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Rupture and Ground-Motion Models on the Northern San Jacinto

Fault, Incorporating Realistic Complexity

by Julian C. Lozos,* David D. Oglesby, James N. Brune, and Kim B. Olsen

Abstract We use the 3D finite-element method to conduct dynamic models of rup-
ture and resulting ground motion on the Claremont–Casa Loma stepover of the northern
San Jacinto fault. We incorporate complex fault geometry (from the U.S. Geological
Survey [USGS] Quaternary Faults Database; seeData and Resources), a realistic veloc-
ity structure (the Southern California Earthquake Center Community Velocity Model-
stepover presents a significant barrier to rupture, regardless of our choice of initial nu-
cleation point and that it is difficult for rupture to propagate the full length of either fault
segment. Greater heterogeneity of stresses tends to produce shorter ruptures. Within this
result, we find that the Claremont strand is more favorable for long ruptures than the
Casa Loma–Clark strand. Low-frequency ground-motion intensity and distribution are
controlled largely by the velocity structure rather than by stress heterogeneity. The
strongest motions produced in these models are in the San Bernardino basin. Although
directivity effects do contribute to the low-frequency ground-motion distribution, par-
ticularly in the near field, they are secondary to the effects of the velocity structure.

Online Material: Figures of ground motions from models used to calibrate the
stress conditions for dynamic rupture propagation.

Introduction

The San Jacinto fault (SJF) is a 230-km-long right-lateral
strike-slip fault that is one of the major components of the
plate boundary in southern California (Fig.1). It branches off
from the San Andreas fault in Cajon Pass and runs subparallel
to it through to the Imperial Valley. TheSJFis a young fault,
which has not yet matured into a single primary strand; it is
characterized by geometrical complexity. Strand boundaries
within the SJFare generally delineated by bends, branches,
and stepovers, but the complexity within each strand is such
that several different parameterizations exist for the fault zone
as a whole (Wesnousky, 1986; Working Group on California
Earthquake Probabilities, 1995;

geometrical complexity within their surface traces, in the form
of smaller bends and discontinuities. One such discontinuity is
a short compressional bend connecting the Casa Loma strand
to the Clark strand near Hemet. A shorter intermediate fault
strand, known as the Farm Road strand, is positioned at the
northern end of the stepover (Parket al., 1995). It is separated
from the Claremont by 2 km and the Casa Loma by 1 km and
may be as short as 2.4 km (U.S. Geological Survey [USGS]
Quaternary Faults Database; seeData and Resources) or as
long as 7 km (Marliyaniet al., 2013). The dip of all three seg-
ments is poorly constrained. Seismic reflection studies suggest
that the Claremont and Farm Road strands, and possibly also
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the Casa Loma–Clark, may converge to a flower structure at
depth (Parket al., 1995), but seismicity data suggests that the
dips may be close to vertical (Lin et al., 2007). A geologic
study byKendrick and Morton (2012)also suggests that, be-
cause the total offset on theSJF(∼24 km) is equivalent to the
overlap length of the Claremont–Casa Loma stepover, the
stepover may represent an offset of distinctly separate vertical
faults. The Claremont and Casa Loma strands define the edges
of the San Jacinto Valley, which is a pull-apart basin with a
depth of up to 2.3 km (Parket al., 1995).

The Claremont–Casa Loma stepover poses several key
questions about the ability of earthquake rupture to negotiate
fault zone complexity. The primary question is whether or
not a rupture that initiates on the Claremont strand will be
able to jump onto the Casa Loma–Clark strand or vice versa.
Within this issue are the questions of how the smaller-scale
complexities within those strands may affect rupture propa-
gation and whether the Farm Road strand is large enough or
in an optimal position to sustain its own rupture or to affect
propagation on the larger fault strands. Regardless of the ex-
tent of the rupture, the questions also arise of how complex
fault geometry affects ground motion and of whether or not
that effect is stronger than the effect of the complex velocity
structure surrounding the fault. These physical questions also
tie directly into questions of seismic hazard in this area,
because the northernSJFruns through several cities, includ-

ing San Bernardino, Moreno Valley, San Jacinto, and Hemet.
Even a moderate rupture on theSJFwould have potential to
cause considerable damage throughout the densely popu-
lated Inland Empire region.

Historic earthquakes and paleoseismic evidence alike
suggest there are rupture barriers in the region of the
Claremont–Casa Loma stepover. In 1899 and 1918, two
Mw 6� events occurred on the northernSJF. There have been
as many different assessments of the locations of these two
earthquakes as there have been studies on the northernSJF.
Recent paleoseismology and lidar places the 1918 event on
the Clark strand, just south of the stepover region (Salisbury
et al., 2012; Rockwellet al., 2015), whereas the location of
the smaller 1899 event is still more questionable. Regardless
of the exact endpoints of these ruptures, it is evident that the
SJFin the vicinity of the Claremont–Casa Loma stepover can
fail in a series of smaller events. Paleoseismic studies on ei-
ther side of the stepover also indicate that the Claremont and
Casa Loma–Clark strands alike have ruptured in multiple
Mw 7� events (Onderdonket al., 2015; Rockwell et al.,
2015), though the temporal resolution of these data is not
precise enough to determine whether these large events in-
volved each strand individually or both at once. Dynamic
rupture modeling can help assess (1) whether the barriers that
lead to this apparent segmentation are geometrical or are a
result of a regional or local stress field and (2) whether a
through-going rupture across the stepover is possible.

