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Earthquake Locations in the Inner Continental Borderland,
Offshore Southern California
by Luciana Astiz and Peter M. Shearer

Abstract Theinner Continental Borderland region, offshore southern California,
is tectonically active and contains several faults that are potential seismic hazardsto
nearby cities. However, fault geometries in this complex region are often poorly
constrained due to a lack of surface observations and uncertainties in earthquake
locations and focal mechanisms. To improve the accuracy of event locations in this
area, we apply new location methods to 4312 offshore seismic events that occurred
between 1981 and 1997 in seven different regionswithin the Borderland. Theregions
are defined by either temporal or spatial clustering of seismic activity in the Southern
Cdlifornia Seismic Network (SCSN) catalog. Obtaining accurate locations for these
events is difficult, due to the lack of nearby stations, the limited azimuthal coverage,
and uncertainties in the velocity structure for this area. Our location procedure is
based on the L-1 norm, grid search, waveform cross-correlation method of Shearer
(1997), except that we use anearest neighbor approach (Astiz et al., 2000) to identify
suitable event pairs for waveform cross-correlation and we explore the effect of
different velocity models on the locations and associated station terms. In general,
our relocated events have small estimated relative location errors and the events are
more clustered than the SCSN catalog locations. A quarry on the south tip of Catalina
Island provides a test of our location accuracy and suggests that, under ideal con-
ditions, offshore events can be located to within 1 to 2 km of their true locations.
Our final locations for most clusters are well correlated with known local tectonic
features. We relate the 1981 Santa Barbara Island (M, = 5.3) earthquake with the
Santa Cruz fault, the 13 July 1986 Oceanside (M, = 5.3) sequence with the San
Diego Trough fault zone, and events near San Clemente Island with the known trace
of the San Clemente fault zone. Over 3000 of the offshore events during this time
period are associated with the 1986 Oceanside earthquake and its extended aftershock
sequence. Our locations define a northeast-dipping fault plane for the Oceanside
sequence, but in cross-section the events are scattered over a broad zone (about 4-
km thick). This could either be an expression of fault complexity or location errors
due to unaccounted for variations in the velocity structure. Events that occur near
Coronado Bank in the SCSN catalog are relocated closer to the San Diego coast and
suggest a shallow-angle, northeast-dipping fault plane at 10 to 15 km depth.

Introduction

The Continental Borderland is an offshore geomorphic
region extending from Point Conception in southern Cali-
forniato the Vizcaino Peninsulain Baja California, Mexico,
that contrasts markedly with the nearly flat 30- to 50-km
wide continental shelf off most of the Californias. It isa250-
km-wide zone of bathymetric lows (basins and troughs) and
highs (ridges, banks, knolls, and islands) that separate the
coast from the abyssal floor of the Pacific Ocean. The Patton
Escarpment to the north and the Cedros Deep to the south
(Moore, 1969) delineate its western limit. Observed low
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free-air gravity anomalies occur over basins whereas high
free-air gravity anomalies are mostly associated with ridges
and knolls (Beyer, 1980). All basin and ridge structures are
subparallel to the northwest trending coast and to the relative
motion between the Pacific and North American plates, with
the exception of the west-trending Santa Barbara Channel
and Channel Islands, which are more consistent with the
compressional tectonics of the Transverse Ranges (see inset
Figure 1). Many investigators have recognized the complex
tectonics and geologic history of thisregion (e.g., Vedder et
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Figure 1. Tectonic map of the Borderland
region, offshore southern California, United
States, and northern Baja California, Mexico,
where mapped and inferred faults areindicated
by continuous and dashed lines and bathymet-
ric contours are shown in light gray lines. Dark
circles show epicenters of M, = 5.0 eventsin
the Continental Borderland from 1920 to 1997.
Light and dark gray dotsindicate the epicenters
of A+ B and C+ D event quality locations, re-
spectively, from the SCSN catalog since 1981.
Black triangles are station locations used in our
locations. Map inset in the lower |eft showsthe
extent of the Continental Borderland geologic
province. ABF, Agua Blanca Fault; CBF, Cor-
onado Bank Fault Zone; EIF, Elsinore Fault;
GF, Garlock Fault; NIF, Newport-Inglewood
Fault; PF, Big Pine Fault; PVH, Palos Verdes
Hills Fault; RCF, Rose Canyon Fault; SAF,
San Andress Fault; SBC, Santa Barbara Chan-
nel; SCaF, Santa Catalina Fault; SCIF, San
Clemente Fault; SCzF, Santa Cruz Fault; SDT,

Vizcaino
Peninsula

al., 1974; Yeats, 1976; Howell and Vedder, 1981; Crouch,
1981; Weldon and Humphreys, 1986; Atwater, 1989; Lons-
dale, 1991; Legg, 1991; Crouch and Suppe, 1993; Mann and
Gordon, 1996; Hey, 1998; Bohannon and Geist, 1998) and
related the steep linear escarpments to faulting (Legg and
Ortega, 1978; Clarke et al., 1985; Legg, 1989) which has
been invoked to explain different kinematic models (Atwa
ter, 1970; Junger, 1979; Crouch, 1981; Bird and Rosenstock,
1984).

