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Tsunami Hazards Associated with the
Catalina Fault in Southern California

Mark R. Legg,a) M.EERI, Jose C. Borrero,b) and Costas E. Synolakisb)

We investigate the tsunami hazard associated with the Catalina Fault off-
shore of southern California. Realistic faulting parameters are used to match
coseismic displacements to existing sea floor topography. Several earthquake
scenarios with moment magnitudes ranging between 7.0 and 7.6 are used as
initial conditions for tsunami simulations, which predict runup of up to 4 m.
Normalizing runup with the maximum uplift identifies areas susceptible to
tsunami focusing and amplification. Several harbors and ports in southern
California lie in areas where models predict tsunami amplification. Return
periods are estimated by dividing the modeled seafloor uplift per event by the
observed total uplift of the Santa Catalina Island platform multiplied by the
time since the uplift began. The analysis yields return periods between 2,000
to 5,000 years for the Catalina Fault alone, and 200 to 500 years when all
offshore faults are considered. [DOI: 10.1193/1.1773592]

INTRODUCTION

Locally generated tsunamis from major active faults offshore southern California
threaten nearby coastal cities. Disruption of operations at port facilities due to tsunami
attack could severely impact the regional and national economies. Historically, the po-
tential for tsunami generation from local sources was believed to be insignificant be-
cause most of the faulting in the southern California region is strike-slip in character. Yet
major thrust and reverse faulting occurs throughout the western Transverse Ranges
(WTR), including historical tsunami occurrence following strong earthquakes in the
Santa Barbara Channel region and west of Point Conception (McCulloch 1985, Lander
et al. 1993, McCarthy et al. 1993, Borrero et al. 2001). Furthermore, the major strike-
slip faults offshore southern California, south of the WTR, have sinuous traces with
many bends and step-overs. Local tectonic convergence at restraining bends and step-
overs creates folding and seafloor uplift, whereas tectonic divergence at releasing bends
and step-overs produces extension and seafloor subsidence (Legg and Kennedy 1991).
Rapid seafloor deformation at these fault bends and offsets may, in principle, generate
damaging local tsunamis. Here we examine the large seafloor uplift of the Santa Catalina
Island platform (Figure 1), and its potential for generating destructive local tsunamis in
the southern California coastal area.
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SOUTHERN CALIFORNIA OFFSHORE FAULTING AND TECTONICS

The submarine area west of southern California is called the California Continental
Borderland (Shepard and Emery 1941). The physiography of the Borderland consists of
generally northwest-trending ridges, banks, and basins, considered to represent a sub-
merged equivalent of the Peninsular Ranges (Moore 1969). More recent studies, how-
ever, show that Borderland geologic structure and physiography is rather similar to the
Basin and Range province (Legg 1991). This ridge and basin structure persists as the
San Andreas fault system accommodates about 5262 mm/yr of right shear between the
Pacific and North America tectonic plates (DeMets and Dixon 1999). A significant com-
ponent of the relative motion, perhaps as much as 20% (10–11 mm/yr), occurs on faults
west of the southern California coastline (Legg 1991, Larson 1993, Bennett et al. 1996).
Oblique-slip on curvilinear and offset fault segments locally maintains or enhances the
inherited structural relief and Borderland physiography.

Figure 1. Map showing major faults and recent seismicity (magnitude>4) of the southern Cali-
fornia coastal and offshore region. Epicenters from Southern California Seismograph Network
(1932–1998) are shown as small circles; significant offshore historical events are shown as
stars. Prominent restraining bends along the major right-slip faults of the region are also iden-
tified.
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Like the San Andreas, major faults offshore southern California with northwest
trends are right-slip in character (Vedder et al. 1974, 1986; Clarke et al. 1987; Legg
et al. 1989). Offshore faults with east-west trends lie generally within or along the edge
of the WTR and show thrust, reverse, or left-slip character. Vertical deformation occur-
ring along coastal and offshore fault zones is directly responsible for uplift of coastal
and island marine terraces (Lajoie et al. 1992). Uplifted marine terraces are prominent,
not only within the WTR where major folding and thrust faulting occurs, but also along
the southern California coast where right-slip faulting predominates. Relative uplift or
subsidence of the latest Pleistocene lowstand shoreline (18 ka) is suggested in warping
of this regional submerged marine terrace platform (Goldfinger et al. 2003). Rapid
coseismic seafloor uplift or subsidence along major Borderland fault zones may produce
destructive tsunamis during large submarine earthquakes.

RESTRAINING BENDS: POP-UPS AND PULL-APARTS

The sinuosity and en echelon character of real strike-slip faults produces local areas
of convergence and divergence (Figure 2; Crowell 1974), with local uplifts at restraining
bends and subsiding pull-apart basins at releasing offsets. For right-lateral faults com-
mon to southern California, a bend or step to the right in the fault trace results in an area
of divergence and subsidence, whereas a bend or step to the left results in an area of
convergence with local folding and uplift. Rapid vertical seafloor deformation during
large earthquakes at these fault irregularities may generate a local tsunami, while long-
term oblique deformation at these irregularities may form deep, sediment-filled pull-
apart or sag basins along extensional (transtensional) fault segments and elevated sub-
marine ridges or islands at major restraining (transpressional) segments.

Numerous features on the seafloor offshore southern California may be attributed to
oblique deformation along the major right-slip fault zones of the Inner Borderland (Fig-
ure 1). It appears that for every restraining bend uplift there is a related releasing bend
sag or pull-apart basin (Legg et al. 1999). Rotation of crustal blocks in these zones of
simple shear further accentuates fault irregularities, for example, the large-scale clock-
wise rotation of the WTR since middle Miocene time (Kamerling and Luyendyk 1979,
Luyendyk 1991). The resulting zone of north-directed convergence at the southern

Figure 2. Material crowded into a restraining bend along a strike-slip fault results in conver-
gence, folding and reverse faulting that creates a local uplift. In contrast, extension and subsid-
ence occurs at a releasing bend.
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boundary of the WTR likely enhances the formation of restraining bends and transpres-
sional uplift apparent in the northern Borderland (Figure 1). Yet prominent northwest-
trending ridges such as the Santa Cruz–Catalina Ridge, and recent earthquakes with
thrust fault mechanisms on northwest-trending fault planes, such as the 1986 Oceanside
event (Hauksson and Jones 1988) suggest that north-south principal shortening rotates
into northeast-directed shortening farther south and east along coastal and offshore
southern California. Large-scale evidence of this northeast-directed convergence may be
apparent in the thrust reactivation of the regional Oceanside detachment fault system
(Crouch and Suppe 1993, Rivero et al. 2000). Strain partitioning likely occurs with
right-slip accommodated on the vertical or high-angle northwest-trending faults and
thrusting or oblique-reverse faulting on the low to moderate dipping faults (Nicholson
and Crouch 1989).

Uplifts at strike-slip fault restraining bends are called ‘‘pop-ups’’ (cf., McClay and
Bonora 2001). Analog modeling of restraining bends and step-overs along strike-slip
faults show a general rhomboid-shaped uplift pattern with numerous secondary and
branch faults bounding and within the pop-up (McClay and Bonora 2001). The equiva-
lent subsiding extensional structure at the idealized pull-apart basin is called a ‘‘rhom-
bochasm’’ (Crowell 1974). Several restraining bend pop-up structures identified within
the Inner Borderland show the rhomboid shape (Figure 1) at scales ranging from a few
kilometers wide and several kilometers long (offshore west of Oceanside) to more than
20 kilometers wide by 80 kilometers long (Santa Catalina Island platform). Structural
relief on these features ranges from a few hundred meters to more than two kilometers
(Vedder 1987, Legg and Kennedy 1991).

Restraining bend pop-ups are observed onshore in southern California as well. Ex-
amples include Signal Hill along the Newport-Inglewood fault zone in the Los Angeles
Basin, Mount Soledad along the Rose Canyon Fault in La Jolla (San Diego), and possi-
bly the San Bernardino Mountains along the San Andreas Fault or the San Gabriel
Mountains along the San Gabriel Fault (Figure 1; Morton and Matti 1993; Weldon et al.
1993). Indeed, the largest restraining bend known in the region is the ‘‘Big Bend’’ along
the southern San Andreas Fault, located between the Salton Trough and the California
Coast Ranges (Figure 1).