Figure 1. The location of the San Jacinto fault (SJF; red) in
southern California. The part of the fault zone examined in this study
is within the green box. Other Quaternary faults are shown in gray.

Figure 2. Close up of the northernSJFzone with geometry based
on the U.S. Geological Survey (USGS) Quaternary Faults Database
(seeData and Resources). The Claremont–Casa Loma stepover is
circled in green. The Claremont strand is the more northeasterly of
the two; the Casa Loma is to the southwest. The small fault within the
northern end of the stepover is the Farm Road strand.
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There is a large and growing body of work in which dy-
namic rupture models have been used to investigate the effect
of a specific type of geometrical complexity on rupture
propagation, including disconnected stepovers between par-
allel faults (Harriset al., 1991; Harris and Day, 1993; Aochi
et al., 2000; Oglesby, 2008; Lozos et al., 2012), parallel
faults with another fault linking them at some angle (Mag-
istrale and Day, 1999; Oglesby, 2005; Lozoset al., 2011),
and fault branches (Kameet al., 2003; Duan and Oglesby,
2007). Many of these have results that are directly pertinent
to the case of the northernSJF. The study ofHarris and Day
(1993)on the ability of rupture to jump different stepover
widths found that rupture is not likely to jump across an
extensional stepover with a separation wider than 4 km,
which is narrower than the widest separation between the
Claremont and Casa Loma strands. The studies ofLozoset al.
(2012)andLozos, Oglesby,et al. (2015)included an inter-
mediate fault within a stepover, like the Farm Road strand
between the Claremont and Casa Loma, and found that the
length of the intermediate segment can have a controlling
effect on whether or not rupture can jump the larger stepover.
However, these studies and the others cited above use fault
geometries that are planar, aside from the single discontinu-
ity of the type for which the effect is being investigated. This
type of simplification is crucial to understand primary fault
physics, but it may not be adequate to describe the rupture
behavior of a realistically complex fault zone.

In the present study, we investigate the ability of rupture
to propagate through the Claremont–Casa Loma stepover of
the northernSJF, and the ground motion that results from any
ruptures in this area, by constructing dynamic rupture models
that incorporate more levels of realistic complexity than in
past modeling studies. In particular, we incorporate geomet-
rical complexity within the individual strands of the larger
stepover, a regional stress field taken from seismicity studies,
and several randomly generated stochastic stress distribu-
tions, and we embed the fault system in an observationally
determined velocity structure for southern California.

Methods

Computational Method

Our dynamic rupture models were conducted using
FaultMod (Barall, 2009), a 3D finite-element code that has
been rigorously tested as part of the Southern California
Earthquake Center (SCEC) dynamic rupture code validation
workshop (Harris et al., 2009). We use a slip-weakening
Coulomb friction criterion (Ida, 1972; Palmer and Rice,
1973; Andrews, 1976), and a fully elastic lossless medium.
The physical and computational parameters common be-
tween all of our models are listed in Table1; however, there
is much variability between models, both due to the hetero-
geneity of initial stress conditions and velocity structure and
to our choice of stress states. In all cases, we force initial
nucleation by raising shear stress on the fault above the yield

stress and forcing rupture propagation over a radius larger
than the critical patch size required for self-sustaining rup-
ture. Any secondary nucleations on other fault strands occur
naturally as a result of the physics of the rupture.

Ground motion is a direct output of FaultMod calcula-
tions. However, computational constraints do not allow us to
use a small enough mesh size to resolve the high-frequency
ground motions that pose a hazard to infrastructure. Thus, we
apply a filter to our results such that only frequencies of 1 Hz
or less are represented in the ground-motion plots in this
study. These plots are intended as a qualitative description of
the distribution of low-frequency ground motion and of
which areas experience stronger shaking than others; they are
not a quantitative estimate of what the peak ground motion
may be. Additional quantitative modeling of broadband
ground motions for northernSJFruptures can be found in the
companion paper to this study (Lozos, Olsen,et al., 2015).

Fault Geometry

Our model encompasses the area from the northwestern
end of theSJFin Cajon Pass to the known seismic gap in
Anza, for a model fault length of 106.8 km. We take our fault
geometry from the USGS Quaternary Fault Database (see
Data and Resources). In this parameterization, the Claremont
strand is 75.6 km long, the Casa Loma–Clark strand is 55 km
long, and the Farm Road strand is 2.4 km long. All three
strands have a basal depth of 16 km. The USGS Quaternary
Fault Database (seeData and Resources) consists of surface
traces only; however, many of the smaller bends and discon-
tinuities in the surface trace may smooth out into a more
planar surface at depth. As there is no high-resolution data
for the geometry of theSJFbelow the surface, we choose to
use the surface trace geometry at depth. Extension of the
complex surface geometry to depth results in a highly hetero-
geneous pattern of stresses (discussed below) for the whole
seismogenic thickness of the fault, which may induce more
barriers and potential endpoints than a smoother fault would.
Thus, we consider this geometry to be an end-member case