Legg and Kennedy (1979) divide the northwest trending

San Diego Trough Fault; SldF, San Isidro
Fault; SMiF, San Miguel Fault; SPeF, San Pe-
dro Basin Fault Zone; VF, Vallecitos Fault.

faults in the Continental Borderland into four major subpar-
alel groups. The easternmost fault zone includes the New-
port— nglewood and Rose Canyon faults, passing onshore at
San Diego and perhaps connecting with the Vallecitos and
San Miguel faults to the south in Baja California (Brune et
al., 1979). The second zone is the Palos Verdes Hills-Cor-
onado Bank—Agua Blanca fault that passes onshore along-
side Punta Banda near Ensenada, Mexico. To the west isthe
Santa Cruz—Santa Catalina—San Pedro-San Diego Trough—
Bahia Soledad fault trend that passes onshore south of Punta



Earthquake Locations in the Inner Continental Borderland, Offshore Southern California 427

Banda. The fourth group is the Santa Cruz—San Clemente—
San Isidro fault zone. The dramatic seafloor escarpments of
the larger banks, ridges, and islandsindicate that thesefaults
may have a significant component of dip-dip motion, but
displacement of submarine canyons alongside the first three
groups of faultsindicatesright-lateral strike-slip motion con-
sistent with the regional tectonics associated with the San
Andresas fault system. Geodetic measurementsin thisregion
indicate right-lateral strike-slip motion along the faults east
of San Clemente Island, which ismoving at arate of 5.9 +
1.8 mm/yr in a38°N + 20°W direction relative to San Di-
€go; the motion measured further west is insignificant (Lar-
son, 1993). Recent seismicity from the Southern California
Seismic Network (SCSN) catalog indicates that tectonic de-
formation is mainly taking place in the inner Continental
Borderland (i.e., east of the Santa Cruz—San Clemente-San
Isidro fault zone) and in the Santa Barbara Channel asillus-
trated in Figure 1.

Seismicity in the Borderland is diffuse even for those
events associated with main-shock sequences; this could,
however, be mostly an artifact of routine epicentral locations
as given by the SCSN catalog, partly due to large lateral
heterogeneities in the velocity models as suggested by the
complex geology and bathymetric extremes in the region
(Vedder, et al., 1974; Legg, 1985, 1989), and aso to the
asymmetrical distribution of stations that record these
events. Locating earthquakes under these conditions is dif-
ficult, and is especialy challenging for those events occur-
ring the furthest offshore. It is not surprising the vast ma-
jority of the SCSN catalog locations for offshore southern
California events are assigned the low-quality “C” and “D”
rankings, most catalog depths for these events are con-
strained at 6 km since the station distribution does not allow
for accurate depth estimates in the standard location proce-
dure. Although the accuracy of the offshore earthquake lo-
cations is limited, the seismicity does appear to align near
known tectonic features.

The damaging 1933 Long Beach (M, = 6.3) earth-
guake ruptured a 30-km long segment of the Newport—n-
glewood fault (Richter, 1958) with pure right-lateral strike-
dip motion on a N40°W plane as indicated by the focal
mechanism derived from teleseismic waveforms (Wood-
ward-Clyde Consultants, 1979). Hauksson (1987) studied in
detail the seismotectonics of the Newport-1nglewood fault
zonein the Los Angeles area. This fault may connect to the
Rose Canyon fault in San Diego (Heaton and Jones, 1989),
and possibly to the Vallecitos-San Miguel faults in Baja
Cdlifornia, where two large earthquakes occurred in 1954
(M_ = 6.0, 6.3) and four more during 1956 (M, = 6.8, 6.1,
6.3, and 6.4), indicating right-lateral strike-slip motionalong
the San Miguel fault (Bruneet al., 1979; Leeds, 1979). Mod-
erate (M, = 5 to 6) earthquakes in the inner Continental
Borderland region are associated with the regional tectonics
dominated by the San Andreasfault (e.g., Weldon and Hum-
phreys, 1986). Many of these events, however, have signifi-
cant dip-slip components of motion, including the largest

recorded offshore event, the San Clemente Island (M, =
5.9) earthquake of 26 December 1951 (Richter, 1958, p. 535;
Allen et al., 1960).