SOUTHERN CALIFORNIA OFFSHORE EARTHQUAKE AND TSUNAMI HISTORY

Southern California has suffered severe offshore earthquakes and tsunamis in its
brief ;200-year recorded history (Table 1; Appendix). Damage was minor from these
events, due to the sparse population of the region in the early years and lack of large
events (moment magnitude, MW>7) during the more recent period of substantial popu-
lation growth. Moderate earthquakes in 1981 and 1986 have ruptured the faults at op-
posite ends of the Catalina Fault. Furthermore, two large strike-slip earthquakes (MW

.7) have occurred within the past decade on low-slip rate faults of the Mojave Desert
region, which has similar geologic structure and tectonic style to the offshore Border-
land. The 1989 Loma Prieta earthquake (MW56.9) demonstrated that oblique reverse
earthquakes along restraining bends of the San Andreas Fault system in coastal areas can
generate local tsunamis (Schwing et al. 1990). The shaking from a large earthquake
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(MW>7) offshore southern California would damage coastal communities, and its effect
would be enhanced were a tsunami triggered from the seafloor displacement.

EARTHQUAKE MODELING

Modeling of potential earthquake sources in the southern California offshore region
is necessary to predict tsunamigenic seafloor deformations (Synolakis et al. 1997). Geo-
metric irregularities along active strike-slip faults may produce significant seafloor uplift
or subsidence. Increased normal stress upon the transpressional fault surface along a re-
straining bend may lock the fault and result in infrequent large earthquakes with relative
quiescence in microseismicity during the interseismic period (Hill et al. 1990). This pat-
tern has been inferred for the San Andreas Fault, where infrequent large earthquakes
have been identified from paleoseismological investigations (Sieh et al. 1989). Assuming
similar behavior for major offshore faults, the transpressional zones where large restrain-
ing bends occur may represent the sites of prehistoric and future large earthquakes
(MW>7). Indeed, 70 years of seismicity data for southern California show few earth-
quakes along the Catalina Fault, yet moderate earthquakes (MW;6) with rich aftershock
sequences struck the faults at the two ends of this seismic gap. Coseismic seafloor uplift
associated with large offshore restraining bend earthquakes may generate destructive lo-
cal tsunamis in the California Continental Borderland.

Major restraining bends in the area offshore southern California (Figure 1) include
the Oceanside and Dana Point segments of the offshore Newport-Inglewood (South
Coast Offshore) fault zone (Fischer and Mills 1991); the Palos Verdes Hills, offshore

Table 1. Possible locally generated tsunami along the southern California coast

Date (UTC) Magnitude Area Affected Waves Reported

1806 May 25 ? Santa Barbara Boats beached(?)
1812 Dec. 21 7–7 1

2 (MI) Santa Barbara Channel 3- to 4-m runup at Gaviota

1854 May 31 ? Santa Barbara Local inundation near embarcadero
1854 July 24 ? San Diego 0.1 m amplitude, 36 minutes period
1855 July 11 6 (MI) San Juan Capistrano Two unusually heavy sea waves
1862 May 27 6.2 (MI) San Diego Bay ,1 m
1878 Nov 22 ? Central Coast Damage at Point Sal, Cayucos, Avila
1879 Aug 10 ? Santa Monica Bay ?
1895 Mar 9 ? San Miguel Island Disturbed water; coastal landslide(?)
1927 Nov 4 7.3 (MS) Point Arguello 1.8-m runup at Surf, 1.5-m runup at

Port San Luis
1930 Aug 31 5.25 (MW) Santa Monica Bay Local oscillations to about 0.6 m
1933 Mar 11 6.25 (MW) Long Beach Uncertain records
1979 Jan 1 5.0 (ML) Santa Monica Bay Local oscillations (?); no tsunami
1989 Jan 19 5.0 (ML) Santa Monica Bay Local oscillations (?); no tsunami

Modified and updated from McCulloch (1985), Lander et al. (1993), McCarthy et al. (1993), Toppozada et al.
(2000)
Magnitude Scale: MW5Moment Magnitude; MS5Surface Wave Magnitude; ML5Local (Richter) Magnitude;
MI5Seismic Intensity Magnitude; ?5Magnitude Not Given or Unknown
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Palos Verdes Anticlinorium, and Lasuen Knoll along the Palos Verdes fault zone (Nardin
and Henyey 1978, Mann and Gordon 1996); the Santa Catalina Island platform along
the San Diego Trough–Catalina fault zone (Junger 1976, Mann and Gordon 1996); the
southern half of San Clemente Island; and the ‘‘Bend Region’’ of the San Clemente fault
zone (Legg and Kennedy 1991, Legg et al. 1999). All of these features show folding and
faulting of late Cenozoic, and locally, Holocene sediments, as well as seafloor uplift
ranging from 10 m to more than 1 km (cf., Vedder et al. 1974, Vedder et al. 1986, Clarke
et al. 1987).

In addition, numerous earthquakes have been located along these major fault zones,
although epicenters are sparse along the restraining bend segments (Figure 1). Consid-
ering the length of the restraining bend fault segments (30–150 km) and the overall
length of these fault zones (.100–300 km), numerous potential sources of large off-
shore tsunamigenic earthquakes can be inferred.

The Santa Catalina Island platform represents the largest restraining bend pop-up
recognized in the northern California Continental Borderland (Figures 1 and 3). It lies
within 50 km of the urban Los Angeles and Orange County coastline where it may pro-
duce damaging shaking intensities during large earthquakes. Its coast parallel orientation
could direct tsunami energy selectively towards this heavily populated area.

ELASTIC DISLOCATION MODEL

Most studies of earthquake-generated tsunamis use elastic dislocation theory to pre-
dict the seafloor displacement based on fault rupture models (e.g., Satake and Somer-
ville 1992, Geist 1998). Often these studies find that earthquake source models involv-
ing spatially uniform slip over a simple fault rupture surface underestimate the observed
tsunami runup (Synolakis et al. 1997, Geist 2002). In some cases, other mechanisms,
such as submarine landslides, may be invoked to produce the locally observed higher
runup and inundation levels (Borrero et al. 2001, Synolakis et al. 2002). Although large
earthquakes frequently generate substantial landslides in the epicentral area, this study
focuses on tectonic deformation mechanisms from submarine strike-slip faulting.

As noted by Geist (2002), complex rupture processes have important effects on the
tsunami generation and local runup. Real earthquakes have non-uniform slip distribu-
tions (e.g., Hartzell and Heaton 1983, Wald and Heaton 1994), often involving multiple
fault segments (Sieh et al. 1993), and high slip patches (Geist 2002, Okal et al. 2002). To
address these issues, we develop a multiple segment fault rupture and earthquake source
model for tsunami generation. Because source complexities such as variable rigidity
along the fault surface and highly irregular slip distributions are difficult to infer with
limited subsurface data, our model retains the simplicity of uniform slip patches and
constant rigidity, but uses several segments with different fault geometries and slip vec-
tors.

For the tsunami model, the static vertical tectonic displacement is used to model ini-
tial wave heights. To calibrate this simple model to more realistic earthquake and fault-
ing parameters, we attempt to match the three-dimensional shape of the long-term sea-
floor uplift observed at the Santa Catalina Island restraining bend (Figures 3 and 4; Legg
and Borrero 2001). The elastic dislocation model is adjusted to produce a pattern of sea-
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floor uplift that mimics the shape of the uplift using fault displacements that are scaled
to represent realistic values observed in other large earthquakes throughout California
and the world (e.g., Wald and Heaton 1994, Wells and Coppersmith 1994).