Table 1
Physical and Computational Parameters

P-wave velocity SCEC Community Velocity Model; minimum
clipped to4157 m=s

S-wave velocity SCEC Community Velocity Model; minimum
clipped to2400 m=s

Density SCEC Community Velocity Model
μstatic 0.6; variable in models with stochastic stresses
μdynamic 0.2
D0 0.4 m
Principal stresses Variable (see Table2)
Stress orientation N7°E
Element size 200 m in the near field, 400 m in the far field
Nucleation radius 3000 m

μstatic and μdynamic are the static and dynamic coefficients of friction,
respectively.D0 is the critical slip-weakening distance. SCEC, Southern
California Earthquake Center.
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We use a seismicity-based regional stress field in which
the maximum horizontal compressive stress is oriented N7°E
(Hardebeck and Hauksson, 2001) in most of our models. We
also ran several tests in which we kept the same magnitude of
principal stresses as in the N7°E models but rotated their
orientation 10° in either direction to test the effect of overall
stress orientation on rupture extent. We conducted models
with two different input dynamic stress drops, as resolved on
a 45° northwest-striking planar fault: 5.5 MPa, which falls in
the middle of the range of average stress drops inferred for
continental strike-slip faults (Kanamori and Anderson, 1975;
Kanamori and Brodsky, 2004), and 9.5 MPa, which is the
inferred stress drop of theMw 6.5 1968 Borrego Mountain
earthquake, the most recent historic event on theSJF(Burdick
and Mellman, 1976). Within each stress-drop case, we varied
S to gauge the effect of fault strength on rupture extent. Our
stress cases are described in Table2. Although this article
refers to these cases by their input stress drop andS, note that
both stress drop andS become highly heterogeneous along
strike as a result of the complex fault geometry.

Figure4 depicts the regional stress field resolved as shear
stress onto all three of our model fault segments. The
regional normal stress field follows the same pattern, albeit
with different values. Although this example is for a case with
a stress drop of 5.5 MPa and anS of 0.6, the overall pattern of
zones of high and low stress and strength is consistent over
different values of initialS and stress drop; the only variability
is in magnitude. Because the geometry is consistent between
the surface and the base of the fault, the stress field produces
strong horizontal variation in the stress field but no vertical
variation. To compensate for decreasing confining stresses to-
ward the surface, we taper the shear and normal stresses to 1%
of their initial value over the top 3 km of the fault; this is done
separately from the initial stress-field generation, which is
why this effect does not appear in Figure4. We also clip the
minimum shear stress at zero to avoid the unrealistic case of
the fault locally becoming left lateral.

The lettered dots in Figure4 are points we used for the
initial forced nucleation. Points A, C, D, and F are all 3 km
from the end of their respective fault segments and were
chosen to maximize directivity effects. Points B and E align
with the end of the stepover itself; past models of extensional

stepovers show that, within an event, rupture jumps on to the
portion of the second segment that is directly opposite the end
of the first segment (Harris and Day, 1993), which means these
are also plausible locations for nucleation for a second event
following an initial rupture that did not jump the discontinuity.

Stochastic Stresses

To account for stress variations that may not be geomet-
rically induced or on a regional scale, we also conducted mod-
els that combine the regional stress field described above with
several different randomized stochastic stress distributions.
We generate these stress fields using the method ofAndrews
and Barall (2011), which creates a random self-similar shear
stress distribution based on a specified fault size, frictional
parameters, normal stress, and four random number seeds. We
used the same input frictional parameters as in the FaultMod
models (listed in Table1), and our input normal stress was the
average normal stress from the regional stress field for a given
S and stress drop. To insure that the smallest stochastic vari-
ability was at the scale of a single element and not inherently
larger, we generated our stochastic stresses at a grid size of
60 m then stretched everything out as we combined it with the
regional stress field; 60 m complexities in the stochastic stress
output become 200 m complexities in the FaultMod stress-
field input. TheAndrews and Barall (2011)code is set up to
generate a stress distribution that concentrates stochastic
asperities at the center of the fault and has homogeneous
stresses around the edges. Because we wanted the stochastic
stresses to cover our entire faults, we generated distributions
that were three times the size of our faults in terms of both
strike and dip then clipped out the middle third to apply to
our models. Figure5 is an example stochastic stress distribu-
tion, with average normal stress taken from the regional stress
field in Figure4.

Table 2
Model Stress States

σvertical
(MPa)

σnorth–south
(MPa)

σeast–west
(MPa)

Stress Drop
(MPa)

S
(km)

20 28.5 8.5 5.5 0.5
20 29.45 9.05 5.5 0.55
20 30.05 9.5 5.5 0.6
20 53.25 17.3 9.5 0.65
25 54.9 18.3 9.5 0.7
25 56.1 19.1 9.5 0.75
20 42.2 10.2 9.5 0.25

σvertical, σnorth–south, andσeast–westare the vertical, north–south, and
east–west principal stresses, respectively.S is the fault strength. Figure 4. The shear stress distribution resulting from a regional

stress orientation of N7°E resolving on the northernSJFgeometry
shown in Figure3. The lettered dots indicate different locations in
which we forced initial rupture nucleation. This figure was made
using an input stress drop of 5.5 MPa and an inputS of 0.6. Differ-
ent input values produce different shear stress magnitudes, but the
overall pattern of high- and low-stress areas remains the same re-
gardless of input values.
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To combine the regional stress field with the stochastic
stress distribution, first we subtracted the average shear stress
of the entire regional stress field from the stochastic shear
stress value for each element then added the residual shear
stress for each element to the initial regional stress value at
that element:

τcombined� � τstochastic− mean� τregional�� � τregional:

This method maintains an average shear stress value consis-
tent with the input value for the regional stress field; if we did
not subtract the regional average from the stochastic distri-
bution, the average shear stress in the stochastic models
would be systematically higher than in the regional stress or
uniform traction models. Figure6 shows four combined
regional and stochastic stress realizations that we used in this
study, with realization 1 corresponding to the combination of
Figures4 and5. The lettered dots in Figure6 represent differ-
ent nucleation points. A and F correspond with the points in
Figure4 that were chosen to maximize directivity, but all of
the other points were chosen to correspond with large areas
of high stress, which are more realistic natural nucleation
points. Table3 describes the along-strike and down-dip
locations for all of these nucleation points.

As in the models that incorporate the regional stress field
alone, we taper the stresses to 1% of their initial value over
the top 3 km of the fault, and we set the minimum shear stress
to be zero to prevent the fault from becoming locally left
lateral. In addition, we cap the maximum shear stress to be
90% of the yield stress to avoid spontaneous nucleations at
localized points of high stress.

Results

Uniform Traction Models

For uniform traction models in which the fault system is
embedded in a homogeneous half-space, rupture is only able
to jump between the Claremont and Casa Loma strands of

Figure 5. Example stochastic shear stress distribution. This plot
was generated using an input stress drop of 5.5 MPa, an inputS of
0.6, and four random number seeds. The distribution of stresses is
controlled by the random number seeds and the intensity by the
input stresses; for this set of random numbers, different initial
stresses produce a distribution that is identical in pattern and differ-
ent only in magnitude.

Figure 6. Full shear stress realizations, combining the regional
stress field (Fig.4) with four different stochastic shear stress distri-
butions. The lettered dots represent different forced nucleation sites.
These plots are for an input stress drop of 5.5 MPa and an inputS of
0.6; different initial values do not affect the shape of the distribution,
only the magnitude of the stresses.
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the SJFand propagate through the whole system if rupture
nucleates on the Claremont strand. The rupture does not
jump if the initial forced nucleation is on the Casa Loma
strand, because the complex geometry of the Casa Loma
strand prevents the rupture front from even reaching the step-
over region. The Farm Road strand plays no discernible role
in the overall rupture behavior in either case. Figure7 shows
ground-motion plots for these models. Despite the initial uni-
form traction, the ground-motion distribution is highly asym-
metrical about the bends in the fault, with lobes of strongest
motion occurring at the end of each relatively planar section
of the fault, right before the next bend. This suggests that
geometry in and of itself can affect rupture behavior, even
when divorced from the issue of how regional stresses
resolve upon that geometry.

The uniform traction model can also illustrate the effect
of the velocity structure. The models in Figure8 use the same
geometry and stresses as in Figure7 but are placed within a
heterogeneous material setting based on the SCEC CVM-S
and clipped to guarantee capturing ground motions up to
1 Hz. The extent of rupture is no different for nucleation on
the Casa Loma strand, but the Claremont nucleation no
longer results in rupture jumping from the Claremont onto
the Casa Loma. The asymmetrical ground motion around the
bends in the fault remains, but the intensity and specific pat-
tern of ground motion differ between Figures7 and8. Includ-
ing even a clipped velocity structure in the models produces
stronger ground motions in low-seismic-velocity areas such
as the San Jacinto Valley (around Hemet and San Jacinto),
the San Bernardino basin (around San Bernardino and

Redlands), and into San Gorgonio Pass (around Banning and
Yucaipa). This amplification would likely be even more pro-
nounced if we had the computational capacity to resolve
ground motions from an unclipped version of the velocity
structure.

Regional Stress-Field Models

Placing the fault system within a regional stress field
immediately imposes limits on the extent of rupture, as well
as setting some bounds on the strength of the fault. For the
5.5 and 9.5 MPa input stress drops, we were unable to find
values ofS that both allowed rupture to jump the stepover
and did not result in a spontaneous nucleation near the
northern endpoint of the Claremont strand. AnS of at least
0.6 is required to prevent spontaneous nucleation in the
5.5 MPa input stress-drop case;S must be 0.7 or greater in
the 9.5 MPa input stress-drop case. However, theseSvalues
produced no ruptures that propagated through the entire
length of either fault strand, let alone ones that reached or
jumped the stepover. Thus, small details of fault geometry
that merely caused complexity in ground-motion distribution
in the uniform traction models can become either pro-
nounced barriers or particularly favorable nucleation loca-
tions under a regional stress field. It is also worth noting
that theseS values would promote supershear rupture on a
planar fault in a homogeneous setting, and perhaps on a

Figure 7. Peak horizontal particle velocity for ruptures on the
complexSJFmodel geometry (white lines), with uniform traction
and uniform S, embedded in a homogeneous material setting.
The initial nucleation points are marked with stars. Even with
homogeneous initial stresses and material properties, the ground-
motion pattern is highly asymmetrical.

