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Abstract The Ventura basin in Southern California includes coastal dip-slip faults that can likely produce
earthquakes of magnitude 7 or greater and significant local tsunamis. We construct a 3-D dynamic rupture
model of an earthquake on the Pitas Point and Lower Red Mountain faults to model low-frequency ground
motion and the resulting tsunami, with a goal of elucidating the seismic and tsunami hazard in this area.
Our model results in an average stress drop of 6MPa, an average fault slip of 7.4m, and a moment magnitude
of 7.7, consistent with regional paleoseismic data. Our corresponding tsunami model uses final seafloor
displacement from the rupture model as initial conditions to compute local propagation and inundation,
resulting in large peak tsunami amplitudes northward and eastward due to site and path effects. Modeled
inundation in the Ventura area is significantly greater than that indicated by state of California’s current
reference inundation line.

1. Introduction

Earthquakes are among the chief sources of tsunamis—long ocean waves sustained by gravity that increase
in amplitude as water depth decreases. Therefore, such waves are particularly hazardous along populated
coastlines near offshore faults that produce vertical displacement of the seafloor and water column.
Although the hazard from earthquake-generated tsunamis offshore Southern California has received
relatively little attention, there have been reports of several significant local tsunamis in the past 200 years
[Townley and Allen, 1939; Ulrich, 1942; Lander et al., 1993; Borrero et al., 2001]. Lander et al. [1993] explain
that both locally generated tsunamis (e.g., tsunamis generated from the 1812 and 1854 Santa Barbara
earthquakes and possible submarine landslides) as well as far-field generated tsunamis (e.g., the tsunami
generated from the 1946 Aleutian earthquake) have impacted the California coast. In particular, the 1812
Santa Barbara earthquake (that likely occurred in the Santa Barbara Channel), estimated to have a local
magnitude (ML) of 7 [e.g., Hamilton et al., 1969], created a tsunami throughout the region that was reported
as a “huge” sea wave [Townley and Allen, 1939], while the earthquake ground motion significantly damaged
Mission San Buenaventura in Ventura [Townley and Allen, 1939].

Due to propagation speeds of ~700 km/h, tsunamis generated by distant sources allow for early coastal
warning on the order of hours. However, tsunamis generated locally by faulting and landslides offshore
California can impact the California coastline in a matter of minutes, making it imperative to understand
the likelihood of such events. Ross et al. [2004] examined seismic and secondary hazards (e.g., tsunamis
and liquefaction) along the coast of Ventura County, California, suggesting that the area is at risk of damaging
tsunamis from both the far field (e.g., offshore Alaska) and the near field (e.g., Santa Barbara Channel).Wilson
et al. [2014] conducted a California statewide survey to examine possible evidence from tsunami impacts
along the coastline, including 20 coastal marshlands. Potential tsunami deposits were assessed at the
Carpinteria Salt Marsh Reserve in Santa Barbara County. In particular, at this location they found sand layers
consistent with tsunami deposition. However, observed microfossils in those same sand layers did not have a
marine origin. Therefore, current evidence of prehistoric tsunamis impacting the Carpinteria Salt Marsh
Reserve is somewhat ambiguous.