Long-term post- and interseismic relaxation, plus loading due to sedimentation and
erosion modify the uplift produced during the coseismic deformation. Although some
models predict a broadening of the deformation, investigation of real earth structures
find that coseismic deformation from recent large earthquakes is of comparable width to
the overall structure, implying that the effective elastic thickness of the crust is small
(King et al. 1988, Stein et al. 1988). For this study, the post- and interseismic loading
effects are reduced. The Catalina basin to the southwest of the uplift is sediment starved,
dominated by slow hemipelagic sedimentation (Vedder 1987), and submarine erosion of
the uplift appears minor, as no large submarine landslide features are observed in avail-

Figure 3. Contour map of the Santa Catalina Island ‘‘pop-up’’ structure. Seven segment Cat-
alina Fault used for the tsunami earthquake models is shown. Large arrows show relative dex-
tral motion across the Catalina Fault that creates transpression at the restraining bend. Deflected
drainages suggest existence of right-slip fault aligned with the Santa Cruz–Catalina Ridge that
cuts through the island.

TSUNAMI HAZARDS ASSOCIATED WITH THE CATALINA FAULT IN SOUTHERN CALIFORNIA 7

  PROOF COPY 001403EQS  



  PROOF COPY 001403EQS  

  PRO
O

F CO
PY 001403EQ

S  

able high-resolution bathymetry (C. Goldfinger, pers. comm., 2003). Consequently,
matching the shape of the uplift through elastic modeling of the coseismic deformation,
properly scaled to represent realistic earthquake displacements for the length and area of
fault rupture, should provide an excellent calibration of our source model.

REFINING THE SOURCE

We use an elastic dislocation model based on Okada’s (1985) formulas for surface
displacement due to shear and tensile faults in a homogeneous, elastic, half space. To
test alternative fault rupture models for tsunami generation, the Coulomb program (King

Figure 4. Elastic dislocation models of the surface uplift predicted using seven planar, rectan-
gular, segments along the Catalina Fault showing the variation due to fault width and subsur-
face depth. (a) Narrow fault (8 km) and shallow depth (0.5 km) produces narrow seafloor uplift
and initial wave. (b) Wide fault (12 km) and greater depth (4 km) produces uplift that is too
broad and smoothed. (c) Wide fault (12 km) but shallow depth (1 km) produces better fit to
island. (d) Wider fault (14 km) and moderate to shallow depth (0.5–1.5 km) produces uplift that
matches island morphology. SMo Santa Monica, MdR Marina del Rey, RB Redondo Beach,
PV Palos Verdes Hills, LgB Long Beach, AnB Anaheim Bay, HB Huntington Beach, NB New-
port Beach, SnO San Onofre, LK Lasuen Knoll.
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et al. 1994, Toda et al. 1998) was used to compute vertical displacement at the surface to
compare with observed uplift patterns. This allowed quick computation of numerous
candidate source models so that we could more effectively define our final tsunami
earthquake source.

Preliminary trials with the elastic dislocation modeling showed that a reasonable fit
to the mapped faulting and morphology of the uplift could be achieved with seven fault
segments (Figure 3; Table 2). The geographic location, strike, and length of each fault
segment were derived from existing fault maps and available seismic reflection profiles
(Vedder et al. 1974, 1979, 1986). White (1991) identified a major northwest-trending
strike-slip fault cutting the southwest side of the island based on interpretations of sat-
ellite imagery and field studies. Shaded relief maps of the digital elevation data for Santa
Catalina Island show deflected canyons along the trace of this previously unrecognized
fault (Figure 3). The seven fault segments comprise two major fault sections–one along
the NW part of the uplift and the second along the SW flank of the uplift. These sections
form a 90-km-long restraining bend with a 7.5-km to 10-km releasing (right) overlap-
ping fault step-over. The end-to-end fault length modeled is about 140 km. The restrain-
ing bend segments trend 18–36 degrees obliquely to the west of the larger right-slip fault
system as defined by the Santa Cruz–Catalina Ridge and the San Diego Trough fault
zones. The vertical strike-slip fault segments in our Santa Catalina Island uplift model
have slightly more west-trending strikes than the San Diego Trough, thus we include a
small component of reverse-slip to account for uplift on the ends of the island platform
(Table 2).

Fault dip and down-dip width are poorly constrained for many offshore faults includ-
ing those along the Catalina Escarpment. Recognizing the overall strike-slip character of
the San Diego Trough–Catalina/Santa Cruz–Catalina Ridge fault zones, near vertical
fault dips are expected. Hence, fault segments #1 and #7 are assigned vertical dip, as
observed for segment #7, which follows the 1981 earthquake (Corbett 1984). Seismic
reflection profiles across the fault zone at the northwest and southeast ends of the Santa

Table 2. Major fault segments for Santa Catalina uplift tsunami models
(MW57.6 source)

Segment
Slip1

(m)
Length
(km)

Width
(km)

Strike
(degrees)

Dip
(degrees)

Slip Angle2

(degrees)
Depth3

(km)

#1 4.0 21.9 14.0 313 89 172.9 0.5
#2 5.0 28.2 14.0 293 85 143.1 1.0
#3 4.8 16.1 14.9 277 70 123.7 1.0
#4 3.6 20.2 14.0 303 80 146.3 1.0
#5 6.4 8.1 14.0 300 80 149.0 1.5
#6 4.5 40.2 14.0 297 80 153.4 1.0
#7 4.1 29.7 14.0 315 89 166.0 0.5

1 Slip for full seven-segment fault rupture (case 1)
2 Rake of slip vector measured from horizontal direction, pure right-slip

5180 degrees.
3 Depth to top of fault plane below ground surface (top of elastic half-space).
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Catalina Island uplift show vertical or very steep fault dips (Vedder et al. 1974, 1986;
ten Brink et al. 2000). The straight trace of the shallow faulting, mapped from closely
spaced seismic profiles and the seafloor escarpment, attest to steep fault dip. Where the
fault bends toward the west, we infer that the dip shallows slightly and assign northeast
dips of 70 and 80 degrees. The shallowest dip lies along the most west-trending segment
(#3). The proposed dips of the restraining bend fault segments are consistent with those
inferred for the Palos Verdes Fault (70 degrees southwest) beneath the Palos Verdes Hills
(Ward and Valensise 1994) and observed for the 1989 Loma Prieta earthquake (60 de-
grees northeast, Marshall et al. 1991).

Down-dip width and depth-to-the-top of fault rupture were variables tested by elastic
dislocation modeling. If the fault width is too small or the fault rupture is too shallow,
the predicted uplift pattern is too narrow compared to the observed seafloor/island mor-
phology (Figures 4a and c). If the top of fault rupture is set too deep, then the predicted
uplift pattern is too broad and smoothed (Figure 4b). Our best-fitting model uses a
down-dip fault width of 14 km and top of faulting varying along strike from depths of
0.5 km to 1.5 km (Figure 4d, Table 2). Thus we predict that brittle faulting (elastic de-
formation) occurs to depths of 16 km in the vicinity of the Santa Catalina Island re-
straining bend. This is somewhat deeper than the typical 8-km to 12-km focal depths of
strike-slip earthquakes in California (Sibson 1982), although depths of 15 km have been
reported in the San Diego area (Magistrale 1993). Thrust and reverse faulting earth-
quakes are believed to initiate at greater depths. Lee et al. (1979) and Hauksson et al.
(1995) report up to 20 km for the Transverse Ranges, while Marshall et al. (1991) report
up to 18 km. Furthermore, the Los Angeles Regional Seismic Experiment (LARSE) data
at the south end of Santa Catalina Island suggest that a subvertical fault extends beyond
8–10 km depth (ten Brink et al. 2000).

A prominent releasing step-over within a transpressional fault section, along a re-
straining bend, appears common in southern California (Legg et al. 1999). For example,
near San Bernardino, a prominent releasing step-over occurs where the South Branch
San Andreas Fault steps to the right (northeast) from the Banning Fault near the San
Bernardino Mountains to the Cajon Pass section of the San Andreas Fault (Figure 1;
Morton and Matti 1993). Interaction between the San Jacinto and San Andreas faults at
Cajon Pass further complicates the seismotectonics in another transtensional zone along
the San Andreas Big Bend (Seeber and Armbruster 1995).