Figure 8. Peak horizontal particle velocity for ruptures on the
complexSJFmodel geometry (white lines), with uniform traction,
embedded in a heterogeneous material setting taken from the
Southern California Earthquake Center Community Velocity
Model-S. The initial nucleation points are marked with stars.
The rupture is no longer able to jump from the Claremont strand
onto the Casa Loma strand. Note that ground motions in San Ja-
cinto, Hemet, Redlands, Banning, and Yucaipa are stronger in these
models than models in which the faults are surrounded by homo-
geneous materials (Fig.7).
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smoother interpretation of the geometry of the northernSJF,
but ruptures in our models remain subshear due to the com-
plexity of the fault geometry and stresses.� Plots of ground
motions for different inputS values for the 5.5 and 9.5 MPa
input stress-drop cases are shown in Figures S1 and S2, re-
spectively, available in the electronic supplement to this
article.

Using inputS of 0.6 for the 5.5 MPa input stress-drop
case andS of 0.7 for the 9.5 MPa stress-drop case, we con-
ducted models with forced nucleations at the points marked
in Figure4 to determine whether the nucleation location af-
fected the ability of rupture to jump the stepover. Figure9
shows the results for the 5.5 MPa initial stress-drop case.
None of these nucleation points produced a jump from seg-
ment to segment. A geometrical barrier toward the southern
end of the Claremont strand controls the extent of all ruptures
nucleating on that strand. Ruptures starting at point B, at the
center of the Claremont, propagate bilaterally to Cajon Pass
to the north and the persistent barrier to the south, whereas
ruptures nucleating at point C, the far southern end of the
Claremont, do not propagate beyond the barrier. Nucleation
anywhere on the Casa Loma–Clark strand tends to produce
shorter ruptures than on the Claremont; none of the nuclea-
tion points on this strand result in rupture propagation
through more than 20 km of the fault. For all but one of the
nucleation points on either strand, the stress drop had no ef-
fect on the extent of the rupture, the exception being point E,
which produced no propagation beyond the forced nuclea-
tion in the 5.5 MPa stress-drop case and resulted in a
20 km bilateral rupture in the 9.5 MPa stress-drop case. In
other models, the primary difference between the 5.5 and

9.5 MPa stress-drop cases is that the latter produce a wider
distribution of stronger ground motion over the length of the
rupture.� Results for the 9.5 MPa initial stress-drop case
are shown in Figure S3.

We also conducted a series of models in which we ro-
tated the orientation maximum horizontal compressive stress
10° in either direction from N7°E, corresponding with one
standard deviation away from that mean value (Hardebeck
and Hauksson, 2001), while keeping the magnitudes of the
principal stresses the same as in the N7°E case. In these
cases, we focused on nucleation points A and E. We used the
principal stress magnitudes that would correspond to the
5.5 MPa stress drop andS � 0:6 case and the 9.5 MPa stress
drop andS � 0:7 case, as resolved on a 45° northwest-
striking planar fault. However, changing the angle of the
regional stress field changes how the stresses resolve on the
fault, regardless of complexity. This results in a different ef-
fective inputS and dynamic stress drop, as taken from the
planar fault, and a different complex pattern ofS and stress
drop once the planar fault values are resolved onto the com-
plex fault geometry.� These models are shown in
Figure S4.

Rotating the orientation of the maximum horizontal
stress to N17°E resulted in shorter rupture lengths with less
intense ground motions than in the N7°E case, for both
nucleation locations and both stress cases. However, a maxi-
mum horizontal stress of N3°W results in ruptures that are
much more energetic than in the N7°E case. For the 5.5 MPa
stress-drop case, the spontaneous nucleation on the northern
Claremont strand returned, and the resulting rupture propa-
gated through the entire Claremont strand, regardless of
nucleation point. In the 9.5 MPa stress case, nucleation on
the Claremont and the Casa Loma alike produced jumping
rupture that propagated through the entire fault system and
resulted in very high ground motions.

Stochastic Stresses

We initially approached nucleation in the models with a
combined regional and stochastic stress field in the same way
as all the previous models: forcing nucleation at the northern
end of the Claremont (point A) or the southern end of the
Clark (point F) to maximize energy building up ahead of the
rupture front in the direction of rupture and therefore maxi-
mizing the chances of rupture jumping from one fault strand
to the other. This quickly proved not to be an effective
method: even with an input stress drop of 9.5 MPa and an
S value of 0.25, which would result in extremely energetic
supershear rupture propagation on a homogeneous planar
fault, rupture did not propagate far beyond the forced nucle-
ation zone, as shown in Figure S5. However, the difference
between the four stress realizations is enough to produce very
different ground-motion distributions even in models that
failed to develop self-sustaining rupture.