Other large events occurring near right-lateral strike-dlip
northwest trending faults include the 1981 Santa Barbara
Island (M, = 5.3) earthquakes along the Santa Cruz—Santa
Catalina fault (Corbett, 1984) and the 1964 (M, = 5.6) En-
senada event, which may be associated with the Maximinos
or San Isidro faults (Cruces and Rebollar, 1991). Smaller
events generally have either aright-lateral strike-slip mech-
anism like the 1969 Santa Cruz Basin (M, = 5.1) earth-
quake (Legg, 1980) or a thrust mechanism like the 1986
Oceanside (M, = 5.3) earthquake occurring at the northern
end of the San Diego Trough fault region (Hauksson and
Jones, 1988; Pacheco and Nabéleck, 1988). On the other
hand, seismicity associated with the Santa Barbara Channel
reflects the compressional tectonics of the Transverse
Ranges, with seismicity occurring both in swarms such as
the 1968 (Sylvester et al., 1970) and 1978 (Whitcomb et al .,
1979) sequences and in mainshock sequences such as those
following the 1925 Santa Barbara (M, = 6.3), the 1941
Carpenteria (M, = 5.9), and 1979 Santa Barbara (M, =
5.1) events (Corbett and Johnson, 1982). These events broke
east-striking north-dipping thrust faults in agreement with
the mapped geology of the region (Vedder et al., 1974; Lee
et al., 1979). Further west, the 1930 Santa Monica (M, =
5.2) (Gutenberg et al., 1932), the 1973 Point Magu (M, =
6.0) (Stierman and Ellsworth, 1976) and the 1979 and 1989
Madibu (M, = 5.0, 5.0) earthquakes (Hauksson and Saldi-
var, 1986, 1989; Hauksson, 1990) also took place on east-
striking north-dipping thrust faults. Epicentersfor the events
areindicated by dark circlesin Figure 1.

Understanding the fault geometries and tectonics of the
Borderland region isimportant for assessing the seismic haz-
ard that offshore faults may pose to southern California. Sev-
era researchers have used master event and joint hypocenter
techniques to locate events in parts the Continental Border-
land region (e.g., Corbett and Johnson, 1982; Corbett, 1984;
Sadivar, 1987; Hauksson and Saldivar, 1989; Hauksson,
1990). Here we adopt a systematic approach to locating
events in this region using the L1-norm method developed
by Shearer (1997). To obtain the best possible constraints
on the event locations, we obtain additional P- and S-arrival
times using waveform cross-correlation among adjacent
events. Since there is some uncertainty regarding the best
velocity model to use in the Borderland, we examine seven
different subregions and explore the effects on the locations
of different models and range limits on the stations. Finally,
we relate the results to the known bathymetry and tectonics
in each area.

Location Method

We use the grid-search, L 1-norm location procedure de-
scribed by Shearer (1997) and Astiz et al. (2000). The
method has a number of features to improve location accu-
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racy, including: (1) L1-norm misfit criteria, (2) adjusted
travel time picks based on waveform cross-correlation, and
(3) custom station terms for each cluster of events. The use
of the L 1-norm minimizesthe effect of outliersinthearrival-
time residuals compared to more conventional least-squares
methods. In southern Californiawe have found that L 1-norm
locations show much less scatter, particularly in depth, than
L2-norm locations (Shearer, 1997, 1998; Astiz et al ., 2000).
Records of nearby events are often sufficiently similar that
waveform cross-correlation can be used to greatly improve
the timing accuracy of arrivals and yield more precise lo-
cations (e.g., Poupinet et al., 1984; Fremont and Malone,
1987; Got et al., 1994; Nadeau et al., 1995; Haase et al.,
1995; Dodge et al., 1996, Gillard et al., 1996; Rubin et al.,
1999). Here we perform waveform cross-correl ation among
nearby events selected using the natural neighbor approach
of Astiz et al. (2000). Station terms are used to account for
the effect of three-dimensional-velocity structure outsidethe
source regions (e.g., Frohlich, 1979; Pujol, 1988, 1995); this
provides relative location errors comparable to those
achieved with master event methods (e.g., Evernden, 1969;
Jordan and Sverdrup, 1981). Here we solve for a separate
set of station terms for each of the offshore seismicity clus-
ters; our fina locations are based only upon those stations
with associated station terms. These station terms improve
the relative location accuracy among events within the clus-
ter but do not generally affect the absolute location accuracy
of the entire cluster. To aobtain the best possible absolute
location accuracy for the offshore events, we attempt toiden-
tify the most appropriate one-dimensional velocity model for
each of the clusters.

Velocity Models

SCSN catalog locations are based on the Hadley and
Kanamori (1977) one-dimensional velocity model, which
has a crustal depth of 32 km and mantle Pn velocity of 7.8
km/sec. Thismodel is areasonable approximation to thetrue
velocity structure throughout much of southern California,
but is not appropriate for locating offshore earthquakes due
to the much thinner crust in this region. Results from re-
fraction experiments in offshore southern California were
compiled by Shor et al. (1976), who concluded that velocity
profiles can change rapidly within the Borderland region, but
that the crust thins from 24 km depth under the Catalina
Basin to about 16 km at the top, and 10 km at the foot, of
the Patton escarpment (see Figure 1). Corbett (1984) deter-
mined simple one-dimensional velocity modelsfor theinner
Continental Borderland region from quarry blasts recorded
by the SCSN and estimated the crustal depth at 22 km north-
west of Catalina Island and 19 km to the west and south,
with Pn velocities of 7.8 km/sec. Magistrale et al. (1992)
from inversion of P arrivalsto the SCSN and using the Cor-
bett results as starting models, obtained a Moho depth of 26
km to the northwest of Catalina Island and 20 km to the
southwest, with a mantle Pn velocity near 8 km/sec.