The same fault pattern and fault interaction appears to be replicated where the off-
shore San Clemente Fault merges with the Catalina Fault at the northwest end of the
island uplift (Figure 1). The geometry and scale of the Santa Catalina Island restraining
bend, with the releasing step-over near the middle and the fault interaction at the north-
west end, is remarkably similar to the San Bernardino Mountains segment of the San
Andreas Fault where large earthquakes (MW>7.3) are expected to strike (WGCEP
1995).

The last parameters to be conjectured and set in the elastic dislocation model for the
large Santa Catalina Island restraining bend earthquake are the displacements on each
fault segment. For a total fault rupture length of about 140 km, empirical relations of
magnitude versus fault rupture length suggest earthquake magnitudes (MW) of about
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7.4–7.6 (Wells and Coppersmith 1994). Recent large strike-slip earthquakes in southern
California and Turkey involved surface rupture lengths exceeding 70 km (MW57.3) for
Landers (Wald and Heaton 1994) and about 145 km (MW57.4) for Izmit, Turkey (Barka
et al. 2002). Maximum displacements estimated from modeling the strong ground mo-
tion for these earthquakes vary from about 7 m for Landers (Wald and Heaton 1994) to
5.2 m for Izmit, where a tsunami was generated (Barka et al. 2002, EERI 2000). Vertical
displacements from the 1989 Loma Prieta earthquake (MW56.9, about 40 km rupture
length) were comparable to the lateral displacements, about 1.3 m (Marshall et al. 1991).
We model 6.4 m of dextral oblique-reverse slip, which results in about 5.5 m right-slip
and 3.3 m reverse-slip.

TSUNAMI MODELING

The tsunami modeling process can be divided into three parts: generation, propaga-
tion, and runup (Liu et al. 1991). The generation phase includes the formation of an ini-
tial disturbance on the ocean surface due to a coseismic deformation of the sea floor. The
latter defines the initial condition for the long wave propagation. The deformation on the
sea floor is modeled using Okada’s (1985) formulas for surface deformation as described
earlier. The seafloor deformation field predicted by the elastic dislocation model (Figure
4d) is translated directly to the water surface and used as an initial condition for the
propagation and runup phases.

For tsunami propagation and runup, the model known by the acronym ‘‘MOST’’
(Method Of Splitting Tsunami) (Titov and Synolakis 1995, Titov and Gonzalez 1997)
was employed. It is the model used by NOAA. MOST uses the fully nonlinear, depth
averaged, shallow-water wave equations in characteristic form to simulate the propaga-
tion of long waves over an arbitrary bathymetry. For runup, the model uses a moving
boundary algorithm (Titov and Synolakis 1995, 1998) that tracks the evolving shoreline.

For this study, 300-m and 150-m bathymetry and topography grids were used to
evaluate each of the seven fault rupture scenarios. The initial condition—the coseismic
sea floor displacement—was located consistent with geophysical data and translated to
the bathymetric and topographic grid. The initial surface displacement was modeled us-
ing the seismic parameters for the seven-segment fault model as shown in Table 2. A
model time step of 1 sec was used for the 150-m bathymetry grid and 2 sec for the
300-m bathymetry grid.

ANALYSIS AND DISCUSSION

Figure 5 shows the location of the initial surface displacement and the computed
runup along the south-facing and west-facing shorelines for the full seven-segment fault
rupture source. Runup values are highest along the San Pedro Bay and Santa Monica
Bay coasts with runup heights exceeding 2 m in the vicinity of the Los Angeles and
Long Beach harbors. Concentrations of higher runup occur in the vicinity of Marina del
Rey, Redondo Beach, the Los Angeles and Long Beach harbor area, and the Newport
Beach area. Runup heights exceed 1 m for most of the coast between Santa Monica and
Dana Point.
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Synthetic wave-gauge records are shown for locations along the coast (Table 3, Fig-
ures 5 and 6). The wave gauge records show water surface fluctuations that vary from
1–2 m, peak-to-peak, that begin with a leading sea surface rise about 10–18 minutes
after the wave was generated. The initial water motion takes from 5–10 minutes to fully

Figure 5. Map showing initial wave height for the full seven-segment Catalina Fault model
with graphs of runup along the south-facing and west-facing shorelines. Wave gauge locations
are plotted and parameters are listed in Table 3.

Table 3. Synthetic wave gauge parameters (see Fig-
ure 5 for locations)

Name Symbol
Water Depth

(m)

Point Dume dume 19.2
Marina del Rey mdr 9.8
King Harbor kh 12.1
Palos Verdes pv 23.8
LA/LB Harbor lalb 9.8
Anaheim Bay ana 10.3
San Onofre sano 10.3
Avalon ava 57.8

12 M. R. LEGG, J. C. BORRERO, AND C. E. SYNOLAKIS

  PROOF COPY 001403EQS  



  PROOF COPY 001403EQS  

  PRO
O

F CO
PY 001403EQ

S  

develop and the wave motions persist for more than 50 minutes, after which time the
simulation was terminated. Based on the animations produced from the models, the pri-
mary wavefront and major refracted wave energy have reached the most distant coastal
locations by this time, and as many as three reflected wave oscillations occur. Such long-
period oscillations have the potential to generate substantial currents in the narrow open-
ings of harbors—a phenomenon observed in other tsunamis (Borrero et al. 1995). Al-
though the entrance to the Los Angeles and Long Beach harbors are south and east
facing, refraction of the waves appears to focus the tsunami energy in this area. More
detailed studies are needed, however, to accurately assess the impact of this tsunami
source on the Los Angeles and Long Beach harbors and the marine facilities located
therein.

Wave periods are generally shorter, about 3–5 minutes for wave gauges along open
coast areas with narrow shelves and steep submarine escarpments like Point Dume, Pa-
los Verdes, San Onofre, and Avalon. The large short-period initial wave heights at Palos
Verdes and Avalon probably result from amplification of the leading tsunami wave front
as it moves up the steep submarine escarpment and crosses the narrow shelf. Marina del
Rey, King Harbor, and the Los Angeles/Long Beach harbor gauges show a similar high-
amplitude initial wave, at somewhat longer period. These sites also show a second large
wave arriving 15–20 minutes after the first large wave. The second-wave runup exceeds

Figure 6. Wave gauge records for the full seven-segment Catalina Fault (MW57.6) earthquake
(Case 1). Note that the Avalon record starts above zero because the gauge is in the zone of
tectonic uplift.
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the first for both King Harbor and the Los Angeles/Long Beach harbor gauges, but is
slightly smaller for Marina del Rey. A second set of larger waves also arrives at Palos
Verdes, but with a longer delay, about 25–30 minutes after the initial wave set, and with
about one-third the amplitude of the biggest peak in the first set. Note that the biggest
wave is the second wave at Palos Verdes, arriving about 5–10 minutes after the initial
wave.

The tsunami generated by the fault model used in this study actually consists of two
somewhat separate wave fronts radiating from the northwest and southeast ends of the
submerged island uplift (Figure 7). The tsunami separates into these two wave fronts be-
cause the highest point of uplift is sub-aerial, occurring near the middle of the island and
does not contribute directly to tsunami generation (Figure 4d). As the two wave fronts
propagate toward the coast, their interaction forms areas of constructive and destructive
interference with local amplification and de-amplification. Constructive interference oc-
curs most strongly at the southern tip of the Palos Verdes peninsula near San Pedro.
Changing bathymetry modifies this interaction and creates larger amplifications to the
east from the Los Angeles and Long Beach harbors to Anaheim Bay and Newport
Beach. Wave refraction further enhances the runup at Marina del Rey and Anaheim Bay
as westward-projecting shelf areas form a wave-guide and a gently concave coastline
acts to funnel the wave energy.