The ground motion from submarine earthquakes can generate tsunamis, and studies have shown that the
ground motion distribution depends quite strongly on the geometric pattern of ruptured faults [e.g.,
Nason, 1973; McGarr, 1984; Cocco and Rovelli, 1989; Abrahamson and Somerville, 1996; Oglesby et al., 1998].
Therefore, fault geometry can have first-order effects on tsunami generation [Wendt et al., 2009]. The
distribution of slip on a fault can have important effects on the generated tsunami as well [Geist, 1998;
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Geist and Dmowska, 1999; Geist, 2002]. Unfortunately, the rupture path and slip pattern of an earthquake on a
complex fault system are not easy to estimate a priori. Dynamic earthquake rupture models are a useful way of
providing realistic earthquake scenarios on geometrically complex faults; such models are physics-based and
do not assume a fault slip distribution or ground motion a priori; rather, slip distribution and ground motion
are calculated results of the models based on estimates of fault stress, geometry, and material properties.
The use of such methods in tsunami modeling is quite new; to date, onlyWendt et al. [2009] has used dynamic
rupture modeling to estimate tsunami generation from geometrically complex faults. Furthermore, there have
been few tsunami modeling studies offshore Ventura, California (see Figure 1). Borrero et al. [2001] perform
hydrodynamic analysis from a locally generated tsunami offshore Southern California on the Channel Islands
Thrust system, a north dipping fault that is located approximately 50 km south of Santa Barbara. Assuming a
homogeneous slip distribution on a planar fault, they find regional tsunamis with about 2m of runup from a
moment magnitude (Mw) 7.3 earthquake source and up to 15m of local runup from submarine landslides that
could be triggered from nearby earthquakes. However, they do not incorporate any geometrical complexity or
spatially heterogeneous slip in their earthquake models, nor do they investigate potential tsunamis from other
offshore reverse faults in the region, including the Red Mountain and Pitas Point faults, which are closer to
some populated regions. The Pitas Point and Red Mountain faults are north dipping and generally trend
east-west [e.g., Fisher et al., 2009]. Hubbard et al. [2014] used several available data sets, including industry
seismic profiles as well as their own seismic profiles to improve the subsurface fault model for this fault system.
The model presented by Hubbard et al. [2014] suggests a complex, segmented fault system that extends to
seismogenic depth (~20 km). Rockwell [2011] used aerial photography to identify marine terraces in the
Ventura region along the coast of southern California, suggesting discrete movements in the past with
5–10m of uplift, with the last event occurring approximately 800 years ago. Therefore, a proper tsunami hazard
analysis should incorporate modeled earthquakes that produce deformation consistent with such events.

2. Dynamic Rupture on the Pitas Point and Lower Red Mountain Faults

We use a 3-D finite element method [Barall, 2009] to model earthquake rupture on a connected, nonplanar
Pitas Point and Lower Red Mountain fault geometry (see Figures 1 and 2) with spatially constant initial

Figure 1. Topographic/bathymetric map of onshore/offshore Southern California, with height and depth in meters. The Red
Mountain and Pitas Point faults are considered in this study. Triangles indicate direction of dip; faults without triangles are
considered strike slip. Letters show approximate (central) city locations: SB = Santa Barbara, V = Ventura, O =Oxnard. The
rectangle outlined in red contains the geographic region for Figure 5. Inset shows the map boundary in black.
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traction and a homogeneous linear elastic Earth structure. The output consists of the rupture pattern on the
fault as well as the full seismic wavefield and surface deformation. A key input is the fault system geometry.
Plesch et al. [2007] developed a new 3-D community fault model for Southern California that consists of major
fault systems defined by geologic and seismic evidence (e.g., surface traces and seismicity). Hubbard et al.
[2014] further improved upon fault geometries both on and offshore Ventura County by utilizing additional
data sets, including seismic reflection profiles and drill-hole data. Therefore, we use a fault system geometry
consistent with Hubbard et al. [2014] to dynamically model earthquake rupture on the Pitas Point and Lower
Red Mountain faults offshore Ventura. In particular, we utilize a fault geometry that connects the Pitas Point
fault at depth to the deeper Lower Red Mountain fault via a more horizontal section of fault (see Figure 2). We
employ a relatively curved fault geometry (e.g., the transition from the Lower Red Mountain fault to the Pitas
Point fault is curved) that can result in a relatively smoother rupture transition along dip and slightly
smoother ground deformation when compared to the kinked fault geometry in Hubbard et al. [2014] with
analogous fault rupture. The resultant tsunami is not likely to be sensitive to these small spatial and temporal
wavelength features.