We consider several smooth one-dimensiona velocity
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models (Fig. 2) that incorporate the main features found in
the Continental Borderland from these studies and from
models resulting from earthquake location efforts in the
Santa Monica Bay (Hauksson and Saldivar, 1989) and
Oceanside regions (Hauksson and Jones, 1988). Our base
model, ocel, has three layers with P velocity of 3.3 km/sec
at 0 km, increasing to 6.0 km/sec at 6-km depth and to 6.5
km/sec at 24-km depth, where the mantle velocity jumpsto
7.8 km/sec. The velocity at the surface is 2.6 km/sec and 4.0
km/sec for models oce2 and oce3, respectively, which have
the same velocity profile as ocel at depth. The shallower
velocity profile of ocel is shared by models oce4 and oceb,
but the Moho depth changes to 22- and 26-km depth, re-
spectively. A scaled version of the P model is used as a
reference S-velocity model, assuming a Poisson’s ratio of
0.25.

An advantage of using smooth velocity models is that
we can generate travel-time curves that are easily interpo-
lated in range and depth without generating artifacts due to
edge effects. From these models, we compute P and Stravel-
time tables from each station to athree-dimensional grid that
surrounds the events. Since the regionsin Figure 2 are rela-
tively large, the grid spacing for most of the regionsis 2 km
in the horizontal direction and 1 km in depth, with the ex-
ception of Santa Catalina, where we take 1-km-grid spacing
in al directions. The travel-time array can be large depend-
ing on the size of the grid and the number of stations (e.g.,
a 25 by 25 by 25 grid and 50 stations yields 1,562,500 P
and Stravel times) but needs to be calculated only once and
can then be used to locate al the events within the volume.
For each event, the observed P and S travel-time picks are
compared to those predicted at each grid point, and the best-
fitting grid point is located. The location is then further re-
fined by examining a finer grid obtained by interpolation
between adjacent grid points. All locations shown in this
article are computed to a nominal resolution of 15 m.

Due to strong tradeoffs between the velocity model and
the event depths and origin times for these offshore events,
itisnot practical to invert the data uniquely for asingle best-
fitting velocity model. In addition, it is likely that |ateral
velocity variations are present across the region that would
limit the applicability of a single one-dimensional-velocity
model for earthquake locations. Our approach is to sepa
rately examine each local region of interest and explore the
effect on the locations of a suite of models (see Figure 2)
that are similar to those previously obtained for the Border-
land region from refraction profiling and analysis of calibra-
tion shots (e.g., Shor et al., 1976; Corbett, 1984). From these
results, we select our final model for each region based on
the following criteria: (1) the locations should cluster rea-
sonably in depth and not clump at the top or bottom of their
allowed depth interval, (2) the locations should not change
significantly when a different range cutoff is applied to the
station distribution, and (3) the station terms computed in
thelocation procedure should correlate reasonably with local
geology and not exhibit a strong range dependence (which
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Figure2. P- and Swave-velocity models used to locate the Borderland events. The

solid line defines the ocel model. The oce2 and oce3 models differ in the upper crust
but coincide with ocel near the Moho. The oce4 and oce5 models have different Moho
depths but coincide with ocel in the upper crust.

would suggest a problem with the one-dimensional-vel ocity
model).

Waveform Cross-Correlation with Natural Neighbors

In the case of similar event pairs, waveform cross-cor-
relation can be used both to improve the consistency of the
original arrival-time picks and to obtain picks for traces that
were originally unpicked (Shearer, 1998; Astiz et al., 2000).
SCSN waveform data suitable for cross-correlation are easily
available from the SCEC Data Center, and we extracted all
availabletraces for the offshore events. Dueto sampling rate
fluctuations in the SCSN stations since 1981, we resampled
the waveforms to a uniform 100 Hz, and since waveform
cross-correlation ismore stable at lower frequencies, wealso
applied a 10-Hz low-pass filter to the over 295,000 traces
recorded by southern California stations located within 200
km of the events. Waveform cross-correlation produces ac-
curate differential timesonly if the event waveformsare sig-
nificantly correlated. This requires similarity in both the
event locations and focal mechanisms, as might occur for
nearby events on the same fault. Waveforms of closely lo-
cated events have been observed to have high correlation
coefficients at individual stations (Pechmann and Kanamori,
1982; Pechmann and Thorbjarnardottir, 1990; Mezcua and
Rueda, 1994; Slad and Aster, 1995).

For small clusters of events, it is easy to cross-correlate

every event pair, but for larger numbers of events this be-
comes computationally impractical. To limit the computa-
tion time for regions with more than 150 events (Table 1),
we only determine cross-correlation functions among a par-
ticular event and 100 of its nearest neighbors (Sambridge et
al., 1995; Adtiz et al., 2000). The cross-correlation proce-
dureisillustrated in Figure 3 for a pair of two similar earth-
guakes from the Oceanside sequence, a M, = 2.4 event
(January 6, 1985, 1217 UT) and aM, = 2.9 event (August
3, 1986, 1902 UT). Note that about half of the pairs show a
well-defined maximum that can be used as a measure of the
differential time between the traces. We use different win-
dow lengths for events in each region to maximize the cor-

Table 1
Cross-Correlation and “Tree” Definition Parameters

P window (sec) S window (sec) min. Nev min.

