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Technical Abstract

The Sierra Madre — Cucamonga fault system at the northern edge of the Los Angeles Basin,
accommodates an important component of convergent motion across the southern Transverse
Ranges and poses a significant seismic threat to metropolitan Los Angeles. In order to quantify the
ground motion potential for a large earthquake on this reverse fault system, we model dynamically
two M,, 7.7 scenario earthquakes by incorporating the non-planar dipping fault geometry from the
SCEC community fault model and 3D crustal velocity structure from the SCEC Community
Velocity Model in a finite-element code. The simulations uses ~1.2 billion elements and provides
ground motion time histories in greater Los Angeles up to 0.5 Hz. Both the non-planar fault
geometry and free surface have a significant effect on dynamic rupture propagation. We find that the
near-fault ground motion reaches up to 7 m/s on the hanging wall. Ground motion in the Los
Angeles basin is generally less than 1 m/s; however, in specific areas of the basin, ground motions
can be as large as 3 m/s due to the basin-channeling effects, similar to the PGV distribution in some
SCEC Terashake simulations. Both the up-dip and along-strike rupture directivity are not strong, as
observed in recent large thrust earthquakes. Future work that incorporates the inelastic off-fault
response during the dynamic rupture propagation, will modify the elastic ground motion estimates
reported here.

Publications resulting from this grant include:
Ma, S. and G. C. Beroza (2009), Dynamic modeling of a hypothetical Mw 7.0 earthquake on the

Sierra Madre fault system and resultant strong motions in greater Los Angeles, Seism. Res.
Lett., 80, 329.



Non-Technical Abstract

The Sierra Madre — Cucamonga fault system at the northern edge of Los Angeles Basin poses a
significant seismic threat to metropolitan Los Angeles. Large earthquakes on this reverse fault
system present a special concern because this densely populated area is in the forward direction of
rupture propagation. We simulate dynamically two My, 7.7 earthquake rupture scenarios by
incorporating known non-planar fault geometry and 3D heterogeneous crustal velocity structures to
provide the long-period ground motions expected in the greater Los Angeles area. Given our
assumptions, we find that the ground motion near the fault can reach 7 m/s on the hanging wall.
Ground motion in the Los Angeles basin is generally less than 1 m/s; however, in specific areas it
can be as large as 3 m/s due to the propagation of seismic waves in heterogeneous velocity
structures. The rupture directivity effect is not strong, similar to the observation in the 1999 Chi-Chi,
Taiwan, earthquake and the 2008 Wenchuan, China, earthquake. These ground motion estimates
(especially in the near-fault area) are based on elastic simulations and will likely be reduced once we
include inelastic off-fault response. Our next step is to quantify the effect of the inelastic off-fault
response on the earthquake rupture propagation and ground motion.



Dynamic Simulation of a M,, 7.0 Earthquake on the Sierra Madre Fault System and its
Implication for Strong Ground Motion in Greater Los Angeles

Situated at the northern edge of the well-populated Los Angeles basin, the Sierra Madre and
Cucamonga fault system (Figure 1) marks the abrupt change in topography at the southern flank of
the San Gabriel Mountains and accommodates an important portion of convergent motion of
southern Transverse Ranges. Paleoseismic studies (e.g., Dolan et al., 1995; Rubin et al., 1998)
indicate that the Sierra Madre fault had ruptured at least twice in M 7.2 — 7.6 events in the past
15,000 years.
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Figure 1. Topographic map of southern California. The trace of the Sierra Madre — Cucamonga Fault
system is shown in red. White rectangle shows the area we include in the finite-element simulations.
Major roads in the area are depicted in blue lines

In order to quantify the seismic hazard posed by the Sierra Madre — Cucamonga fault system,
we have carried out elastic simulations for two My 7.7 scenario earthquakes using a finite-
element method (Ma and Liu, 2006; Ma et al., 2008; Harris et al., 2009). We incorporated the
non-planar geometry of the fault system (Figure 2) from the SCEC Community Fault Model
(Plesch et al., 2007) and the 3D heterogeneous velocity structure from the SCEC Community
Velocity Model 4.0 (Magistrale et al., 2000). The computational domain includes a 240 km x
170 km x 30 km volume in southern California (Figure 1). We used a structural finite element
mesh with the element size of about 100 m everywhere, which resulted in about 1.2 billion
elements — roughly the same computational size as the SCEC Terashake simulations (Olsen et
al., 2008). We did not include the surface topography in the simulations. The minimum shear
wave speed is 500 m/s, so the synthetic ground motions are accurate up to 0.5 Hz — the finite-
element code requires about 10 nodes per minimum S-wave wavelength.
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Figure 2. Geometry of the Sierra Madre — Cucamonga fault. The black dots are the defining
points for the fault geometry in the SCEC Community Fault Model. A linear interpolation is
used to generate the fault surface mesh.
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Figure 3. Initial stresses assumed in the simulations are mapped on the fault.

