by abandoning two active fault
strands, to increase its mechanical efficiency in accommodating the relative plate motion.

The fault evolution in Southern California implies continuous changes of strain partitioning across the plate
boundary zone and slip rates on all faults in the system. The present-day slip rates on many of these faults in
Southern California have been well constrained by space geodetic measurements; exceptions are the blind
faults in western Transverse Ranges, the diffuse faults across the Mojave Desert, and the offshore faults where
GPS measurements are sparse [Becker et al., 2005;McCaffrey, 2005;Meade and Hager, 2005; Spinler et al., 2010;
Loveless and Meade, 2011; Johnson, 2013; McGill et al., 2015; Zeng and Shen, 2016]. However, the slip rates
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constrained from geodetic data differ from geological estimates on many faults [Oskin et al., 2008; Bird, 2009;
Chuang and Johnson, 2011; Loveless and Meade, 2011; Lindsey and Fialko, 2013; Tong et al., 2014; Zeng and
Shen, 2014; McGill et al., 2015; Evans et al., 2016]. The discrepancies may arise from the uncertainty of
geodetic inversion methods [Johnson, 2013], or geological measurements [Bird, 2007; Zechar and Kurt,
2009], or both; but some of the discrepancies are likely due to the different timescales of the geodetic and
geological data, the latter reflect longer timescales during which the fault slip rates may have changed by
the initiation of new faults in the plate boundary zone [Morton and Matti, 1993; Bennett et al., 2004].

Table 1. Estimated Timing of Fault Initiation in the Southern California Plate Boundary Zone

Fault Name Initiation Time References

Southern SAF 5–8 Ma Atwater [1970] and Atwater and Stock [1998]

Garlock Fault 5–8 Ma Stock and Hodges [1989], Holt et al. [2000], and Oskin and Stock [2003]

San Jacinto Fault 1.1–2.5 Ma Morton and Matti [1993], Lutz et al. [2006], and Janecke et al. [2011]

N. Elsinore Fault ~2.5 Ma Hull and Nicholson [1992] and Magistrale and Rockwell [1996]

S. Elsinore Fault ~1.2 Ma Dorsey et al. [2012]

Palos Verdes– ≤1 Ma Dolan et al. [1995] and McNeilan et al. [1996]
Coronado Bank Fault zone 2.4–3 Ma Ward and Valensise [1994]

Thrust faults in 2–3 Ma Namson and Davis [1988]

Western transverse ranges ~0.5 Ma Huftile and Yeats [1995]

ECSZ- Mojave fault ≤0.85 Ma Oskin et al. [2008]

Figure 1. Topographic relief, active faults, and seismicity in the Southern California plate boundary zone. SAF: the
San Andreas Fault; SB: San Bernardino segment; PVFZ: Palos Verdes Fault zone; CBFZ: Coronado Bank Fault zone; WTR:
western Transverse Ranges; ECSZ: the Eastern California Shear Zone. Thin purple lines represent the active faults, thick
blue lines are the faults implemented in the finite element model, and blue dashed lines are the model boundary. Circles
are epicenters of seismic events (M > 6).
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In this study, we use the three-dimensional viscoelastoplastic finite element model [Li and Liu, 2006; Li et al.,
2009; Liu et al., 2010] to systematically investigate the evolution of the SAF plate boundary zone in Southern
California in the past few million years. We do not intend to answer the question of how the young faults in
Southern California developed, because fault development is controlled by both stress and strain localization
due to tectonics forces and the inherited lithospheric heterogeneities; the latter is poorly constrained and
difficult to implement in numerical models. Instead, given the geologically recorded developments of these
young faults, we investigate here how the initiation of these young faults may have changed strain partition-
ing and slip rate of major faults in Southern California.

2. The Southern California San Andreas Fault System

The San Andreas Fault is a transform plate boundary between the Pacific and the North American plates
[Atwater, 1970; Wallace, 1990], with a total of ~49 mm/yr relative plate motion [DeMets et al., 1994; Bennett
et al., 1996]. In Southern California, the plate boundary comprises the southern SAF (SSAF) proper, a system
of subparallel dextral strike-slip faults to its west, numerous dextral faults across the Mojave Desert that form
the southern section of the Eastern California Shear Zone (ECSZ), the east-west trending sinistral Garlock
Fault, and the thrust faults in the western Transverse Ranges (Figure 1). The SSAF proper accommodates
about 50–75% of the present-day relative plate motion [Becker et al., 2005; McCaffrey, 2005; Meade and
Hager, 2005]; the rest are taken up by slip on the ECSZ [Dokka and Travis, 1990; Gan et al., 2000; Peltzer
et al., 2001; Dixon et al., 2003], the San Jacinto Fault [Sharp, 1981; Rockwell et al., 1990; Morton and Matti,
1993; Bennett et al., 2004; Becker et al., 2005], and the other faults.