Region Nev beg., end, length beg., end, length fortree  X-corr.
SBI 604 —1.00,1.00(2.0) —1.00,2.00 (3.0) 10 0.47
SCA 21 —175075(25) —0.75 2.25(3.0) 6 0.45
OCs 3215 —-1.25,075(20) —200,1.00(3.0) 20 0.55
CBK 104 -1.75,0.75(25) —0.75, 2.25(3.0) 6 0.45
SCLN 56 —150,150(3.0) —2.00,2.00(4.0) 6 0.45
SCL 81 —150,150(3.0) —2.00,2.00 (4.0) 6 0.45
SCLS 219 -2.00,1.00(3.00 —200,2.00(4.0) 6 0.45
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Figure 3. Waveform cross-correlation applied to a pair of similar earthquakes from
the Oceanside sequence, an M, = 2.4 event (January 6, 1985, 1217 UT) on the left
and an M| = 2.9 event (August 3, 1986, 1902 UT) on theright. The larger boxes show
the P and S waves recorded at the ten stations listed to the right; the distance in km
and azimuth to each station are aso indicated. The smaller boxes show the cross-
correlation functions computed from these data using 2- and 3-sec windows around the
P and Swaves, respectively, with maximum time shifts of = 1.5 sec. The traces have
been low-pass filtered at 10 Hz. Small vertical lines show the SCSN operator picks
(when available). Note that about half of the pairs show a well-defined maximum that
can be used as a measure of the differential time between the traces.

relation coefficients between the events. P-wave windows
ranged between 2 and 3 sec and S'wave windows from 3 to
4 sec-long; the maximum allowed time shift between thetwo
waveforms was + 1.5 sec.

Event clusters that are connected by at least one com-
bination of differential times for a given threshold correla-
tion coefficient are termed “trees” (Aster and Scott, 1993).
We varied the minimum number of events and threshold
correlation coefficient required for events to form trees
among the regions, since the number of events (Nev) and the
amount of clustering between the events varied consider-
ably. We then combined these differential times with the
existing picks to solve for a new set of adjusted picks as
described in detail by Shearer (1997). For this procedure we
only consider event pairs with an average correlation coef-
ficient for P and Swaves of 0.5 or greater and use only those
individual waveform pairs that have a correlation coefficient
of 0.7 or greater. Table 1 lists the parameters used in the
cross-correlation and “tree” definitions for each of the
regions in this study.

Location Uncertainties and Errors

We estimate |ocation errors using a bootstrap approach
in which random perturbations are added to the travel times
of each event to represent picking errors (Billings et al.,
1994; Shearer, 1997). The event isthen relocated many sepa-
rate times to obtain an estimate of the probable scatter in the
locations due to uncertainties in the picks. This technique
has the advantage of fully including all of the nonlinearities
in the problem and also accounts for the fact that some sta-
tions and ray paths are much more important than othersin
constraining the location. For all event groups in the inner
Borderland region, the horizontal and vertical errors (herr
and zerr, respectively) were reduced when additional picks
were included in the locations. Note that the location errors
are not absolute but relative among the events within a
group. For most regions offshore herr are lessthan zerr, but
the median error values for our best locations can range by
a factor of ten or more between regions. For example, me-
dian error estimates for the Santa Catalina Island cluster are
about 60 m, wheresas errors for the Coronado Bank regions
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are 600 m and those near San Clemente Island range from
1to 2 km.

Inner Borderland Earthquake L ocations

Several researchers have used master event and joint
hypocenter techniques to locate events in the Continental
Borderland region (e.g., Corbett and Johnson, 1982; Corbett,
1984, Saldivar, 1987; Hauksson and Saldivar, 1989; Hauks-
son, 1990). We focus on locating events occurring from
1981 to 1997 (the years for which SCSN waveform data are
available) within offshore southern California in an area
south of the Santa Barbara Channel, north of the interna-
tional border and west of the Santa Monica Bay and San
Pedro Basin (Fig. 4). Welocate 4312 eventswithin the seven
regions shown in Figure 4: Catalinalsland (SCA), SantaBar-
bara Island (SBI), Oceanside (OCS), Coronado Bank (CBK),
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and further west near San Clemente Island (SCLN, SCL,
SCLS).

Santa Catalina Island Cluster (SCA)

Because these events appear to be mostly explosions
from a quarry on the south tip of Santa Catalina Island, this
cluster provides agood test of our ability to accurately locate
offshore events. There are 21 events within the SCA box
(33.25° to 33.35°N, 118.35° to 118.25°W) in the SCSN cat-
aog between 1981 and 1997. Only three events are actually
classified as quarry blasts, presumably from the quarry lo-
cated at the southern end of Santa Catalina Island at
33.3176°N, 118.3053°W (E. Hauksson, personal communi-
cation). However, seismograms from the 21 events are very
similar, suggesting that ailmost all of the other events are
also quarry blasts. Figure 5 shows waveforms of 16 of these
events recorded at station CPE, located about 121 km to the
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Figure4. Map of theinner Continental Borderland, offshore southern California, show-
ing the regions for which we located events in this study. Mapped and inferred faults are
indicated by continuous and dashed lines and bathymetric contours are shown in light gray
lines. Squares indicate the location of population centers. Dark circles show the location
of M, = 5.0 events in the region between 1920 and 1997. Light (A and B quality) and
dark (C and D quality) gray dots are event locations from the SCSN catalog from 1981 to
1997. Dashed boxes enclose the earthquakes that we |ocated within the following regions:
Santa Barbaralsland (SBI), Santa Catalinalsland (SCA), Oceanside (OCS), Coronado Bank
(CBK), and near San Clemente Island (SCLN, SCL, SCLS).
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Time (s)