Given the complexity of the regional and stochastic
stress realizations, we decided to approach these models

Table 3
Forced Nucleation Locations

Nucleation
Point Realization

Along-Strike
Coordinate

Down-Dip
Coordinate (km)

A All Š50.4 km Claremont Š8
B Regional Š1.6 km Claremont Š8
C Regional 19.2 km Claremont Š8
D Regional 1.4 km Casa Loma Š8
E Regional 22.2 km Casa Loma Š8
F All 50.4 km Casa Loma Š8
G 1 Š29 km Claremont Š6
H 1 Š11 km Claremont Š13
I 1 34 km Casa Loma Š6
J 1 41 km Casa Loma Š13
K 2 Š20 km Claremont Š13
L 2 Š10 km Claremont Š12
M 2 22 km Casa Loma Š12
N 2 37 km Casa Loma Š11
O 3 Š34 km Claremont Š11
P 3 14 km Claremont Š13
Q 3 23 km Casa Loma Š3
R 3 37 km Casa Loma Š8
S 4 Š20 km Claremont Š13
T 4 Š10 km Claremont Š12
U 4 14 km Casa Loma Š13
V 4 35 km Casa Loma Š6
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by choosing points of particularly high shear stress within a
large area of elevated shear stress as forced nucleation sites.
This is a more realistic approach to nucleation, as the yield
stress of a fault is most likely to be exceeded at local high
points of shear stress. The resulting suite of models produced
longer and more complex ruptures and allowed us to resume
using the same input stress drop andS values as in the rest of
this study. Figure10 shows ground-motion distributions for
5.5 MPa stress drop andS � 0:6 models with different stress
realizations and nucleation points. The different regional
and stochastic stress realizations produce a wide range of
rupture lengths and ground-motion intensities. Whether the
Claremont or the Casa Loma–Clark strand sustains longer
ruptures varies from realization to realization, and the persis-
tent geometrical barrier on the Claremont from the regional
stress-field models is capable of being overridden if it falls
within a region of high stress from the stochastic field.
Although most of these models still result in rupture that
remains on the fault strand on which it nucleated, one did
produce jumping rupture; that model, which used stress reali-

zation 4, had a forced nucleation on the Claremont strand. As
in the models with a regional stress field only, the input stress
drop for these models affected ground-motion intensity far
more than it affected the extent of rupture.

Discussion

Uniform Traction Models

The asymmetrical ground-motion distribution in the
uniform traction models is a result of rupture directivity and
dynamic stress changes. As a rupture propagates through a
relatively straight section of a fault, amplified waves ahead of
the rupture front result in a buildup of energy that allows the
rupture front to become more energetic. This results in in-
creasingly strong ground motion the further rupture propa-
gates through that straight fault section. However, as soon as
rupture reaches a bend or break in the fault, directivity is bro-
ken, and the effect must build up again as rupture propagates
through the next segment. Previous dynamic modeling
studies on stepovers with planar segments (e.g.,Lozoset al.,

Figure 9. Peak horizontal particle velocity for ruptures on the northernSJF, with input stress drop of 5.5 MPa and inputS of 0.6.
Nucleation points, corresponding to Figure4, are marked with black stars. The fault is shown in white, and the letters mark nearby cities
(SB, San Bernardino; Fon, Fontana; Red, Redlands; Riv, Riverside; Yuc, Yucaipa; Per, Perris; Ban, Banning; SJ, San Jacinto; Hem, Hemet).
With the exception of nucleation point B, at the center of the Claremont strand, these models result in shorter ruptures than nucleation at
points A or F do.
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2013) have shown this same directivity effect. This effect
explains why the weakest ground motions in the uniform
traction models occur right after rupture has turned a bend in
the fault trace and the strongest motions occur right before
the next bend. Previous dynamic models of more simplified
nonplanar faults (e.g.,Oglesby and Mai, 2012) have pro-
duced similar ground-motion patterns. As such, we would

expect to see similar variations in ground motion around
bends in the fault trace if we were to model any other
smoother interpretation of the geometry of the northernSJF.

The series of breaks in directivity that comes with rup-
ture along a nonplanar fault also results in dynamic stress
changes that may place the next section of the fault in either
a region of stress increase or stress shadow, depending on its

Figure 10. Plots of peak horizontal particle velocity for models incorporating four different combined regional and stochastic stress
fields. The location of the initial forced nucleation in each model coincides with a local zone of high shear stress and is indicated by a black
star. Each stress realization, and its associated nucleation points, is shown in Figure6. The fault is shown in white, and the letters mark nearby
cities (SB, San Bernardino; Fon, Fontana; Red, Redlands; Riv, Riverside; Yuc, Yucaipa; Per, Perris; Ban, Banning; SJ, San Jacinto; Hem,
Hemet). The rupture jumps from the Claremont strand onto the Casa Loma strand when initial forced nucleation occurs at pointS.

(Continued)
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suggests that a small intermediate fault segment within a
stepover can play a controlling role in whether rupture can
jump the stepover (Lozoset al., 2012; Lozos, Oglesby,et al.,
2015). The fact that the Farm Road strand makes no discern-
ible contribution to the rupture process in the present study is
due to both its position within the stepover and its length. In
extensional stepovers, rupture jumps to a point on the second
fault that is directly aligned with the end of the first segment,
because that is where the lobe of increased Coulomb stress
from rupture on the first fault intersects the second fault. The
USGS Quaternary Faults Database (seeData and Resources)
maps the 2.4-km-long Farm Road strand entirely to the
interior of the Claremont–Casa Loma stepover, in a position
where it would not intersect this region of stress change. If
we were to model an alternate interpretation of the stepover
geometry in which the Farm Road strand is 7 km long and
extends beyond the northwestern end of the Casa Loma
strand (e.g.,Marliyani et al., 2013), then the Farm Road
strand would intersect the region of stress change and might
be expected to sustain some coseismic slip. However, our
previous work indicates that a 7-km-long intermediate fault
within a stepover inhibits jumping rupture (Lozos et al.,
2012). Models of this alternate geometry may therefore make
jumping rupture from the Casa Loma onto the Claremont
even less likely than in the present study.