The utilized material properties [e.g., Christensen and Mooney, 1995], prestress regime, and computational
parameters (Table S1 in the supporting information) are quite generic and are not tuned to produce a worst
case earthquake. FaultMod is validated in rupture benchmarks published by the Southern California
Earthquake Center and the U.S. Geological Survey [Barall, 2009; Harris et al., 2009]. The code incorporates arti-
ficial viscous damping [Dalguer and Day, 2007] as well as algorithmic damping to help damp spurious oscilla-
tions and energy-absorbing boundary conditions along the mesh edges to avoid artificial seismic wave
reflections from the model boundaries. Friction is a crucial part of earthquake processes. We use an

Figure 2. Fault geometry and slip rate snapshots. (a) The fault geometry of the connected Pitas Point and Lower
Red Mountain faults with the rate-strengthening (RS)/rate-weakening (RW) boundary indicated by the solid black line
(see Methods section), the nucleation zone indicated by the red star, and the approximate direction of fault slip indicated
by the red arrows (i.e., reverse fault motion). Note that the Pitas Point fault intersects the seafloor and that fault dip is
northward. (b–d) Dip-slip rate snapshots in m/s at 8 s, 12 s, and 16 s after earthquake nucleation, respectively. The solid
white line indicates the RS/RW boundary.
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empirically based rate- and state-
dependent friction law [Dieterich, 1978,
1979; Ruina, 1983] that is controlled by
physical parameters such as slip rate
and time evolution of contact surfaces.
Following the work of Lapusta et al.
[2000] and Harris et al. [2009], we employ
a modified version of the rate-state
aging law that is computationally stable
at very small slip rates [Ryan and
Oglesby, 2014], with the bulk of the fault
having rate-weakening (unstable) fric-
tion, and the top most 5 km of the
fault having rate-strengthening (stable
sliding) properties (see Figure 2). The
depth extent of the modeled rate-
strengthening zone is consistent with
inferred stable sliding zones at subduc-
tion zones and crustal faults [e.g.,
Scholz, 1998]. We note that an analogous
model without the rate-strengthening
zone (i.e., completely rate weakening)
has twice the average slip and twice
the maximum vertical seafloor displace-

ment, approximately, when compared to the model that incorporates the rate-strengthening zone.
Rupture nucleation (see red star in Figure 2a) is achieved by increasing the shear stress over an expanding
front in time; following nucleation, rupture propagates along the rest of the fault spontaneously. The dynamic
rupture code treats the seafloor as a traction-free surface and does not model the water movement (i.e., com-
pressional waves through the water column are not modeled). The rupture model produces final seafloor
displacement, which is then used as input for the tsunami modeling code.

The Cornell Multi-grid Coupled Tsunami (COMCOT) Model [Liu et al., 1995; Wang and Liu, 2006] solves the
discretized, nonlinear shallow-water wave equations, using an explicit leapfrog finite difference algorithm.
The nonlinear convection term in the momentum equation is discretized using an upwind scheme.
Attenuation from shear stress along the seafloor is included using Manning’s formulation, where a constant
Manning’s coefficient of 0.013 is used. Runup and inundation over initially dry cells are also included through
the implementation of moving boundary conditions. The merged bathymetric and topographic digital eleva-
tion models (DEMs) used for the tsunami model are from 1 and 3 arc sec resolution Southern California
Coastal Relief Model version 2 from the National Geophysical Data Center. The reference elevation for both
DEMs is mean sea level (MSL). A mean high water (MHW) vertical datum is used for the calculations by
adjusting the DEMs according to the MHW-MSL difference listed at the Santa Barbara tide gauge station.
The duration of the simulation is 160min, sufficient for the maximum amplitude to be recorded in the model
domain. Because the phase speed of tsunami waves is much slower than the velocity of the rupture front,
particularly in the shallow ocean above the Pitas Point fault, the time-varying effects of tsunami generation
are small [cf. Geist et al., 2007]. Therefore, the instantaneous initial condition for tsunami generation is
thought to be an adequate approximation.