Figure5. A comparison between the original SCSN analyst P picks for a “treg” of
16 Santa Catalina Island events recorded by station CPE and adjusted picks provided
by an inversion that included differential times obtained with waveform cross-corre-
lation. SCSN picks were available for seven of the recordings at this station and are
indicated by tic marks. The waveforms are aligned on their adjusted picks, shown by
the dashed line. The bottom trace is a stack of al the traces above. The event number
is indicated to the left. Events 3, 14, and 20 are listed as quarry blasts. Note the
waveform similarity between adjacent events (the event numbers are chronological).

southeast of the events. Note the similarity of all waveforms
with those radiated by the known quarry blasts (events 3,
14, and 20), but especially among adjacent events. Similar
observations can be made from waveforms recorded at other
stations. All events occurred during daylight hours, whichis
further evidence of their human origin (Agnew, 1990).

We used the waveform similarity among these events
to improve the relative timing accuracy of the P and S ar-
rivals using the method of Shearer (1997). We computed
cross-correlation coefficients among al 21 events by win-
dowing around the expected P-(—1.75 to 0.75 sec) and S
(—0.75, 2.25 sec) arrival times from the initial set of loca
tions, using the travel times generated with the ocel velocity
model. SCSN picks were available for only 7 of the events.
For stations located within 125 km, the SCSN analysts had
picked 452 P and 23 Sarrivalsfor these events. After wave-
form cross-correlation and inversion for a new set of ad-
justed picks (see Shearer, 1997), we increased the picks to
576 P and 149 Sarrivals, increasing the number of respective
picks by an average of 5 and 6 picks per event.

We located the events using the L1-norm agorithm of

Shearer (1997), experimenting with using both the origina
SCSN picks and the adjusted picks from waveform cross-
correlation. We also examined the effect of different station
range cutoffs and the ocel and oce4 velocity models (24-
and 22-km-thick crust, respectively). The number of SCSN
stations recording these events increases from 37 within 110
km, to 63 within 125 km, and to 79 within 140 km from the
center of the SCA box. The closest stations are located on
the island itself, with station CIS at about 12 km and station
CIW at nearly 28 km from most events. Estimated standard
errors resulting from our location experiments are summa-
rized in Table 2. Although the median standard errors, herr
and zerr, from both velocity models are similar, the best
locations are obtained using the oce4 velocity model and a
range cutoff of 125 km, which yield acluster that is at about
1.5 km depth and less than 1-km southward of the Santa
Catalina Island quarry. Locations using stations out to 140
km tend to be shallower but are located further away from
the actual quarry site. Our final preferred locations are for
the oce4 velocity model with a station range cutoff of 125
km and include data from 44 stations (within 125 km) that
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have more than 5 picks. The resulting station terms are  obtained from the same picks using the L1-norm, both with
within = 0.8 sec and correlate with the surface geology. and without station terms. The fina locations are computed

The improvement in the locations achieved as more ad- using the L1-norm and station terms applied to adjusted
vanced location methods are applied is shown in Figure 6, picks derived from waveform cross-correlation. The effect
which comparesthe original SCSN catalog locationstothose  of different station range cutoffs to the final locationsisil-

Table 2
Horizontal (herr) and Vertical (zerr) Errorsin km for SCA Events
SCSN Picks Adjusted Picks
Mean Median Mean Median
Velocity Model herr zerr herr zerr herr zerr herr zerr
ocel_110 0.8859 1.4029 0.4815 1.4015
ocel_125 0.8452 1.3416 0.3420 0.6320 0.1443 0.2244 0.0580 0.0970
ocel_140 0.5995 0.9499 0.3500 0.7330 0.2755 0.3155 0.0870 0.0810
oced_110 0.7963 1.0939 0.5200 0.9985
oced_125 0.5864 0.9971 0.3780 0.8490 0.1177 0.1220 0.0610 0.0620
oced_140 0.5919 1.0409 0.4000 0.8110 0.2772 0.2605 0.0870 0.0860
SCSN catalog LI-norm, no station terms
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Figure 6. A comparison for Santa Catalina Island events of the original SCSN cat-
alog locations, our locations obtained using the L 1-norm (both with and without station
terms), and our final locations following waveform cross-correlation. The cross marks
the position of the quarry that is the probable true origin of these events.
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lustrated in Figure 7 and shows the biasing effects of in-
cluding stations beyond 125-km range. Finaly, Figure 8
compares the locations obtained using the original SCSN
picks to those derived from waveform cross-correlation,
both in map view and S-N cross-section.