We assumed a simple stress environment in southern California. The maximum compressive
stress, 0, 1s N8°E and has a depth gradient 38.87 MPa/km and the minimum compressive stress,

0,, 1s vertical and the depth gradient is 16.66 MPa/km. The intermediate principal stress, o,, 1S
E8°S and has the relation o, = (0, + 0,)/2. Note that all the stresses are depth-dependent. The
initial stresses on the fault are obtained by resolving the three principal stresses onto the



nonplanar fault geometry, shown in Figure 3. Our assumption for the stress environment is
consistent with existing stress measurements in southern California (Townend and Zoback,
2004), implying a weak San Andreas Fault (SAF) because the maximum compressive stress o, 1s
at a high angle to the San Andreas Fault.

We adopted the time-weakening friction law that allows a good resolution of the rupture
breakdown process numerically (Andrews, 2004). The frictional parameters are chosen so that
the dynamic stress drop is roughly 10% of the initial absolute normal stress on the fault. Because
stress increases with depth the stress drop increases with depth as well. We simulate
spontatneous ruptures under the simultaneous control of the assumed stresses and friction on the
fault.

Figure 4 shows a rupture snapshot at 10 s on the fault for a rupture scenario that initiates at
the intersection of the Sierra Madre and Cucamonga Faults. The hypocenter is 9 km deep. Both
the nonplanar fault geometry and free surface cause time-dependent normal stress changes and
affect rupture propagation significantly. The normal stress is more tensile after the rupture
reaches the surface, which induces a larger stress drop — a feature typical of reverse faulting (e.g.,
Oglesby et al., 1998). The final slip distribution is shown in Figure 5, which indicates a strong
rake rotation during rupture propagation. The moment magnitude of this rupture scenario is 7.7.
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Figure 4. Rupture snapshot at 10 s are mapped on the fault. The hypocenter is 9 km deep and located
approximately at x = -20 km. Both the nonplanar fault geometry and free surface have a significant
effect on the rupture propagation.
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Figure 5. Two components of final slip are mapped on the fault, corresponding to Mw 7.7. Slip along
strike is a significant fraction of total slip, indicating a strong rake rotation.
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Figure 6. Snapshots of the amplitude of the ground velocity (N8°E component) due to an My 7.7
dynamic rupture scenario on the Sierra Madre — Cucamonga Fault system are mapped on the surface.

Black lines depict major faults in the area. Color scale is saturated to better illustrate ground motion
features. See text for details.



Figure 6 shows snapshots of ground velocity amplitude (N8°E component). The rupture
propagates up-dip initially and large seismic energy is directed into the Los Angeles basin from
the initial faulting. The basin velocity structure strongly affects the amplitude and duration of
the ground motion in Los Angeles. The up-dip rupture terminates shortly and the rupture is
thereafter dominated by the oblique motion as rupture propagates bilaterally. Large seismic
waves propagate into the San Fernando Valley and Ventua Basin to the west and into the San
Bernardino Basin to the east as well.

We show the three ground velocity components along a N8°E across section (Figure 7). The
velocity structure and fault geometry along the cross section is also shown. Ground motion in the
Mojave region is mostly dominated by the source process, with relatively small amplitudes, as
the velocity structure is relatively simple. In the Los Angeles basin, however, the seismograms
show strong basin surface waves. Large ground velocity correlates well with basin depth. Large
ground velocity can also be seen on the hanging wall (the San Gabriel Mountains), especially the
vertical ground velocity.
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Figure 7. Three-component velocity time histories at surface along a cross section (N8°E) due to an
My 7.7 dynamic rupture scenario on the Sierra Madre — Cucamonga Fault system. The S-wave
velocity structure of the cross section is shown on the left. The peak amplitude of each time history
(m/s) is indicated on each trace.