The dynamic rupture model using the parameters listed in Table S1 results in aMw 7.7 earthquake scenario on
the Pitas Point and Lower Red Mountain faults. The fault geometry causes strong perturbations in slip rate
that result from dynamic normal-stress perturbations as rupture travels updip [e.g., Oglesby et al., 1998], with
an average final slip of 7.4m and an average static stress drop of approximately 6MPa. Figure 2 shows the
fault geometry and dip-slip rate snapshots at 8 s, 12 s, and 16 s. As rupture propagates updip, slip rate fluctu-
ates owing to changes in fault geometry and consequent changes in dynamic normal stress. As rupture pro-
pagates through the first main bend, slip on the basal segment results in reduced normal stress (unclamping)
on the connecting (nearly horizontal) section, which in turn results in increased slip rate on that connecting

Figure 3. Vertical free surface deformation and total slip. (top) Vertical
surface (i.e., seafloor) deformation resulting from slip on the fault system,
with a maximum vertical displacement of over +7m. The map view inset
shows the same vertical deformation and indicates the fault trace by a
solid black line. (bottom) Amplitude of slip on the fault system, with an
average of 7.4m. Note that the final deformation and slip are shown at 60 s
after nucleation. The Mw for the earthquake is 7.7.
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segment. As the rupture rounds the second fault bend the steeper updip section of fault is dynamically
clamped, inhibiting fault slip; however, the rupture is strong enough to continue updip. At 12 s, the rupture
is propagating into the rate-strengthening (stable) zone, resulting in reduced slip rate. Rupture extends to the
free surface, with a breakout shown at 16 s. A breakout phase occurs when the rupture penetrates or “breaks
out of” the free surface (i.e., seafloor) [e.g., Oglesby et al., 1998]. At and around 16 s, there is a reduction in
normal stress that corresponds to the breakout phase with an accompanying increase in slip rate.

Figure 3 shows vertical surface (i.e., seafloor) displacement and total slip resulting from the earthquake
model. The largest vertical displacement, over 7m, occurs on the hanging wall (north) side of the fault,
consistent with observations of the Ventura fault—the onshore fault that is likely connected to the Pitas
Point fault [e.g., Rockwell, 2011; Hubbard et al., 2014]. The largest slip on the fault occurs updip from the
nucleation zone (>�12 km depth), with somewhat reduced slip on the most updip section due to rate-
strengthening friction. These results indicate that unclamping of normal stress induced by the updip-
propagating rupture allows rupture to penetrate a rate-strengthening region near the surface [Ryan, 2012;
Kozdon and Dunham, 2013]. Additionally, the curved fault geometry and constant traction result in an
energetic rupture that produces significant slip within the surficial rate-strengthening zone, similar to that
inferred in the 2011 Tohoku, Japan Earthquake [Yamazaki et al., 2011].

3. Local Tsunami Propagation and Inundation

The tsunami resulting from our modeled rupture on the Pitas Point and Lower Red Mountain faults (Figure 4)
was modeled using COMCOT. The vertical displacement field calculated by the dynamic rupture models at
60 s provides the instantaneous initial condition for the tsunami model. Almost all of the fault slip occurs within
the first 20 s of the model; the vertical displacement field at 60 s is the static configuration of the seafloor. The
vertical seafloor displacement from the earthquake scenario produces a strong local tsunami wavetrain.
Coastal areas with the largest local amplitude are northward (i.e., Santa Barbara) and eastward (i.e., Ventura
and Oxnard) of the surface rupture. Large amplitudes northward result from the direct propagation of the
northward-directed tsunami toward decreasing water depth as the tsunami approaches the coastline. The more
unexpected large amplitudes to the east result from two main effects: strong eastward refraction of the south-
ward directed tsunami wavetrain as the waves encounter deeper water to the south in the Santa Barbara
Channel (Figure 1), and focusing of the waves guided by bathymetry (e.g., intersection of slower nearshore
waves with faster deepwater waves in the channel). Figure 5 shows localized peak tsunami amplitude around
Ventura and Oxnard, CA. Figure 1 outlines the area in Figure 5 in red. The solid black line indicates the coastline,
and the solid red line is the statewide tsunami inundation border used by the California Emergency
Management Agency [http://www.conservation.ca.gov/cgs/geologic_hazards/tsunami/inundation_maps/].