If most of the events in the Santa Catalina cluster are
indeed quarry blasts (as the similarity of their waveforms,
lack of Swave energy in many of the stations, and their
occurrence during daylight hours seem to indicate), thisclus-
ter provides a“ ground truth” test of our location method. In
this case, the absolute horizontal and vertical location errors
are about 1 km. In the final locations the event scatter is
reduced to an area of about 0.5 km?, which is much smaller
than in our initial locations using the original SCSN picks.
The 1-km absolute-location error for this small cluster pro-
vides an estimate of the minimum absolute errors that we
can expect with the current station distribution for events
within offshore southern California. Location errors for
other sequences are likely to be larger, due to their reduced
waveform similarity compared to this cluster and to their
greater distance from nearby island stations.

Santa Barbara Island Sequence (SBI)

The SCSN catalog contains 604 earthquakes from 1981
to 1997 within the SBI box (33.35° to 33.80°N, 119.30° to
118.85°W), which includes the 1981 Santa Barbara Island
(M_ = 5.3) earthquake. The SCEC database contains 5992
P arrivalsand 1855 Sarrivalsfrom 82 stations|ocated within
125 km of these events. As is typical of other regions in
southern California, the number of P arrivals picked by the
SCSN analysts correlates with event magnitude. For many
eventsthere are few Spicks, for the larger events due mostly
to trace clipping and for smaller events due to the fact that
Sarrivals are not read routinely for many of the SCSN sta-
tions.

We begin by first locating the events with data from the
original SCSN picks and the ocel, oce3, and oceb velocity
models (see Figure 2). From these initial locations we de-
termine 100 nearest neighbors of each event, as described in
Adtiz et al. (2000). We apply cross-correlation to the P and
S waveforms (see Table 1), from which we determine dif-
ferential time delays among the events. Thesetimesarecom-
bined with the original pick times to obtain an adjusted and
expanded set of 6490 P and 2859 Spicks (see Shearer, 1997,
for details regarding this process). For about 15 events with
M > 3.2, we first manually picked additional P and Stimes
to supplement the SCSN picks, which significantly increased
the number of stations included in our locations for these
events. Since the waveforms from many larger events do not
correlate well with those of smaller events, these additional
picks could not be obtained through the cross-correlation
analysis. The set of adjusted and expanded picks resulting
from the original SCSN picks, the manual picking of the
larger events, and the waveform cross-correlation was then
used to relocate all of the events. Although the increase in
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Figure 7. Map showing the southern tip of Santa
Catalinaldand with inferred faults. The dark diamond
shows the location of the Santa Catalina quarry. Open
circlesindicatethe original SCSN catal og locationsfor
the 21 events located within this region. Also shown
are our fina locations obtained using different values
for the maximum station range. Dark circles mark the
locations determined using 37 stationswithin 110 km,
squares illustrate the event locations by including 63
stations within 125 km range, and triangles indicate
the locations when using datafrom 79 stations|ocated
within 140 km of the center of the SCA box in Fig-
ure 4.

the total number of picks is minimal for the Santa Barbara
Island sequence, this new set of arrival times now includes
data from 63 stations instead of the original 42. Most P and
S station terms for the final locations are within +0.5 sec.
It is difficult to discriminate between the different ve-
locity models on the basis of the travel-time residuals re-
turned by the location procedure; each of the three models
produces median P and Stravel-time residual s of about 0.06
sec and 0.15 sec, respectively. Some differences are appar-
ent, however, in the standard-error estimates from the dif-
ferent models. Table 3 lists the mean and median errors
(herr, zerr) for theinitial and final locations using the three
velocity models mentioned above. The median herr is about
430 m for each of the models, however, the smallest zerr is
obtained for the ocel model. The results from thismodel are
our preferred locations, since they aso include the largest
percentage of events (76%) with herr =< 1 and zerr < 2km.
A comparison between the original SCSN catalog loca
tions and our locations (both before and after waveform
cross-correlation) is plotted in Figure 9. In this distributed
seismicity example, the improvements in the locations are
more subtle than shown previously for the Santa Catalina
qguarry. Nonetheless, somewhat tighter clustering of the
eventsis seen in the map views (particularly aong the south-
west edge of the main sequence) and the depths are much
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Figure 8. Comparison between the L-1 norm grid-search locations for the Santa
Catalina Island events obtained from the original SCSN picks (left panels) and those
determined with the adjusted picks resulting from the cross-correlation procedure de-
scribed in the text (right panels). The cross near the top right corner of the upper map-
view panels indicates the Santa Catalina Island quarry location. The bottom panels

display SN cross-sections.