In Anaheim Bay the first wave arrival occurs 10–15 minutes after the wave arrival at
Palos Verdes or Point Dume. Later arrivals at some major coastal harbor facilities could
allow for more effective warnings than currently available. For example, wave gauges
placed at strategic places along the coast where distant or offshore tsunami would strike
first could provide warnings to the port areas located across the relatively broad shelf

Figure 7. Time step in the MOST tsunami propagation simulation showing the two principal
wave fronts generated from the northwest and southeast ends of the submerged Santa Catalina
Island platform. Topography has a large vertical exaggeration.
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areas where tsunamis slow down. Deep water gauges as installed by NOAA in the North
Pacific (Bernard 2001), but located closer to the active Borderland faults, could provide
even more advance warning.

SOURCE VARIABILITY

A single scenario fails to account for the highly variable nature of earthquake and
tsunami phenomena. Additional earthquake source models were used to assess the vari-
ability in tsunami runup due to large earthquakes on the Catalina Fault. For the present
study, six sub-events, comprised of one or more fault segments derived from the full
seven-segment model were used (Figure 8, Table 4). These seven scenarios provide a
representative measure of the range of runup that may be expected from large earth-

Figure 8. Maps of the initial wave height conditions for the six additional Catalina Fault tsu-
nami scenarios (Table 4).
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quakes on the Catalina fault zone. Furthermore, because these sub-events span the dif-
ferent submarine segments of the Catalina fault zone on both ends of the island, the ef-
fects of wave interaction in amplifying runup along the adjacent coast may be
distinguished from the effects of source location.

A characteristic earthquake model may be appropriate for the Catalina fault zone,
however, available data are inadequate to test it. It is likely that there are many different
large ‘‘characteristic’’ earthquake events that combine through geologic time to produce
the uplift of the island platform. The six sub-events (Figure 8, Table 4) provide a suite of
events that represent the magnitude range (MW57.0–7.6) of events large enough to pro-
duce potentially destructive local tsunamis, yet are scaled appropriately to reproduce the
shape of the island platform morphology. The slip parameters used for each model were
scaled down for the shorter fault rupture lengths associated with the smaller sub-events,
and are consistent with empirical maximum slip and average slip values versus fault rup-
ture length and magnitude observed in historic earthquakes (Wells and Coppersmith
1994).

It is uncertain whether large strike-slip earthquakes, with some areas of oblique-slip,
can rupture completely through major restraining bends. Sibson (1985) proposed that
large earthquakes may initiate or terminate at releasing step-overs within major fault
zones. Historical earthquakes such as the 1857 Fort Tejon earthquake on the San An-
dreas Fault appear to have terminated at a significant releasing step-over in the Cajon
Pass area. Our model includes a similar releasing step-over within the Santa Catalina
Island restraining bend. Paleoseismic evidence suggests, however, that some great
(MW.7.5) earthquakes on the southern San Andreas fault zone may break completely
through the Cajon Pass and San Bernardino Mountains segment to the Salton Sea along
the Coachella Valley segment (Sieh et al. 1989). Our tsunami modeling considers both
types of scenario.

Coastal runup produced by the seven different earthquake scenario tsunamis shows
patterns consistent with source geometry, tectonic uplift, and wave refraction due to ir-
regular bathymetry and coastal configuration (Figures 9 and 10). The scenarios involving

Table 4. Earthquake scenarios for tsunami generation along Santa Catalina uplift

Segments*
Length
(km)

Fault Area
(km2)

Max.
Slip
(m)

Ave.
Slip
(m)

Magnitude
(MW)

Max.
Uplift
(m)

Recurrence**
(yrs)

1–7 165# 2317 6.4 4.46 7.63 2.17 4,500
1–4 86.5 1225 5.0 4.39 7.44 2.17 4,400
5–7 78.0 1092 6.4 4.54 7.41 1.43 4,500
1–4 86.5 1225 3.6 2.61 7.29 1.30 2,600
2–4 64.6 918.2 3.6 1.50 7.04 0.71 1,500
5–7 78.0 1092 6.4 2.61 7.25 1.39 2,600
5–6 48.3 676.4 2.0 1.92 7.02 0.46 1,900

* See Table 2 for segment parameters; #Includes 25-km overlap of two fault sections.
** Recurrence time (approximate upper bound) assumes 1 mm/yr average slip rate.
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rupture of the northwestern fault segments (cases 3, 6, 7) tend to produce higher runup
in Santa Monica Bay and those involving rupture of the southeastern fault segments
(cases 2, 4, 5) produce higher runup in San Pedro Bay and along the Orange County
coast. Figures 7 and 9 suggest that constructive interference between the two separate
wavefronts produced by the full seven-segment rupture amplifies the wave heights at the
coast in this area. Coastal runup for the other four earthquake scenarios produce similar
patterns to those of the northeast or southwest sections at reduced amplitudes commen-
surate with the smaller earthquake magnitude and vertical displacements (Figure 9). In
general, maximum subevent runup values along the coast are roughly one-half the values
for the largest earthquake scenarios.

To separate the effects of earthquake magnitude from tsunami wave refraction
among different scenarios, computed runup was normalized by the maximum uplift for
each scenario (Figure 10). The overall shape of the runup plots are similar for the abso-
lute runup and normalized runup, with peaks located at the harbor areas described
above, implying wave refraction effects. Indeed, the tsunami from the 1960 Chilean
(MW59.5) earthquake was strongly amplified in the Marina del Rey area where the tide
gauge was clipped for two hours with measurements in excess of 3 m peak-to-peak. Os-

Figure 9. Map showing maximum runup for each of the seven Catalina Fault tsunamigenic
earthquake scenarios modeled in this study (fault parameters in Table 4).
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cillations persisted with high amplitudes (.1 m) for more than ten hours (Lander et al.
1993). Wave heights are also amplified around the northwestern end of the Palos Verdes
peninsula, possibly due to similar refraction effects but also because of less attenuation
due to the shorter distance from the fault rupture source.

Previous tsunami hazard studies along the southern California (Houston 1980, Mc-
Culloch 1985, Borrero 2002) show similar patterns of amplification in Santa Monica
Bay and San Pedro Bay with less amplification at the Palos Verdes peninsula. The pre-
2001 studies were based on distant tsunami sources, from Alaska or South America, so
that the geometrical spreading attenuation effects are reduced for the long period waves
once they reach southern California. Normalized runup plots show that the maximum
amplification of tsunami wave height along the coast is less than 250 percent (Figure 10;
Table 4). The runup computed with the MOST program is for a smoothed coastline and
computational grid resolution as fine as 150 m so that local amplification at higher spa-
tial frequencies is smoothed out. In general, coastal runup lies between 50 and 150 per-
cent of the maximum tectonic uplift due to the fault rupture. Consequently, if local high-

Figure 10. Map showing maximum runup normalized to the maximum seafloor/island uplift
for each of the seven Catalina Fault tsunamigenic earthquake scenarios modeled in this study
(fault parameters in Table 4).
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slip patches occur with greater seafloor uplift than predicted from the simple elastic
dislocation model, adjacent coastal areas may experience higher runup.

Our models predict coastal runup ranging from 0.5 to 3.6 m for offshore earthquakes
with moment magnitudes between 7.0 and 7.6. Conservatively assuming a factor of two
uncertainty, for the reasons discussed above, local tsunamis from earthquakes along the
Catalina fault system may produce coastal runup from 1 to 7 m in elevation. A maxi-
mum runup of 7.3 m was observed from the 1994 Mindoro, Philippines, earthquake
(magnitude 7.1) strike-slip earthquake (Daag et al. 1995, Imamura et al. 1995). If the
variability can reach a factor of 6.5 as found by Geist (2002) for stochastic simulations
of Central Mexico subduction earthquakes, then maximum runup from large local south-
ern California tsunamis may be significantly larger. The difficulty arises because we can-
not yet a priori predict the complex slip distribution in a large earthquake, and the maxi-
mum runup and wave height is directly proportional to the maximum seafloor uplift. As
Geist (2002) shows, and as observed in the 2001 Camana, Peru, tsunami (Okal et al.
2002), local high-slip patches are responsible for the maximum runup.