The inability of rupture to jump from the Claremont
strand onto the Casa Loma strand in models that incorporate
a complex velocity structure is a result of the rupture front
losing energy as it propagates from harder rock sites into the
softer sediment of the stepover region. The same effect has
been described in models of planar stepovers in simplified
heterogeneous velocity structures (Lozos et al., 2013). The
fact that it still plays a role in rupture cessation even in a more
realistic model with additional levels of heterogeneity empha-
sizes the importance of including realistic velocity structures
in models of real faults. This effect would likely produce even
shorter model ruptures if we did not have to clip the velocity
structure, because the contrast in properties between hard rock
and soft sediment is even more pronounced.

Regional Stress-Field Models

Although we used the input stress drop and fault strength
S to describe the stress cases we use in our models, the actual
shear and normal stresses on the fault are modulated by the
geometry, and are therefore at least as heterogeneous as the
geometry itself. Figure11shows the actual local fault strength
S over the entire fault system; though the inputS is 0.6 in this
case, the actual distribution ofS is quite heterogeneous. As
on a planar fault, the parts of the fault system with lower
values ofS sustain more energetic rupture, whereas higher
values ofS are more likely to slow or stop rupture propaga-
tion. The part of the northern Claremont strand that nucleated
spontaneously at low inputS corresponds with a wide zone
of negativeS, which results from the shear stress at the be-
ginning of the model period already exceeding the yield

strength of that section of the fault. Similarly, the persistent
geometrical barrier toward the southern end of the Claremont
strand is a result of rupture losing energy in the highS region
at −18 km along strike and being unable, in this depleted
energy state, to propagate past a second highS region at 0 km
along strike. Because these high and low spikes inS are so
closely correlated with tight bends in the fault geometry, we
expect that models of a smoother interpretation of the geom-
etry of theSJFwould not produce spontaneous nucleations
nor such sharp geometrical barriers within the individual
strands of the stepover system.

Areas of high fault strength pose barriers to rupture, but
the size of the highS region can have more of an effect than
the actual value ofS on its ability to stop rupture. For a
narrow high-strength patch, a rupture front may be energetic
enough to simply fracture through the unfavorable area, or
dynamic stress changes from rupture leading up to that point
may be strong enough to renucleate on the other side of the
barrier, jumping over it as if it were effectively a break in the
fault trace. Directivity also affects the ability of rupture to
negotiate a barrier: the more energy that has built up ahead
of the rupture front, the more energy can go into fracturing
through an unfavorable barrier or, failing that, the stronger
the stress change that results from rupture hitting the barrier,
which increases the likelihood of rupture jumping over the
barrier altogether. The forced nucleation points that are closer
to high S regions (e.g., the southern end of the Claremont
or any of our Casa Loma–Clark nucleation points) result in
shorter ruptures because the rupture front cannot build up
enough directivity to negotiate the barriers.

In our models, the Claremont strand is more favorable
than the Casa Loma–Clark strand for longer rupture. This is
partly because the Claremont has larger areas of lower localS
than the Casa Loma strand does. The Claremont has fewer
geometrical complexities along its length than the Casa

Figure 11. The fault strength parameterS for a N7°E-oriented
regional stress field with an input stress drop of 5.5 MPa and an
input S of 0.6. Different input values ofS and stress drop would
produce different effectiveS values but not a different pattern of
relative highS to relative lowS. The actualS value on most parts
of the fault is not equal to the inputS value. The Claremont strand
has less variation inS overall than the Casa Loma strand does, and
the bands of particularly high or particularly lowS are wider on the
Casa Loma strand than on the Claremont strand.
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Loma–Clark does, which means there are fewer places in
which a bend in the trace can result in a local high-S zone.
The Casa Loma–Clark has more barriers and therefore more
potential rupture endpoints, as well as more limits on how
much of a directivity effect a rupture can build up. Even
disregarding extremely localized highs and lows inS, the
Claremont strand is more favorably aligned within the
regional stress field, resulting in lowerS on average when
compared with the Casa Loma–Clark strand. We expect that
this effect alone would promote longer ruptures on the
Claremont than on the Casa Loma–Clark, even in models
based on a smoother interpretation of the fault geometry.

A rupture with a higher stress drop is a more energetic
rupture. However, choosing a higher input stress drop versus
a lower one, or a higher or lower inputS, does not change the
relative strength along the fault. Regardless of the actual
value ofS, or of shear or normal stress, barriers are still rel-
atively high strength compared to the rest of the fault, and
particularly favorable areas are still relatively low strength.
This is why the higher stress-drop cases did not, for the most
part, produce longer ruptures than the lower stress-drop
cases. The few cases in which it did, such as in the nucleation
point at the center of the Casa Loma–Clark strand, were a
result of there being enough fracture energy for the rupture
to propagate through narrower barriers; these ruptures still
terminated at larger areas of higherS. In all of the high stress-
drop models, the stronger ground motion compared to the
lower stress-drop models at the same nucleation points is
a result of there being more available energy budget for seis-
mic radiation.