The SAF originated around 29 Ma when the subduction of the Farallon plate brought the encounter of the
Pacific plate with the North American plate [Atwater, 1970; Atwater and Stock, 1998]. The current configura-
tion of the SAF proper largely developed by ~5 Ma, when the opening of the Gulf of California and rotation
of the borderland blocks caused the SAF to jump inland and form the Big Bend, a major restraining bend of
the SAF (Figure 1) [Atwater and Stock, 1998; Oskin and Stock, 2003].

The Garlock Fault and the ECSZ both initiated around the same time as the opening of the Gulf of California
[Stock and Hodges, 1989; Holt et al., 2000; Oskin and Stock, 2003]. The Garlock Fault was perhaps related to the
Basin and Range extension [Davis and Burchfiel, 1973]. Development of the ECSZ has also been related with a
kinematic change around ∼8 Ma when the Sierra Nevada-Great Valley block switched from moving westerly,
driven by the Basin and Range extension, to its modern NW directed motion [Wernicke and Snow, 1998], as
witnessed by a change in stress direction in the Walker Lane belt (also referred to as the northern section
of the ECSZ) about 7–10 Ma [Zoback et al., 1981; Bellier and Zoback, 1995]. South of the Garlock Fault, the
ECSZ consists of a system of NW trending dextral faults cutting across the Mojave Desert [Dokka and
Travis, 1990] (Figure 1). Some of these faults are less than one million years old. The total slip rate on the
ECSZ across the Mojave Desert is about 6 mm/yr estimated by geological measurements [Kirby et al., 2006;
Oskin et al., 2008] and up to 12 mm/yr based on geodetic inversion [Becker et al., 2005; Loveless and
Meade, 2011].

To the southwest side of the SAF proper are the subparallel San Jacinto Fault and other secondary NW trend-
ing dextral faults, including the Elsinore Fault and numerous offshore faults (the Palos Verdes Fault Zone and
the Coronado Bank Fault Zone). The initial offset time and the geological slip rate on the San Jacinto Fault are
still controversial; estimates ranging from 1.1–1.4 Ma [Lutz et al., 2006; Janecke et al., 2011] to 1.8–2.5 Ma
[Morton and Matti, 1993] for its age and around 12 mm/yr [Rockwell et al., 1990; Blisniuk et al., 2013] to
20 mm/yr [Morton and Matti, 1993; Janecke et al., 2011] for the geological slip rate. The present-day slip rate
on the SJF is ∼15 ± 9 mm/yr [Becker et al., 2005] or higher [Lundgren et al., 2009].

The age of the subparallel dextral faults further to the west are generally younger. The initiation of the south-
ern Elsinore Fault was about 1.2 Ma, and the lifetime slip rate is around 1–2 mm/yr [Dorsey et al., 2012]. The
northern section of the Elsinore fault may have initiated earlier, around 2.5 Ma, with lifetime slip rate around
3–6 mm/yr [Hull and Nicholson, 1992;Magistrale and Rockwell, 1996]. The age for the Palos Verdes Fault Zone
and other offshore faults are poorly constrained partly because of the offshore location and the complex fault
structure. They are generally around or less than 1 Ma (Table 1). The slip rate on the Palos Verdes Fault Zone
was ~3 mm/yr for the past 8 ka [Dolan et al., 1995;McNeilan et al., 1996]; the Coronado Bank Fault Zone has a
slip rate ≤ 1 mm/yr during the Holocene [Hill, 1971; Grant et al., 1997; Grant and Shearer, 2004].
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3. FEM Model

To investigate the mechanics of
long-term fault evolution and
interaction in Southern California,
we use a three-dimensional viscoe-
lastoplastic finite element method
developed by Li et al. [2009]. An
important feature of this code is
the inclusion of plastic strain: it
uses steady state plastic creep on
the fault zones to simulate long-
term fault slip, and it allows plastic
strain to occur in the crust outside
the fault zones when the plastic
yield is reached. In places of highly
localized plastic strain, initiation of
new faults (or reactivation of pre-
existing faults) may be expected
[Li and Liu, 2007; Li et al., 2009;
Liu et al., 2010; Ye et al., 2015].
Detailed description of this code
is given by Li et al. [2009]; here
we briefly describe the model
setup for this study (Figure 2).

To simulate the long-term beha-
vior of fault evolution, we assume

that the lithospheric deformation follows the continuum mechanics. The model calculates long-term,
quasi-static deformation of the three-dimensional lithosphere, which follows the equation of force equili-
brium [Cook et al., 2002; Li et al., 2009]:

∂σij
∂xj

þ f i ¼ 0 (1)

where σij(i, j= x, y, z) are components of the stress tensor, fi are components of the body force vector. For
the Southern California transform plate boundary zone, we assume that the deviatoric stresses arise mainly
from the relative motion between the Pacific and North American plates. The model boundary conditions
are described in the following (Figure 2). The northern and southern sides of the model domain are trac-
tion free. The top surface of the model is also traction free, while the bottom is fixed in the vertical direc-
tion and traction free in the horizontal direction. The eastern side of the model domain is fixed, simulating
the stable North American plate. The western side is loaded by shearing at 49 mm/yr, reflecting the
relative plate motion in Southern California [DeMets et al., 1994].