LIMITATIONS OF THE MODEL

Because the Catalina fault system is predominately strike-slip in character, the maxi-
mum seafloor uplift is less than other southern California fault systems where thrust or
reverse faulting predominates. Roughly equal partitioning between strike-slip and dip-
slip was observed in the 1989 Loma Prieta earthquake within the predominately right-
slip San Andreas fault system (Marshall et al. 1991). Thus we might expect similar par-
titioning along the Catalina fault system. As observed in the Philippines, however, large
strike-slip earthquakes may still produce destructive tsunamis.

Despite our attempts to realistically model the earthquake source for tsunami gen-
eration, the models developed remain quite simple compared to actual observed earth-
quake fault rupture parameters (Sieh et al. 1993, Wald and Heaton 1994). Our simple
models ignore the dynamic aspects of the fault rupture process and use only the static
displacement. Our simple models involve planar rectangular fault segments with uni-
form slip for each segment, whereas the distribution of slip within real earthquakes is
more complex with local areas of high slip with irregular geometry. Often there may be
several active faults involved in one large earthquake, with complex distributions of slip
on each segment. Variability of the slip distribution from one characteristic earthquake
to the next on a particular fault is also observed in real earthquakes such as the 1940
Imperial Valley and 1979 El Centro earthquakes on the Imperial Fault (Sharp 1982,
USGS 1982). Since the elastic models smooth out the details of fault rupture at the sur-
face, we conjecture that our simple models provide a first order representation of real
earthquake variability with regard to the scales involved in local tsunami generation.

One area of concern is that the elastic dislocation model produces smaller vertical
displacements than the maximum fault slip on the modeled fault surfaces. This result
may be reasonable for buried fault sources where no surface rupture occurs (e.g., 1989
Loma Prieta earthquake, Marshall et al. 1991). However, where surface or seafloor fault
rupture occurs, the maximum surface displacement is comparable to the maximum sub-
surface displacement values derived through seismological observations (Wald and
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Heaton 1994, Treiman et al. 2002). Seafloor fault scarps of 1–3 m height, likely resultant
from prehistoric large earthquakes, have been observed on major faults offshore south-
ern California (Goldfinger et al. 2000). Because we typically observe only about one-
half the maximum subsurface slip value as surface displacement in the elastic disloca-
tion model, we suspect that our estimates of seafloor uplift and initial tsunami wave
height may be too low by a factor of two. This proposition is supported by observations
of recent tsunamis around the world where the measured maximum runup values also
tend to be about twice the predicted values from elastic dislocation models of tectonic
faulting based on seismological observations (cf., Geist 2002, Borrero et al. 2003).

TSUNAMI RECURRENCE AND STATISTICS

The Santa Catalina Island uplift is one of the largest elevated structures in the Inner
Borderland of southern California, south of the Transverse Ranges. Therefore, the Cat-
alina fault system may represent the most significant local tsunami source. A conserva-
tive approach to tsunami hazard assessment is to consider the tsunami runup modeled
for the Santa Catalina Island uplift and Catalina fault system, and estimate recurrence
times based on overall slip rates for offshore fault systems in southern California.

No published estimates of the slip rate for the Catalina fault system are available at
this time. Based on the well-defined character of the Catalina and San Diego Trough
fault zones, the slip rate is likely to be similar to that of other well-defined fault zones in
southern California. The Palos Verdes and Newport-Inglewood-Rose Canyon fault zones
have slip rates measured at 1–3 mm/yr (Fischer and Mills 1991, Lindvall and Rockwell
1995, McNeilan et al. 1996). Preliminary estimates of slip rates for the San Clemente
fault zone south of San Clemente Island are 4–7 mm/yr (Legg 1985). Geodetic estimates
of present-day tectonic plate motions suggest that as much as 20 percent of the Pacific–
North America relative motion occurs offshore southern California—roughly 10 mm/yr
(Demets and Dixon 1999, Sella et al. 2002).

Only a small number of potential earthquake-generated tsunamis are modeled in this
study, and so the full range of potential scenarios for local southern California tsunamis
may be poorly represented. Geist (2002) shows that the complexity in real earthquakes
may produce variability in tsunami amplitudes of a factor of 2.5 or more for an earth-
quake of constant MW and location. The variability from our seven scenarios approaches
a factor of 5.0 for an earthquake magnitude range of about 0.6, while tsunami ampli-
tudes vary by a factor of 1.8 for a specific magnitude (Table 4). Including the uncertain-
ties in the elastic dislocation models, our results provide a reasonable first-order hazard
assessment for local tsunamis in southern California.

Two methods based on average displacement rates are used to estimate the occur-
rence frequency of the large earthquakes modeled and the associated local tsunami haz-
ard. The first method, commonly used in paleoseismic analyses, assumes a characteristic
earthquake model and divides the average event slip by the average fault slip rate to de-
rive a recurrence interval. The second method recognizes that natural complexity and
strain partitioning in earthquake fault rupture results in some earthquakes with mostly
strike-slip mechanisms (1906 San Francisco) and others with significant dip-slip mecha-
nisms (1989 Loma Prieta). Thus a more accurate estimate of recurrence times for locally
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generated tsunamis may be provided by dividing the maximum uplift for the earthquake
scenario by the average rate of uplift of Santa Catalina Island. Similar analyses have
been made using uplift of the Palos Verdes Hills to estimate the slip rate on the Palos
Verdes fault zone (Ward and Valensise 1994) and of the Santa Cruz Mountains (Valen-
sise and Ward 1990) for the recurrence of Loma Prieta–type earthquakes.

Using a simple assumed slip rate of 1 mm/yr for right-slip along the Catalina fault
system, the recurrence time for large (MW>7) earthquakes in the Santa Catalina Island
uplift area would be about 1,500–4,500 years (Table 4). If the maximum rate of right-
slip for the offshore region is used, about 10 mm/yr, then the recurrence time is reduced
accordingly to 150–450 years. No offshore earthquakes of this magnitude have been re-
corded in the brief history of the southern California region. Large earthquakes with
possible offshore epicenters are reported in the Oceanside area on 22 November 1800
and in the Santa Barbara Channel area on 21 December 1812. Farther north, a large
earthquake struck offshore Point Arguello on 4 November 1927. Thus recurrence times
of a few hundred years for MW;7 earthquakes offshore southern California may be a
reasonable first-order estimate. Recurrence times of several hundred to a few thousand
years for MW.7 earthquakes on the Catalina Fault with significant seafloor uplift and
local tsunami generation seem appropriate.

The total structural relief across the Catalina fault system is approximately 2,250 m,
measured from the 650-m elevation for Mt. Orizaba to the 300-m basin fill below the
1,300-m deep escarpment (Vedder 1987). In middle Miocene time, when most of the
volcanic rocks on the Santa Catalina Island were emplaced, the area was at or above sea
level (Vedder et al. 1979). It then subsided rapidly at the end of Miocene into early
Pliocene time reaching abyssal depths in some areas (;2,000 m). The uplift of the Santa
Catalina Island platform to its present elevation occurred since early Pliocene time,
within the last 3–6 Myrs. The Palos Verdes Hills uplift occurred in this same time period
(Nardin and Henyey 1978), whereas the Signal Hill uplift occurred more recently, during
the last 200 ka (Ponti and Lajoie 1992).

Using the available geological data, a minimum average rate of tectonic uplift for
Santa Catalina Island is 0.375–0.75 mm/yr. Measured rates of tectonic uplift in the
southern California coastal area range from 0.1–0.4 mm/yr for elevated Pleistocene ma-
rine terraces on the coast and offshore islands south of the WTR (Lajoie et al. 1992).
Higher rates (;3 mm/yr) are measured near Ventura and Cape Mendocino where active
faulting has greater vertical slip. Assuming that uplift of Santa Catalina Island occurred
tectonically through large earthquakes as modeled above, the estimated recurrence times
for MW57.0–7.6 events on the Catalina fault system is about 600–6,000 years. Based
upon paleoseismic studies (Rockwell et al. 2000, Tucker and Dolan 2001), other large
seismogenic faults in the Los Angeles and southern California area have similar recur-
rence times.