The results for the rotated stress-field models are
directly related to the issue of relative strength and energy
budget as well. Rotating the maximum horizontal compres-
sive stress a small quantity in either direction does not sig-
nificantly change the relative strength distribution across the
fault; barriers and particularly favorable zones remain in the
same places as in the N7°E case. However, this rotation, with
the same magnitude of stresses, does change the effective
input S and stress drop. The N17°E models produce shorter
ruptures with weaker ground motions because the 5.5 MPa
stress drop andS � 0:6 case becomes a 3.47 MPa stress drop
andS � 1:88 case, and the 9.5 MPa stress drop andS � 0:7
case becomes 5.8 MPa stress drop andS � 2:23. The overall
fault strength is higher, and there is less energy budget over-
all. Conversely, the N3°W models produce jumping rupture
with extreme ground motions because the 5.5 MPa stress
drop andS � 0:6 case becomes a 6.5 MPa stress drop and
S � 0:11 case and the 9.5 MPa stress drop andS � 0:7
case becomes 11.26 MPa stress drop andS � 0:23. The
entire fault system is more favorable for rupture under these
conditions, and the rupture fronts are energetic enough to
fracture through or jump over most of the higher-strength
barriers.

This interpretation initially may appear to contradict our
result that the choice of inputSand stress drop does not have
a large effect on rupture extent. However, past work on the

correlation between dynamic weakening and initial stresses
suggests that doubling the initial stresses and halving the
critical weakening distance are equivalent and vice versa
(Lozoset al., 2014). Thus, a high input stress drop effectively
reduces the critical weakening distance of the fault, regard-
less of the model input critical weakening distance. This
coupled with a very low fault strength results in an energetic
rupture front that does not need to rebudget much energy into
fracture when it encounters a high-strength barrier. Similarly,
a low input stress drop and a high inputS leads to an effec-
tively larger critical weakening distance, a less energetic rup-
ture front, and more energy expended on fracture than on
seismic radiation. These effects are not readily apparent in
the N7°E models because our inputS values for both input
stress-drop cases are close to one another. The extremely
high and extremely low inputS values that occur as a result
of rotating the stress field allow this effect to have more of a
controlling role in the extent of the rupture.

Stochastic Stress Models

The models in which we combine stochastic stress field
with the regional stress field result in more complex rupture
behaviors and ground-motion distributions, because the
down-dip homogeneity of stresses in the models with only
a regional stress field is broken, in addition to the along-
strike heterogeneity being made more complicated. Rupture
behavior in these models is still controlled by the distribution
of low strength and high favorability areas and the ability
of a rupture to build up enough energy to fracture through
or jump over a high-strength barrier. However, the irregular
shape and distribution of these barriers and asperities,
coupled with the geometrical complexity of the fault trace,
makes it considerably more difficult for a consistent direc-
tivity effect to develop, and also greatly complicates the pat-
tern of dynamic stress transfer that occurs when rupture
reaches a bend or barrier.

In general, the relatively high-strength areas of the fault
are larger in the combined regional and stochastic stress-field
models, and they tend to surround the high shear stress and
low-strength asperities. This is a sharp contrast to the
regional stress-field models, in which the high-strength bar-
riers are narrow features that are surrounded by lower stress
regions. This results in the extents of ruptures being confined
by the extent of the high shear stress and low-strength stress
patches in which they nucleate. The reason our arbitrary
forced nucleation points at the end of either fault segment
did not produce extensive rupture (� Fig. S5) is that in
all four stress realizations, that point did not lie in or near
a large region of high stress. Forced nucleation in a low shear
stress and high-strength area did not result in a self-sus-
taining rupture at all, whereas forced nucleation in a smaller
area of high shear stress and low strength resulted in rupture
that died upon reaching the ends of the patch. These results
are corroborated by inversions of real earthquakes conducted
by Mai et al. (2005), which suggest that nucleation tends to

Rupture and Ground-Motion Models on the Northern San Jacinto Fault, Incorporating Realistic Complexity 1943



Claremont strand, which runs through the most densely
populated parts of the Inland Empire and is surrounded by
the soft sediments of the San Bernardino basin. Thus, even
with its tendency to produce short ruptures, the northernSJF
still poses a significant hazard to its surrounding region. Our
continued work on the northernSJF(seeLozos, Olsen,et al.,
2015) involves higher resolution models that are able to en-
compass the full frequency range of ground motions that
would result from a number of scenario ruptures. These mod-
els serve the dual purpose of describing shaking hazard from
possible future events, and of comparison with the locations
of precariously balanced rocks near the fault trace to help
constrain possible extents of historic events.

Data and Resources

Our initial model conditions were drawn from several
existing bodies of work. Our fault geometry was based on
the U.S. Geological Survey (USGS) and California Geological
Survey Quaternary Faults Database (http://earthquake.usgs
.gov/hazards/qfaults/; last accessed October 2014), and we
used the Southern California Earthquake Center Community
Velocity Model-S for our velocity structure (Magistraleet al.,
2000). We generated complex initial stresses using the method
of Andrews and Barall (2011). All of our model results were
generated using FaultMod (Barall, 2009). A modified version
of Figure1 also appears in the companion study by many of
the same authors (Lozos, Olsen,et al., 2015). All other figures
were generated specifically for this article.
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