The model domain consists of an elastoplastic upper crust and a viscoelastic lower crust and mantle
(Figure 2). The faults are represented by thin (1 km) layers of fault elements with a lower plastic-yielding
strength than that of the surrounding crust. Under the imposed loading, the fault zones creep plastically
when stress reaches the Drucker-Prager plasticity criterion [Drucker and Prager, 1952; Li et al., 2009].
Similarly, plastic strain occurs and accumulates outside the fault zones where the stress reaches the plastic
yield. The yield function for the Drucker-Prager model is

F ¼ αI1 þ
ffiffiffiffi
J
0
2

q
� k (2)

where I1 and J
0
2 are the first invariant of the stress tensor and the second invariant of the deviatoric stress ten-

sor, respectively; the parameters α and k are related to the coefficient of friction and cohesion, respectively.

Figure 2. Numerical mesh and boundary conditions of the finite element
model. The model consists of an elastoplastic upper crust (20 km) and a
viscoelastic lower crust and mantle (30 km). The faults are represented by a
thin (1 km) layer of fault elements with low plastic strength. The southern San
Andreas Fault is divided into seven segments: the Carrizo segment (SAF-
Carrizo), the Big Bend, Mojave segment, San Bernardino segment (SB), Indo
segment, Brawley segment, and the Imperial fault. GF-W and GF-E: western
and eastern segments of the Garlock Fault; SJF-N and SJF-S: northern and
southern segments of the San Jacinto Fault; EF-N and EF-S: northern and
southern segments of the Elsinore Fault; PVFZ: the Palos Verdes Fault zone;
CBFZ: the Coronado Bank Fault zone; WT-W and WT-E: western and eastern
thrust faults in western Transverse Ranges; ECSZ-SN and ECSZ-MD: the
Eastern California Shear Zone in Sierra Nevada and Mojave Desert; SNB: the
Sierra Nevada Block.
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The plastic yield strength (in terms of α and k) assigned to the fault zones are lower than that for the crust
(Table 2). For the viscoelastic lower layer, we used the viscosity of 1021 Pa s in most cases. The elastic
constants for the entire model domain are conventional values for the lithosphere: 8.75 × 1010 Pa for the
Young’s modulus and 0.25 for the Poisson’s ratio [Li et al., 2009; Liu et al., 2010].

4. Model Results

To explore how the southern SAF systemmay have evolved following the formation of the Big Bend, and how
each new fault affects the regional strain partitioning and fault slip rates in Southern California, we conducted
a series of forwardmodels. We started with a simple case with only the SAF proper included in themodel. This
case serves as a reference model to demonstrate how the irregularities of fault geometry, in this case the Big
Bend, affect slip rates along the SAF and strain partitioning in Southern California. We then incorporated the
major secondary young faults in Southern California individually, based on their estimated chronological
orders of initiation, into the model to investigate how the addition of each new fault changes the slip rates
on all faults in the system and alters regional strain partitioning.

4.1. How Fault Geometry Impacts Strain Partitioning and Slip Rates

Figure 3 shows the results of the reference case, when the SAF proper is the only fault included in the model.
If the SAF is a perfect transform plate boundary—straight and parallel to the direction of the relative plate
motion, the model would predict perfect block motion, with every part of the Pacific plate moving coherently
as a block relative to the fixed North American plate [Liu et al., 2010]. However, the Big Bend of the SAF, a
restraining bend, impedes the motion of the Pacific plate. Because of the bend, the Pacific plate causes the
edge of the North American plate (the Mojave Desert and the Sierra Nevada Block) to move with it
(Figure 3a). This produces a broad zone of horizontal velocity gradients across the Big Bend between the
two plates.

The relative plate motion not accommodated by steady state fault slip on the SAF needs to be compensated
elsewhere, by plastic strain outside the fault (Figure 3b). The predicted plastic strain is highly localized in two
belts, extending from the two ends of the Big Bend and subparallel to the direction of relative plate motion.

Table 2. Major Model Parameters in the Model

Material Block Viscosity (Pa s) Frictional Coefficient Cohesion (MPa)

Upper crust 1025 0.4 50

Lower crust and mantle 1021 0.4 50

Fault within the upper crust 1025 0–0.1 10 (SAF) 30 (other faults)

Fault downward extension 1021 0–0.1 10 (SAF) 30 (other faults)

Figure 3. Results of the reference model that includes only the southern SAF proper (thick black line). (a) Surface horizontal
velocity (arrows and color contours) relative to the fixed North America. White line is the coastline. (b) Plastic strain rate
outside the SAF. Fault slip rates (in mm/yr) are average values for each modeled SAF segment.
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One of the high-strain belts overlaps with the Eastern California Shear Zone, and the other overlaps with the
offshore fault zones in Southern California.