The peak ground velocity for this rupture scenario is illustrated in Figure 8a. Large ground
motions are concentrated at distances very close to the fault as well as in the Los Angeles basin.
The large vertical motion is mostly located in a narrow band (~10 km wide) on the hanging wall,
where the peak ground velocity (PGV) reaches about 7 m/s. The large horizontal ground motion
is, however, on the footwall. The distribution of PGV in the basin is very similar to one of the
Terashake scenarios (Olsen et al., 2008) where the rupture propagates from southeast to the
northwest on the SAF, which leads to the similar excitation of basins. The seismic energy
(dominated by the basin surface waves) channels through the San Bernardino Valley, Chino
Basin and Los Angeles Basin, resulting large amplification in certain areas where the ground
motion reaches ~ 3 m/s. The velocity structure plays an important role in determining the ground
motion levels. The robustness of the basin structure in these specific areas in the SCEC
Community Velocity Model, however, needs to be validated with data. In the basin outside these
specific areas, the ground velocity is in general less than 1 m/s, as clearly seen in the vertical
component and one horizontal component (E8°S).

(a) Scenario 1 (E ->W Rupture)

Figure 8. Distributions of PGV are mapped on the surface for two different rupture scenarios. Major
faults in the area are shown in black lines. Large ground motions are located near the fault as well as
in the Los Angeles basin. The color scale is saturated in order to better illustrate features. The large
vertical ground motion is mostly located in a narrow band on the hanging wall where it reaches 7 m/s.
The ground motion in the basin reaches 3 m/s in some specific areas, while it is in general less than 1
m/s outside these areas. The rupture directivity effect is not very strong.

A similar pattern is observed for a scenario where rupture propagates predominantly from the
west to the east (Figure 8b). A similar level of ground motion is seen in the San Fernando Valley
and San Bernardino Basin. This demonstrates that for this scenario, effects of the velocity
structure are more important than source directivity. The relatively weak directivity effect is



attributable to the fact that the direction of rupture propagation (along strike) is not aligned with
the slip direction (oblique slip) in large reverse earthquakes, as seen in the 1999 Chi-Chi
earthquake (Aagaard et al., 2004). The amplification pattern in the Los Angeles basin is different
as the excitation of the basin is different in these two rupture scenarios.

The up-dip directivity is also not very strong. The PGV in most areas in the basin is less than
1 m/s. The small up-dip directivity is due to the limited up-dip propagation distance. This is also
consistent with the observation in the 2008 Wenchuan earthquake that the populated Sichuan
basin did not suffer much damage even though it is located in the up-dip direction of the
Longmen Shan Fault system.

The large ground motion on the hanging wall (Figure 8a, b) illustrates an important
characteristic of ground motion during reverse faulting. Due to the broken symmetry of the
dipping fault geometry with respect to the free surface, the free surface plays an important role in
the rupture dynamics (e.g., Oglesby et al., 1998; O’Connell et al. 2007; Ma and Beroza, 2008).
Wave reflections from the free surface interact strongly with evolving stress on the fault, and
result in strongly time-dependent normal stress. In a homogeneous half space, for a reverse fault
the normal stress ahead of rupture front is more compressive and more tensile behind it. This
gives rise to a much larger strength drop (fault strength minus dynamic friction) near the surface,
leading to much larger ground motion on the hanging wall than the footwall. Ma and Beroza
(2008) considered a material contrast between hanging wall and footwall. They showed that the
effect of material contrast can counteract the effect of free surface, somewhat, assuming that the
hanging wall is less compliant as expected for crustal thrust faults. The SCEC Community
Velocity Model does not show clear material contrast across the Sierra Madre — Cucamonga
Fault system (Figure 5), however, so the bi-material effect is not an important factor in our
simulations.

In summary, in the two elastic simulations of dynamic rupture simulation of My 7.7 events
on the Sierra Madre — Cucamonga fault system, ground motion in the Los Angeles basin is in
general less than 1 m/s, but in certain areas is as high as 3 m/s. Both up-dip and along-strike
directivity is not particularly strong, as been observed in recent large thrust earthquakes such as
the 1999 My 7.6 Chi-Chi earthquake and the 2008 My 7.9 Wenchuan earthquake. Ground
motions, especially in the near field, will likely be reduced relative to those we have calculated,
once we include the inelastic off-fault response (Andrews et al., 2007; Ma, 2008.
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