LANDSLIDE VS. EARTHQUAKE TSUNAMI SOURCES

The runup values predicted in this study ignore the possibility of large submarine
landslides being triggered by the earthquake. Larger runup associated with large subma-
rine landslides offshore southern California has been estimated in recent studies (Bor-

TSUNAMI HAZARDS ASSOCIATED WITH THE CATALINA FAULT IN SOUTHERN CALIFORNIA 21

  PROOF COPY 001403EQS  



  PROOF COPY 001403EQS  

  PRO
O

F CO
PY 001403EQ

S  
rero et al. 2001, Borrero 2002), but this study focuses on the tectonic sources only. The
schist basement rock of Santa Catalina and adjacent offshore areas is prone to landslid-
ing (Vedder et al. 1979) and large-scale basement-involved landslides have been mapped
in the southern California offshore area (Legg and Kamerling 2003). A large earthquake
on the Catalina fault system could generate a large landslide and generate additional tsu-
nami wave energy. Further research is needed to examine this possibility and estimate
the wave height and runup expected from realistic submarine landslide sources around
the island.

Numerous submarine landslides have been mapped in the California Continental
Borderland (Greene and Kennedy 1987; Field and Edwards 1980, 1993; Legg and Ka-
merling 2003). Even though submarine landslides may be triggered by large earthquakes
offshore, or on coastal or onshore fault systems like the San Andreas, such as occurred
in Monterey Bay during the 1989 Loma Prieta earthquake (Schwing et al. 1990, McCar-
thy et al. 1993), large possibly catastrophic submarine landslides appear to be relatively
rare offshore southern California. For example, the large basement-involved landslide
described by Legg and Kamerling (2003) appears to be more than 100 ka, and the large
San Pedro Canyon submarine landslide is about 7,500 years old (Fisher 2002). Large
earthquakes, with MW>7 involving slip of 1–6 m would have recurrence times of a few
hundred to a few thousand years, substantially shorter than the suspected frequency of
large submarine landslides in the borderland. Consequently, the first-order driving force
for local tsunamis offshore southern California is expected to be tectonic deformation
from large earthquakes.

SUMMARY AND CONCLUSIONS

To evaluate the potential for destructive tsunami generated by local earthquakes off-
shore southern California, we model the Santa Catalina Island restraining bend with a
realistic fault geometry and oblique-reverse earthquake displacement field to match the
overall shape of the island block morphology. We successfully reproduce the shape of
the Santa Catalina Island platform uplift using a 140-km-long, seven-segment, elastic
dislocation fault model with a maximum displacement of 6.4 m. The displacement on
each fault segment was adjusted in both right-slip and reverse-slip components to pro-
duce the uplift pattern with the amplitudes scaled to realistic values for large earth-
quakes (MW>7). To estimate the variability of potential earthquakes and seafloor dis-
placement, a suite of six sub-events, MW57.0–7.4 (Table 4) were modeled using
various combinations of the seven fault segments. Segment displacements were scaled to
values appropriate for the fault rupture length and earthquake magnitude. The relative
proportions of right-slip and reverse-slip of the seven-segment model were maintained to
produce the overall shape of the island uplift.

The vertical displacement produced by each elastic dislocation model was used as a
static displacement initial condition for the sea surface representing coseismic genera-
tion of a tsunami. Although maximum tectonic uplift varied from about 0.5 to 2.2 m, the
initial wave height was reduced because the highest uplift occurs on the sub-aerial part
of the island. Maximum subsidence on the footwall block southwest of the Catalina es-
carpment exceeded 1.3 m. The presence of the island effectively separates the initial sea
surface uplift into two northwest-trending wave fronts.

22 M. R. LEGG, J. C. BORRERO, AND C. E. SYNOLAKIS

  PROOF COPY 001403EQS  



  PROOF COPY 001403EQS  

  PRO
O

F CO
PY 001403EQ

S  
Significant runup was modeled along the southern California coast from Point Mugu

to Solana Beach, both at the ends of the model bathymetry grid. Maximum runup ex-
ceeds one meter along most of the coast between Santa Monica and Dana Point, with
peaks of 1.5 to 4.0 m at Marina del Rey, Redondo Beach, Los Angeles and Long Beach
harbors, and the Orange County coast from Seal Beach to Newport Beach. Some of the
most severely affected areas correspond to the major harbor areas where marine termi-
nals and boating facilities are located. Experience from historical distant tsunamis such
as generated by the 1960 Chilean and 1964 Alaskan earthquakes show that these harbor
areas are vulnerable to strong currents that can scour pilings and damage boats (Lander
et al. 1993).

Recent observations of tsunami runup following large earthquakes worldwide sug-
gest that runup values predicted from simple elastic dislocation models of tectonic de-
formation underestimate the observed peak runup values by a factor of two or more.
Complex tectonic source models are often necessary to reproduce observed runup values
(Takahashi et al. 1995, Piatanesi et al. 1996). Complex interactions between the tsunami
wave field and local bathymetry and coastal configuration may create locally severe
wave amplification and runup. Consequently, actual coastal runup values from large
earthquakes on the Santa Catalina Island restraining bend may exceed 7 m.

Travel time between the earthquake occurrence and arrival of the first waves ranges
from about 10 to 20 minutes for the areas most severely affected, i.e., adjacent mainland
coast, making official warnings broadcast in sufficient time for evacuation difficult. The
strong earthquake will provide the only warning to coastal residents, and concurrent
quake-related damage, including potential widespread liquefaction and failures of over-
steepened coastal bluffs, may exacerbate evacuation or rescue efforts. Fortunately, large
earthquakes on this major offshore fault system appear to be infrequent, with estimated
recurrence intervals of several hundred to thousands of years. However, if clustering of
events is characteristic of major fault systems offshore southern California, as has been
interpreted for several onshore fault systems, the local tsunami hazard may be enhanced
during the cluster period. Further study is needed to measure slip rates on the major off-
shore fault systems and to identify the frequency and magnitude of large prehistoric sub-
marine earthquakes that may have generated potentially destructive local or regional tsu-
namis. Likewise, direct geological investigations to identify possible prehistoric tsunami
deposits along the southern California coast are urgently needed to quantify more accu-
rately offshore threats. Meanwhile, coastal construction including major marine termi-
nals, power plants, and other important coastal facilities should proactively evaluate their
local tsunami hazard, structural and human vulnerabilities, and level of exposure to pro-
vide more accurate risk assessment and so as to implement effective risk reduction mea-
sures.

Last, this study only examined the tectonic deformation from large earthquakes as
potential tsunami source. Large-scale submarine landslides represent a serious threat,
and the earthquakes we have modeled would very likely trigger widespread slope fail-
ures, both sub-aerial landslides along the coastal bluffs and submarine landslides along
the steep borderland slopes. The 1994 Papua New Guinea tsunami of landslide origin
shows that the near-source landslide-generated tsunami runup may greatly exceed that

TSUNAMI HAZARDS ASSOCIATED WITH THE CATALINA FAULT IN SOUTHERN CALIFORNIA 23

  PROOF COPY 001403EQS  



  PROOF COPY 001403EQS  

  PRO
O

F CO
PY 001403EQ

S  
from tectonic deformation (Synolakis et al. 2002). A realistic earthquake scenario
should consider both tectonic and coseismic landslide sources of local tsunamis.
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APPENDIX

Although the hazard to metropolitan southern California posed by locally generated
tsunamis has received considerably less study than the hazards posed by onshore earth-
quakes, several locally generated tsunamis have been reported in the past 200 years. In
fact, one of the first large earthquakes to be reported in southern California, the 21 De-
cember 1812 Santa Barbara earthquake, appears to have generated a moderate tsunami
that affected more than 60 km of the Santa Barbara coast (Toppozada et al. 1981, Lander
et al. 1993). Refer to Figure 1 for the locations mentioned below.