Because the lithospheric rheology outside the fault zone is laterally homogeneous in this case, the predicted
strain localization is entirely due to the stress variations induced by the fault irregularities and the plasticity. In
the Drucker-Prager model of plasticity, the plastic yield depends on both the normal stress and shear stress
(equation (2))—compressive normal stress hinders plastic yield, whereas shear stress promotes it. Around the
Big Bend, the shear stress is high, but so is the compressive normal stress (Figure S1 in the supporting
information), so the plastic strain is limited (Figure 3b). Along the two belts of localized strain, the shear stress
is high (as can be inferred from the horizontal velocity gradients in Figure 3a), and the normal stress is
relatively low. A model case with details of the accumulation of plastic strain around a restraining bend is
provided in Figure S2.

The predicted fault slip rates as shown in Figure 3b depend on the plastic yield strength of the fault zone in
the model. We adjusted the fault properties (cohesion and internal friction) such that the predicted slip rate
on the Carrizo segment agrees with the geological slip rate of ~34 mm/yr (Appendix B of the UCERF 3, http://
pubs.usgs.gov/of/2013/1165/). The fault properties are uniform in the model, so the reduced slip rates along
the Big Bend result from its impedance to the relative plate motion.

4.2. Effects of Lithospheric Rheology

The predicted strain partitioning may vary with lithospheric rheology. Figure 4 shows the results when we
increased the plastic strength of the Sierra Nevada Block (SNB) (Figure 4a), which is known to have behaved
as a rigid block [Dixon et al., 2000]. Having a strong SNB limits the plastic strain to a narrower zone along the
ECSZ while increases the plastic strain along the offshore areas in Southern California (Figure 4b), which com-
pensates for the reduced plastic strain on the eastern side of the SAF. Comparing with the reference model in
Figure 3, including a strong SNB decreases slip rates on the southernmost segments of the SAF while it
increases slip rates on the Carrizo segment, as well as along the coastal region (Figure 4c).

In the next case, we also lowered the plastic yield strength of the crust along the ECSZ, which are not expli-
citly included in the model as faults (Figure 5). Not surprisingly, this increases plastic strain rates along the
ECSZ, at the expense of plastic strain along the coastal region. Similar results are found by Liu et al. [2010]
by reducing the viscosity of the lower crust and upper mantle under the Basin and Range Province to the
east of the ECSZ.

Consequently, the ECSZ is predicted to see an increase in slip rates (more precisely, shearing rates, as the
ECSZ faults are not explicitly included in the model) (Figure 5c). A weak ECSZ also promotes slip on the south-
ernmost segments of the SAF proper, perhaps by providing an easier path along the eastern side of the plate
boundary zone to accommodate the relative plate motion (Figure 5b). This would relieve the burden on the
Carrizo and Big Bend segments of the SAF proper, explaining the reduced slip there (Figure 5c).

Figure 4. Effects of including a strong Sierra Nevada Block (SNB, outlined by the dashed lines). The SNB is given a high
cohesion (60 MPa); other parameter values are given in Table 2. (a) Surface horizontal velocity relative to fixed North
America. (b) Plastic strain rate outside the modeled fault segments (thick lines); fault slip rates (in mm/yr) are average values
on each segment. (c) The change of fault slip rates relative to the reference case in Figure 3. The fault segments are defined
in Figure 2.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014325

YE AND LIU YE AND LIU: SAF FAULTS AND SLIP RATES 6

http://pubs.usgs.gov/of/2013/1165/
http://pubs.usgs.gov/of/2013/1165/


The rigid SNB and relatively weaker ECSZ crust are among the most noticeable rheological variations in
Southern California; their effects on the SAF slip rates are less than 5 mm/yr (Figures 4c and 5c). The impact
of other rheological heterogeneities not included in the model is likely less.

4.3. Effects of the Garlock Fault

The nearly 260 km long, roughly E-W striking Garlock Fault is an important boundary separating the Sierra
Nevada Block and the Basin and Range province to the north from the Mojave Desert block to the south. It
probably initiated around the same time as the formation of the Big Bend [Burbank and Whistler, 1987;
Monastero et al., 1997], perhaps as a conjugate fault pair with the SAF to accommodate some of the conver-
gence at the Big Bend section of the plate boundary fault [Hill and Dibblee, 1953; McGill et al., 2009]. Others
have suggested that its formation is related to the Basin and Range extension [Davis and Burchfiel, 1973].
In the models that do not include the Garlock fault (Figures 3–5), a band of relatively high plastic strain is
nonetheless predicted near the location of the Garlock Fault. This strain localization results from the Big
Bend and the relatively stronger SNB, thus both may have contributed to the initiation of the Garlock Fault.