Figure 4. Map of regional peak tsunami amplitude in meters resulting from an earthquake on the Pitas Point and Lower
Red Mountain fault system. The thin solid black line indicates the coastline, and the thick black line indicates the fault
trace. Note that significant regional tsunami inundation occurs.
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Letters indicate key geographic locations,
including Santa Barbara, Ventura Harbor,
the Santa Clara River Mouth, McGrath
State Beach, and the Channel Islands
Harbor Entrance. Our modeled tsunami
inundation exceeds the state estimate
in multiple locations. For comparison,
Figure S1 in the supporting information
shows orthographic imagery of coastline
indicated in Figure 5, with modeling
results removed. Movie S1 in the
supporting information shows how
tsunami propagation from variations in
the regional bathymetry leads to strong
northward and eastward beaming effects.
Note that inundation is not shown in the
movie; Movie S1 is intended to show only
propagation properties of the modeled
tsunami. At less than 1min, the surface
break is apparent, with the tsunami split-
ting into two main waves propagating
north and south. At approximately 9min
there are strong reflections of the north-
ward wave off the northward shore and
refraction (i.e., rotation counter clockwise)
of the southward beaming tsunami due
to water depth changes. Focusing occurs
to the east (toward Ventura and Oxnard),
shown at about 17min, due to this refrac-
tion and reflection off local shorelines.

This study describes one potential
earthquake and tsunami scenario along
the Pitas Point and Lower Red Mountain

faults, but it is not intended to give an overall distribution of all possible earthquake and tsunami hazards
in this region. The size of future earthquakes, their slip patterns, and thus their seafloor displacement are
largely unknown a priori. It is therefore extremely helpful to combine dynamic earthquake models, which
provide physically plausible earthquake scenarios in which the slip is a calculated result of the model, with
tsunami models to study effects from tsunami generation and propagation; such models can help to fill in
gaps in the historic and prehistoric record of earthquakes and tsunamis.

4. Implications for Tsunami Hazard Offshore Southern California

Generally, tsunamis can show complex wave effects, including reflection and refraction due to changes in
topography/bathymetry along shorelines. Such wave properties have implications for tsunamis propagating
along the southern California coastline. Results from themodels in this study indicate that the coastal areas of
Santa Barbara, Ventura, and Oxnard are particularly vulnerable to earthquake and tsunami hazard from
rupture on the Pitas Point and Lower Red Mountain faults. Our modeled inundation exceeds, in most places,
the state estimate of inundation in Ventura and Oxnard, owing to a combination of the seafloor displacement
from our scenario earthquake, refraction, focusing, and flat topography that facilitates water flowing inland.
Therefore, the tsunami hazard in Ventura and Oxnard may be higher than has been previously inferred.
Additionally, we note that our earthquake model is not a worst case scenario, since we use (1) a stress
parameterization that is not an outlier in terms of overall stress drop when compared to calculated stress
drops in the southern California area [Hauksson, 2014] and (2) a somewhat conservative estimate for the
spatial extent of the Pitas Point Fault (which may in fact connect to the Ventura fault on shore). However,