THE 21 DECEMBER 1812 SANTA BARBARA EARTHQUAKE

This earthquake caused extensive damage to the Spanish missions of Santa Barbara,
Ventura, and La Purisima at Lompoc. Felt intensity reports suggest that the 21 December
1812 Santa Barbara earthquake had a moment magnitude equivalent to 7.2 (Toppozada
et al. 1981, Ellsworth, 1990). Toppozada et al. (2002) suggest that the earthquake was
located along the San Andreas Fault, whereas the previous studies inferred a location
within the Santa Barbara Channel area.

Historical sources report unusual ocean activity and high waves after the 21 Decem-
ber 1812 tremor (Toppozada et al. 1981). Runup from this event is believed to have been
up to 4 m at El Refugio (40 km west of Santa Barbara), and around 2 m in Santa Barbara
and Ventura. Contemporary eyewitness accounts describe a leading depression wave (Ta-
depalli and Synolakis 1994), one that recedes first leaving the near-shore area exposed
(McCulloch 1985, Lander et al. 1993). Other accounts from survivors describe how resi-
dents relocated their settlements further inland after being flooded by unusual waves
(Toppozada et al. 1981). An inspection of historical records in Hawaii suggests that this
event may have been observed as a 2- to 4-m-high wave in Hilo (Lander et al. 1993).
The actual tsunami source may have been a submarine landslide (Lander et al. 1993,
Greene and Maher 2000, Borrero et al. 2001), yet if the wave observed in Hawaii was
generated by the southern California earthquake a submarine tectonic source in the
Santa Barbara Channel region, is more likely. Furthermore, accounts of a ship being
damaged by the shock (Lander et al. 1993) are consistent with a submarine earthquake
rather than a southern San Andreas earthquake.

24 M. R. LEGG, J. C. BORRERO, AND C. E. SYNOLAKIS

  PROOF COPY 001403EQS  



  PROOF COPY 001403EQS  

  PRO
O

F CO
PY 001403EQ

S  
THE 27 MAY 1862 SAN DIEGO EARTHQUAKE

A moderate earthquake struck the San Diego area on 27 May 1862, with an esti-
mated local magnitude 6.2 (Legg and Agnew 1979; Toppozada et al. 1981, 2000). Al-
though damage to San Diego buildings was light, the maximum intensity of the main
shock (Modified Mercalli, MMI5VII) and frequency of aftershocks kept many residents
sleeping outdoors for nearly two weeks (Legg and Agnew 1979). A contemporary report
by Andrew Cassidy (Agnew 1979), the tide gauge engineer, noted, ‘‘The water of the
Bay did not appear to be much agitated notwithstanding the sea run up on the beach
between 3 and 4 feet, and immediately returned to its usual level.’’ Unfortunately, he was
in the process of repairing the tide gauge pier at the time, so that no tide gauge records
are available. It is still uncertain whether the wave was generated by tectonic displace-
ment, landsliding from the bluffs at Point Loma nearby the tide gauge, or a seiche in San
Diego Bay.

THE 4 NOVEMBER 1927 LOMPOC EARTHQUAKE

The largest and best observed locally generated tsunami on the California coast was
generated by the large (MS57.3) 4 November 1927 Point Arguello–Lompoc earthquake
northwest of Point Conception (Byerly 1930, Hanks 1979, Satake and Somerville 1992).
The causative fault and exact location of this earthquake have been much debated, but is
generally thought to be one of the northwest-trending, offshore thrust, or oblique-reverse
faults that parallel the coast in this region. The tsunami generated by this event was ob-
served in several locations along the central California coast. A 2-m wave was reported
in Surf, while at Port San Luis (see Figure 1) a 2-m leading depression wave was fol-
lowed by a leading elevation wave of similar height. This event produced a 10-cm tsu-
nami height on a tidal gauge in Hilo, Hawaii (Byerly 1930, Satake and Somerville
1992).

THE 31 AUGUST 1930 SANTA MONICA BAY EARTHQUAKE

A moderate earthquake (MW;5.2), centered inside Santa Monica Bay, was widely
felt across the southern California region (Hauksson and Saldivar 1986, Hauksson
1990). Gutenberg et al. (1932) reported a central area of intensity MMI5V extending
from Santa Monica to Pasadena, southward into northern Orange County and northwest-
ward to southern Ventura County. Light to moderate damage to buildings in Los Ange-
les, Santa Monica, and Venice resulted in maximum intensities of MMI5VII–VIII
(Gutenberg et al. 1932). The intensity reportedly diminished radially outwards to very
low levels, including Santa Barbara and southern Orange County. The shaking was felt
as far as Riverside and Barstow approximately 100 and 150 km to the east of Los An-
geles. Lander et al. (1993) describe the event in some detail and suggest a local
landslide-generated tsunami, whereas Gutenberg et al. (1932) report no tsunami records
on the local tide gauge.

THE 10 MARCH 1933 LONG BEACH EARTHQUAKE

One of the first significant instrumentally recorded earthquakes in southern Califor-
nia was the MW56.4 (Hauksson and Gross 1991) Long Beach earthquake, which caused
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extensive damage in Long Beach and Compton, California. The earthquake occurred
along the Newport-Inglewood fault zone (NIFZ) and was almost purely strike-slip in na-
ture (Hauksson and Gross 1991). The earthquake epicenter was located along the coast
at Newport Beach, and the rupture propagated to the northwest for approximately 15 km
to the city of Long Beach. An estimated 85 to 120 cm of right-slip occurred at depth
along the rupture surface (Hauksson and Gross 1991). No tsunami has yet been directly
related to the event (Lander et al. 1993). This event is suggestive of the potential for
strong earthquakes in the nearshore region.

THE 1981 SANTA BARBARA ISLAND AND 1986 OCEANSIDE EARTHQUAKES

The Catalina Fault lies between the Santa Cruz–Catalina Ridge Fault and the San
Diego Trough Fault, where two moderate earthquakes occurred during the past century
(Figure 1). Neither the earthquake of 4 September 1981 (MW56.0, ML55.3; Corbett
1984; Bent and Helmberger 1991) nor the earthquake of 13 July 1986 (MS55.8, ML

55.3; Hauksson and Jones 1988) generated local tsunamis. Both events had substantial
long-period energy release as their surface wave and moment magnitudes exceeded the
local Richter magnitude reported in the southern California earthquake catalog. The
1981 earthquake had a strike-slip mechanism (Corbett 1984), whereas the 1986 earth-
quake had a blind thrust mechanism (Hauksson and Jones 1988, Pacheco and Nabelek
1988). Both earthquakes had rich aftershock sequences, a narrow pattern aligned along
the Santa Cruz–Catalina Ridge consistent with the 1981 right-slip mechanism (Corbett
1984), and a broad diffuse cloud of aftershocks located to the northwest of the 1986
main shock (Hauksson and Jones 1988, Astiz and Shearer 2000) consistent with thrust
faulting. The 1986 earthquake was located near a small restraining bend at the northwest
end of the right-lateral San Diego Trough fault zone (Hauksson and Jones 1988), which
lies to the southeast of the Catalina Fault (Figure 1). These events resemble patterns
along the San Andreas Fault, where a large strike- slip earthquake ruptured most of the
northern San Andreas Fault in 1906, while a smaller blind thrust earthquake in 1989 rup-
tured within a restraining bend at Loma Prieta. Large earthquakes that rupture the inter-
vening section of the Catalina Fault may have both dip-slip and reverse-slip character,
and may therefore generate destructive local tsunamis.

THE 17 OCTOBER 1989 LOMA PRIETA EARTHQUAKE

This earthquake (MW56.9) was located approximately 100 km south of San Fran-
cisco. It involved a 5-km to 17-km-deep oblique-reverse fault rupture along northwest
strike and northeast dip within the Santa Cruz Mountains restraining bend segment of
the San Andreas fault zone (Marshall et al. 1991). The event caused extensive shaking
damage to several cities in the San Francisco Bay area and a small tsunami in Monterey
Bay (Schwing et al. 1990). Like the proposed Catalina Fault scenario, this event oc-
curred along a restraining bend of a strike-slip fault. Furthermore, there is evidence that
the tsunami may have had both tectonic and submarine landslide triggers (Schwing et al.
1990, Ma et al. 1991).
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