Figure 5. Effects of including a weak Easter California Shear Zone (ECSZ), simulated by reducing the cohesion of the crust
to 40 MPa. Other parameter values are in Table 2. (a) Surface horizontal velocity. White line is the coastline. (b) Plastic
strain rate outside the fault segments (thick lines); slip rates (in mm/yr) are average values for each fault segment. For ECSZ,
where no faults are explicitly included in the model, slip rates are average values of the shearing rates across the fault zone.
(c) The change of fault slip rates relative to the previous case in Figure 4. The fault segments are defined in Figure 2.
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Explicitly including the Garlock fault in the model does not significantly change the predicted surface velocity
and strain localization (Figures 6a and 6b), but it has noticeable impact on the fault slip rates (Figure 6c). The
biggest change, naturally, is the 6–7 mm/yr slip on the Garlock Fault, comparable with the geological
estimates [McGill et al., 2009; Ganev et al., 2012]. However, the Garlock Fault also promotes slip on the
ECSZ and the southernmost segments of the SAF, while it reduces slip rates on the Carrizo and the Big
Bend segments. Essentially, the Garlock Fault further impedes relative motion along the Big Bend and the
SAF segments farther north, thus forces more plastic strain to localize along the ECSZ, which in turn promotes
slip on the southern segments of the SAF that are aligned with the ECSZ.

4.4. Effects of the San Jacinto Fault

The San Jacinto Fault formed around the same time as the restraining bend over the San Bernardino
Mountains segment of the SAF, developed around 1.5–2 Ma [Morton and Matti, 1993; Albright, 1999;
Dorsey, 2002]. This restraining bend may have localized strain and contributed to the development of the
SJF [Li and Liu, 2007]. Explicitly adding the SJF in the model causes the horizontal velocity gradient to be lar-
gely limited to the zone between the SJF and the SAF (Figure 7a). Slip on the SJF reduces plastic strain along
the coastal region (Figure 7b) and slip rates on the southernmost segments of the SAF (Figure 7c).

Figure 6. Effects of including the Garlock Fault (GF). (a) Surface horizontal velocity. White line is the coastline. (b) Plastic
strain rate outside the faults (thick lines) and the fault slip rate (in mm/yr). (c) The change of fault slip rates relative to
the previous case in Figure 5. The fault segments are defined in Figure 2.
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4.5. Effects of the Elsinore Fault and the Offshore Faults

The Elsinore Fault and the subparallel offshore faults, including the Palos Verdes Fault Zone and the
Coronado Bank Fault Zone, are dextral NW trending strike slip faults initiated in the past one million years
or so [Hill, 1971; Dolan et al., 1995;McNeilan et al., 1996; Grant et al., 1997; Grant and Shearer, 2004]. The cause
of these faults remains uncertain. It may also be related to the strain localization due to the Big Bend—as
shown in previous figures (Figures 4–7), plastic strain is localized along the offshore region because of the
impedance of the Big Bend to the relative plate motion. However, the Big Bend formed a few million years
earlier, so additional factors must be involved to account for the recent initiation of these faults.

In the next case we added two faults in the model, one simulates the Elsinore Fault, the other simulates the
offshore fault zones (Figure 8). The resulting surface velocity field shows a distributed relative motion across
these faults (Figure 8a), as indicated by geodetic measurements [Bourne et al., 1998; Zeng and Shen, 2016]. Slip
on the Elsinore and the offshore faults tends to reduce the shear strain on the ECSZ needed to accommodate
the relative plate motion. On the other hand, termination of the Elsinore and the offshore faults on their
northern ends causes high plastic strain in the western Transverse Ranges (Figure 8b).

Figure 7. Effects of including the San Jacinto Fault (SJF). (a) Surface horizontal velocity. White line is the coastline. (b) Plastic
strain rate outside the faults (thick lines) and the fault slip rate (in mm/yr). (c) The change of fault slip rates relative to
the previous case in Figure 6. The fault segments are defined in Figure 2.
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The initiation of the Elsinore and the offshore faults made the western side of the plate boundary zone more
efficient in accommodating the relative plate motion. Thus, slip rates reduce on the southernmost segments
of the SAF, the San Jacinto Fault, and the ECSZ, while slip rates increase on the northern segments of the
southern SAF (Figure 8c).

The predicted slip rates on the offshore faults are too high comparing with the geodetic rates and geological
estimates, which are less than 3 mm/yr [Dolan et al., 1995; McNeilan et al., 1996; Zeng and Shen, 2016]. One
explanation is that the impedance of the Big Bend has less impact on the offshore faults than on the SJF
and southern SAF, and in the model we assumed the same fault strength for all secondary faults (Table 2).
Young faults usually have higher strength than more mature faults [Bird and Kong, 1994]. If we assign higher
strength to these young faults, the predicted slip rates would be lower and closer to the observed values, as
shown in previous studies [Li and Liu, 2007].