Figure 5. Map (red box shown in Figure 1) of localized peak tsunami
amplitude, in meters (around Ventura, CA), resulting from slip on the Pitas
Point and Lower Red Mountain fault system. The solid black line indicates
the coastline. The solid red line is the statewide tsunami inundation map
coordinated by the California Emergency Management Agency. Letters
indicate example locations (approximate): SB = Santa Barbara, VH= Ventura
Harbor, SCRM= Santa Clara River Mouth, MSB=McGrath State Beach,
CIHE =Channel Islands Harbor Entrance. Inset shows the map boundary in
black. Note that inundation from the model is significantly greater in many
places than the statewide estimate.
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it is worth noting that the hypothetical earthquake scenario in this study would be among the top three or
four largest magnitude earthquakes ever recorded in California, dating back to the mid eighteenth century
[http://earthquake.usgs.gov/earthquakes/eqarchives/]. The probability of such an event in a given time frame
is low compared to smaller earthquake events. Nonetheless, it is crucial to investigate the possible effects
from such rare but plausible earthquake and tsunami scenarios so that a full hazard assessment can be made.
While the details of an actual future event are likely to be more complex, our model likely captures many
important aspects for the purposes of tsunami generation. Results from these modeling efforts can help
reveal potential regions of high tsunami hazard. Additionally, further development of this methodology in
tsunamigenic regions worldwide can contribute to hazard assessments.

We acknowledge some limitations in this study so that future studies can expand on the current results. The
marine terraces along the coast could be the result of localized rupture effects since the uplift measurements
are taken over a limited area [Hubbard et al., 2014]. Additionally, multifault ruptures including, for example,
the Ventura, Pitas Point, Red Mountain, and San Cayetano faults along the Ventura coast could produce
the large amount of average slip needed to produce the terraces. The historical record for ruptures on the
faults within this study is not well characterized; however, the available data suggest the possibility of large
earthquakes with long recurrence intervals in this area, including multisegment ruptures producing earth-
quakes up to Mw 7.8 [Hubbard et al., 2014]. Therefore, it will be important to model several different rupture
scenarios on such fault systems, since the complete earthquake history of these faults is unknown. More
comprehensive trenching onshore, sediment coring offshore, and sediment analysis onshore (i.e., sand grain
analysis) to determine the occurrence of earthquakes and tsunami in this region are areas of active research
[Wilson et al., 2014]. Other regional reverse faults certainly have the capability of tsunamigenesis. The Santa
Cruz Island and Anacapa-Dume faults, the largest known offshore fault zone near Ventura, CA, is 30 km to the
south of the Pitas Point fault and is thought to be capable of generating large earthquakes with Mw greater
than 7 [e.g., Pinter et al., 1998; Ross et al., 2004]. Incorporating the upper Red Mountain fault, which branches
off near the intersection of the lower Red Mountain and Pitas Point faults, could strongly affect local tsunami
properties in this area [Fisher et al., 2005]. Finally, the current study assumes constant traction across the fault.
However, we note that smaller magnitude stress regimes near the free surface would decrease the amount of
energy available for seismic wave radiation and therefore would decrease, relative to the current model, fault
slip near the free surface. Incorporating spatially varying initial stress distributions on the faults may provide
valuable insight into a broader range of scenario ruptures. Earthquake size, rupture propagation, and slip
distribution are directly dependent on nucleation location and stress regime [e.g., Oglesby et al., 2008]. In
addition, including elastic properties and plausible stress distributions from Global Positioning System
models [e.g., Marshall et al., 2013] may help provide robust, interdisciplinary earthquake and tsunami
scenarios. We also note that submarine landslides can generate large tsunamis in and near the Santa
Barbara Channel, and some landslides are documented in this region [Ross et al., 2004; Fisher et al., 2005].
In fact, modeling of the “Goleta Slide” indicates that a tsunami with local wave heights between 2 and
20m could have been generated [Borrero et al., 2001]. Our simple model is not complete enough to provide
a true quantitative measure of tsunami hazard or the precise spatial extent of the inundation zone in the
Ventura and Oxnard region; such a calculation would require the contribution of multiple faulting and
landslide scenarios from a variety of near- and far-field sources. However, the current model gives an
indication of what may be possible in this region and points toward future work to ameliorate the effects
of tsunamis here and elsewhere around the globe.
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