4.6. The Thrust Faults in the Western Transverse Ranges

The thrust faults, including numerous blind faults, in the WTR pose serious seismic hazard to the Los Angeles
metropolitan region [Dolan et al., 1995], as illustrated by the 1994 Northridge earthquake (Mw 6.7). Figure 8b

Figure 8. Effects of including the Elsinore Fault (EF) and the offshore dextral faults (Palos Verdes (PVFZ) and the Coronado
Bank Fault zone (CBFZ)). (a) Surface horizontal velocity. White line is the coastline. (b) Plastic strain rate outside the faults
(thick lines) and the fault slip rate (in mm/yr). (c) The change of fault slip rates relative to the previous case in Figure 7.
The fault segments are defined in Figure 2.
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shows that the initiation of the Elsinore and the offshore faults tends to localize strain in the WTR, which acts
as a stepover interrupting the dextral crustal motion along the western side of the plate boundary zone.
Such strain localization would have contributed to the activation of the thrust faults in the WTR and the
associated seismicity.

In Figure 9 we show the results of explicitly adding a fault representing the thrust faults in the WTR. The
resulting surface velocity field (Figure 9a) is similar to that in the previous case (Figure 8a). Having the roughly
E-W trending fault zone in the WTR does not relieve much of the impedance to the dextral crustal motion
across the WTR, so the high plastic strain here remains (Figure 9b). The WTR fault in the model is vertical
for simplicity; a dipping thrust fault may be more accommodating for the crustal motion. Nonetheless, the
results indicate that the WTR thrust faults promote slip on the dextral faults to the west of the SAF, including
the northern segments of the southern SAF. Meanwhile, slip on the southernmost segments of the SAF fault,
as well as the Garlock Fault and the ECSZ, is slightly reduced (Figure 9c).

This case includes all the major faults in Southern California, thus the results in Figure 9 represent the present
strain partitioning and fault slip rates in the region. Of particular interest is the high strain rates predicted in
western Transverse Ranges and the ECSZ across the Mojave Desert. Fault slip rates in these places are not well

Figure 9. Effects of including the thrust faults in the western Transverse Ranges (WTR). (a) Surface horizontal velocity. White
line is the coastline. (b) Plastic strain rate outside the faults (thick lines) and the fault slip rate (in mm/yr). (c) The change
of fault slip rates relative to the previous case in Figure 8. The fault segments are defined in Figure 2.
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constrained by geodetic measure-
ments because the faults are either
blind or diffuse. Without explicitly
including faults in these regions, our
model nonetheless predicts high
strain rates, which partially explains
the numerous damaging earth-
quakes in these places.

The corresponding stress fields for
the present fault configuration in
Southern California are provided in
the supporting information. The
maximum shear stress and mean
normal stress (Figure S3) are similar
to previous models [Li and Liu,
2006], and the principal stresses are

generally consistent with previous models [Flesch et al., 2000] and measurements [Townend and Zoback,
2004] (Figure S4).

5. Discussion

In our model the driving force is traction along the plate boundary due to relative plate motion. We did not
include the gravitational potential energy that can be important for orogenic deformation [England and
Molnar, 1997; Flesch et al., 2000], because our focus here is on fault slip within the San Andreas transform plate
boundary. Our model does not exclude the effects of basal traction, which has been suggested by some
workers as being important for the San Andreas plate boundary zone [Bourne et al., 1998]. However, basal
traction is more difficult to constrain than relative plate motion.

For a given configuration of faults, our model predicts both the fault slip rates and distribution of plastic
strain. The predicted strain localization outside faults provides some helpful insight into fault development,
as detailed in our previous studies [Li and Liu, 2006, 2007; Liu et al., 2010]. In this study, we have focused on
the impact of initiating new faults on the regional strain partitioning and fault slip rates. We have showed that
in the past few million years, strain partitioning and fault slip rates in Southern California have continuously
changed because of the initiation of new faults.

5.1. Fault Evolution and Variations of Fault Slip Rates

The fault configuration of the SAF plate boundary zone in Southern California has changed significantly in the
past fewmillion years. By ~5Ma the opening of the Gulf of California caused the inland jump of the SAF, form-
ing the restraining Big Bend. The Big Bend impedes the relative plate motion on the SAF, the main plate
boundary fault, thus causes off-fault plastic strain, which may either activate preexisting faults or initiate
new faults. Fault development, however, is also controlled by the inherited lithospheric heterogeneities,
which are poorly constrained and difficult to implement in model. Nonetheless, our results suggest that
the initiation of young faults in Southern California in the past few million years are largely consequential
to previous fault development. The Big Bend is shown to localize strain along the ECSZ and the Garlock
Fault (Figures 3–5), thus may have contributed to the initiation of these fault zones, which initiated around
the same time as the formation of the Big Bend. Similarly, the San Jacinto Fault and the younger subparallel
faults to its west initiated in places of high plastic strain predicted by models that do not explicitly include
these faults. These results can be conceptually understood as the plate boundary fault system constantly
evolves to seek for the optimal pathways to accommodate the relative plate motion, as suggested by pre-
vious studies [Cooke and Kameda, 2002; Liu et al., 2010].

Although the predicted strain localization is illustrative for fault development, we did not try to explain the
cause of each young fault because of the lack of constraints on the inherited lithospheric heterogeneities.
Instead, we focused on the impact of each new fault on the regional partitioning of plastic strain and slip rates
on the major faults. The changes of slip rates on segments of the SAF proper due to addition of each younger

Figure 10. Predicted slip rate changes on each SAF segment (defined in
Figure 2) with the initiation (inclusion in the model) of each additional
fault (marked in the horizontal axis) in Southern California.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014325

YE AND LIU YE AND LIU: SAF FAULTS AND SLIP RATES 12



fault in the model are summarized in Figure 10. The changes due to development of young secondary faults
are significant, from 5 to 20 mm/yr. The absolute values of these changes depend on model parameters,
especially the plastic strength assumed for each fault; but the general trend is physically robust. The southern
segments of the southern SAF have the larger variation of slip rates compared to the northern segments,
because of the initiation of numerous secondary faults in Southern California. Specifically, the initiation of
the San Jacinto Fault, the Elsinore Fault, and the offshore faults in the past couple of million years reduced
slip rates on the southernmost segments of SAF, while slip rates on the Mojave and Carrizo segments of
the SAF increased because of increased dextral crustal motion on the western side of the plate boundary
zone facilitated by these young faults.

The uncertainties of the initiation time of faults (Table 1) could affect the sequence of faults implemented in
the models. For example, it is possible that the northern Elsinore Fault and some thrust faults in western
Transverse Ranges may have initiated earlier than the San Jacinto Fault. However, these uncertainties do
not change our main findings in those cases (Figures 7–9). Even if the northern Elsinore Fault was included
in the model before the San Jacinto Fault, initiation of San Jacinto Fault would still reduce both plastic strain
along the coastal region and slip rates on the southernmost segments of the SAF.

5.2. Codependence of Fault Slip Rates

Bennett et al. [2004], based on the estimated slip rate history for the past 5 Ma, proposed a codependence of
the slip rate on the San Jacinto Fault and the southern SAF: the increase of slip rate on one fault decreases slip
rate on the other. This apparent codependence of fault slip rates has been questioned by some recent stu-
dies. Blisniuk et al. [2013], for example, have shown that the observed slip on the San Jacinto Fault is stable
during the last ~700 ka and argued that this is inconsistent with the model of codependent slip rates and
its underlying physics—that slip rates are time dependent, and increase on one fault would cause decrease
on the other fault. The uncertainties of the available estimates of slip rates have not permitted this issue to be
fully resolved.

Our results may shed some light on this issue. When the San Jacinto Fault and the southern SAF are the only
dextral faults in Southern California to accommodate the relative plate motion, then increasing slip rate on
one fault would necessarily reduce slip rates on the other (Figure 7c). A more detailed discussion of the
dynamic interactions between these two faults was given by Luo and Liu [2012]. The slip rate codependence
between these two faults becomes more complicated when additional faults are involved in accommodating
the relative plate motion. For example, initiation of the Elsinore Fault and the offshore faults would reduce
slip rates on both the San Jacinto Fault and the southernmost SAF (Figure 8c). Whenmore faults are involved,
the slip distribution among them becomes more complicated. In reality, each of the faults modeled in our
study consists of many fault strands and branches [Zeng and Shen, 2016], and many more faults are not
included in the model. On the other hand, the initiation of the Elsinore and the offshore faults in the past
one million years caused only <3 mm/yr change of slip rates on the San Jacinto Fault (Figures 8c and 9c);
thus, an apparently stable slip rate on the San Jacinto Fault since 700 ka may not resolve changes of slip rates
on other faults.

Our model results also suggest a more general slip rate codependence between the faults on the eastern and
western sides of the broad plate boundary zone in Southern California. For example, increase of slip rates in
the ECSZ tends to promote slip on the southernmost segments of the SAF (Figure 6c), which are aligned with
the ECSZ on the eastern side of the plate boundary zone and are structurally connected [Dokka and Travis,
1990; Thatcher et al., 2016]. For similar reasons, initiation of the Elsinore and the offshore faults improves
the mechanical efficiency of faults on the western side of the plate boundary zone, thus increasing slip rates
on the Carrizo and the Big Bend segments of the SAF, which are aligned with these faults (Figure 8c). More
geological measurements of slip rates are needed to test this hypothetical codependence of slip rate.

5.3. Discrepancy Between the Geological and Geodetic Slip Rates

Our results of fault evolution in Southern California and its impact on slip rates may help understand the slip
rate discrepancy between geological and geodetic measurements (Figure 11). For example, the geodetic slip
rate [Becker et al., 2005;Meade and Hager, 2005] along the San Bernardino segment of southern SAF are lower
than geological estimates [McGill et al., 2013]; and the geodetic slip rate on the Mojave part of the ECSZ
[Loveless and Meade, 2011] is almost two times the geological estimates [Oskin et al., 2008].
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Besides the intrinsic uncertainties
in the geological estimates and
geodetic inversion, different time-
scales are likely a major cause for
these discrepancies. Geodetic data,
collected over years to decades,
are dominated by interseismic
strain and are essentially snapshots
of the present-day strain rates field,
whereas geological slip rates are
estimated from offsets that span
over much longer time. Our results,
based on simulation of steady state
plastic creeping of fault zones and
thus are comparable with geologi-
cal slip rates, show that the evolu-
tion of the fault system in the
plate boundary zone would impact
slip rates on each individual fault.
The slip rates on different seg-
ments of the SAF proper may have

changed up to 20 mm/yr in the past 5 Ma (Figure 10). In the past one million years, the time span for most of
the estimates of geological slip rates, the predicted slip rate on the southern segments of the SAF may have
changed as much as 10 mm/yr (Figure 10). Although these values need to be taken with caution because of
their dependence on the assumed fault strength, the general trends of the predicted changes are consistent
with the observed slip rate discrepancy. For example, a decrease of slip rates on the SAF-San Bernardino seg-
ment is predicted after the initiation of the Elsinore and the offshore dextral faults (Figure 8c), which reduce
the relative plate motion that need to be accommodated by the southern SAF. This decrease of slip rate on
the SAF-San Bernardino segment is consistent with geological data, which show higher rate (28 mm/yr) by
averaging the total bedrock offset of 140 km along the San Bernardino section over the past 5 Ma [Matti
andMorton, 1993] and lower rate (6.8–16.3mm/yr) over the past 35 ka based on the offset history [McGill et al.,
2013]. This recent slip rate is closer to the geodetic estimation of present-day rate [Loveless and Meade, 2011;
Tong et al., 2014; Zeng and Shen, 2014] (Figure 11).

Given the complexity of fault systems in nature, selecting the faults and fault strands for evaluation is a chal-
lenge for both geological and geodetic estimates of slip rates. Recent studies reevaluating the kinematic
models of inverting geodetic slip rate suggest that around 20–40% of the total strain across the ECSZ may
be accommodated by the off-fault deformation [Johnson, 2013; Herbert et al., 2014]. We face the same chal-
lenge in our geodynamic model. The faults we implemented in the model are first-order approximations;
they serve the purpose of illustrating the general impact of these faults on the regional strain partitioning
and slip rates on the major faults. On the other hand, by calculating plastic strain that would localize in the
off-fault crust, our results provide some insights on the causes of young faults and the general evolution of
the plate boundary fault system.

6. Conclusions

We have used a three-dimensional viscoelastic-plastic geodynamic model to investigate how fault evolution
in the Southern California plate boundary zone may have changed regional strain partitioning and fault slip
rates in the past few million years. The major conclusions we may draw include the following:

1. The formation of the restraining Big Bend has had a dominant influence on the subsequent development
of the plate boundary zone in Southern California. The Big Bend impedes relative plate motion on the
San Andreas proper and forces off-fault plastic strain. The Eastern California Shear Zone (ECSZ), the
Garlark Fault, the San Jacinto Fault, the Elsinore Fault, and the offshore faults all developed in places
of predicted high plastic strain rates, suggesting that the initiation of these younger faults are largely

Figure 11. Comparison of the geological, geodetic, and our model-predicted
slip rates on major SAF segments. The “Geological rates” are from USGS
(Appendix B of the UCERF 3, http://pubs.usgs.gov/of/2013/1165/); “L&M” are
the rates from geodetic inversion by Loveless and Meade [2011]; ‘“Z&S”
are the rates from geodetic inversion by Zeng and Shen [2014]; “Tong” are
the rates from geodetic inversion by Tong et al. [2014]; “This study” are the
predicted slip rates with configuration of faults shown in Figure 10, and
the ranges are given by the maximum and minimal value of slip rates in the
cases shown in Figures 3–10.
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influenced by the evolving fault configuration, as the plate boundary zone continues to seek for the
optimal paths to accommodate the relative plate motion.

2. Initiation of the San Jacinto Fault in the past ~2 Ma has significantly reduced slip rate on the subparallel
segments of the southern SAF. Initiation of the Elsinore and the offshore dextral faults in the past one
million years has reduced slip rates on both the San Jacinto Fault and the southernmost SAF, and localized
strain in the western Transverse Ranges.

3. Our results support the hypothesis of codependent slip rate between the San Jacinto Fault and southern
SAF, although this codependence is weakened in the past one million years by the initiation of numerous
younger subparallel dextral faults. Furthermore, our results suggest a general codependence of slip rates
among all the NW trending dextral faults in the Southern California plate boundary zone, because they
collectively accommodate the relative plate motion between the Pacific and the North American plates.
Slip on the ECSZ promotes slip on the southernmost segments of the southern SAF, which are aligned
and structurally linked with the ECSZ. Conversely, slip on the Elsinore and the offshore dextral faults
increases slip on the SAF segments on the western sides of the Southern California plate boundary zone.

4. The initiation of numerous young faults in the past couple of million years may have contributed to the
observed discrepancy between geological and geodetic estimates of fault slip rates in Southern California.

5. Our model with the present fault configuration predicts high strain rates in western Transverse Ranges
and the ECSZ across the Mojave Desert, where fault slip rates are not well constrained but numerous
damaging earthquakes occurred in recent years.
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