Table 3
Horizontal (herr) and Vertical (zerr) Errorsin km for SBI Events

Velocity Model

SCEC Picks

Mean

Median

herr zerr herr

zerr

Adjusted Picks

Mean

Median

herr zerr

herr

zerr

ocel_125
oce3_125
oce5_125

0.8061
0.7780
0.7962

1.7895
1.8248
2.0755

0.4690
0.4550
0.4610

1.0760
1.0810
1.3050

0.7248
0.7141
0.7527

1.5123
1.5916
1.8393

0.4290
0.4280
0.4345

0.7950
0.8425
1.1330

better resolved. Our best locations (herr = 1 and zerr < 2
km) are plotted in Figure 10, with focal mechanisms for

tation of the focal mechanism solutions and aligns with the
eastern escarpment of the Santa Cruz—Santa Catalina Ridge

events with M > 3.8 taken from Corbett (1984). Note that
the western edge of the fault planeis very well defined, both
in map view and cross-section, and agrees with the orien-

fault. The small cluster of eventsto the southeast of the main
fault (east-southeast of Santa Barbara lsland) appear to align
along a northwest trend, suggesting an additional parallel
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Figure 10. A map view of our final locations near
SantaBarbaralsland (using the adjusted picks derived
from waveform cross-correlation) relative to a refer-
ence location of 33.635°N, 119.075°W. Bathymetry
and known late Quaternary faults are shown for ref-
erence. The lower panel shows the cross-strike ver-
tical cross-section A-A’. The ocel velocity model is
used, with data from 63 stations located within 125
km of the events. Only 445 events are shown, those
with median standard errors herr = 1 and zerr < 2
km (i.e., about 76% of all located events). Bathymet-
ric 50 m contours (National Ocean Survey, 1975), and
mapped faults (Kennedy et al., 1987) are plotted in
the map view. Focal mechanisms (Corbett, 1984) for
eventswith M > 3.8 arelower hemisphere projections
in the top panel and their corresponding projections
onto the cross-section in the lower panel (i.e., the far
hemisphere is plotted).
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vertical fault that coincides with unnamed Holocene faults
mapped to the east of Santa Barbara Island by Jennings
(1994). Estimated standard errors in depth for eventsin this
cluster are 0.5 to 1.5 km; thus the approximately 5-km-ver-
tical extent of this fault appears well resolved.

Figure 11 shows map views of the 1981 Santa Barbara
Island earthquake sequence for several time intervals. Dur-
ing the first five months (top panels), the aftershock activity
was limited to a region 25-km long in the vicinity of the
mainshock. The activity decreased dramatically in this re-
gionin the following two months, moving to the small north-
west trending fault to the southwest of the initia activity.
During April 1982 the aftershock activity shifted back to the
Santa Cruz—Santa Barbara Ridge fault zone extending the
seismicity more to the southeast. Seismicity in this region
has been low (less than 4 events per year) since May 1983,
concentrating along the main fault zone.

Corbett (1984) |ocated 458 aftershocks occurring within
2 years of this event, using an M, = 2.8 event located near
the center of the sequence on September 21, 1981, as the
master event. Hislocations for eventsin the 1981 Santa Bar-
bara Island earthquake sequence are very similar to those
obtained in our study, but are overall about 4 to 5 km deeper
than our final locations. Accurately constraining absolute
event depth for these offshore eventsis very difficult due to
the uneven station coverage, possible lateral velocity varia-
tions in the source region, and uncertainties in choice of the
1D reference model. Corbett (1984) estimated that his ab-
solute depths may be off by as much as +5 km; our exper-
iments with different velocity models suggest that our ab-
solute depths could be off by up to +3.5 km.

Figure 12 compares station terms of P and Swaves re-
sulting from the master event locations of Corbett (1984) for
the 1981 Santa Barbara Island sequence and those from our
final locations. Note the similarity in the patterns for both P
and S waves between these studies, with positive P and S
station terms along the Transverse Ranges and mostly neg-
ative station terms for the Los Angeles Basin. We used
roughly three times more stations in our locations than the
Corbett study, but obtained generally smaller values for the
final station terms.

The 1986 Oceanside Sequence (OCS)

The SCSN catalog contains 3215 events that occurred
from 1981 to 1997 within the OCS box (32.8° to 33.2°N,
118.0° to 117.6°W) shown in Figure 4. Most of these events
are aftershocks of the July 7, 1986, Oceanside (M, = 5.3)
earthquake. As before, we first applied the L1-norm grid-
search algorithm to these events using the origina SCSN
picks: 28,064 P and 8721 Sarrivals from 66 stationslocated
within 125 km. We were careful to include data from all
island stations in order to obtain the best possible azimuthal
coverage. We required a minimum of five picks to locate an
event, thus only 88% of the events are included. The events
arelocated with three of the velocity models shownin Figure
2, yielding similar mean and median herr and zerr errorsfor
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Figure 11. Time slices of the best-located events that occurred 18 months after the
1981 Santa Barbara Island earthquake. Time intervals are indicated above each map
view. The number of events in each panel is given in the lower I€eft corner.

theinitial runs (Table 4). Since many of thelarger magnitude
eventsdo not cross-correlate well with smaller events, in part
due to instrumental clipping or to the fact that waveforms of
larger events may be more complex, we hand-picked P and
S arrivals for missing stations for about 30 of the largest
events. For comparison with the locations obtained from the
SCSN picks aone, we relocated 156 events with M > 3.0
using the increased pick set. The median errors decreased
from about 520 m to 320 m for herr and from 700 m to 400
m for zerr (see Table 4).

From theinitial locations of all the events we determine
each of its 100 nearest neighbors. Next we apply cross-cor-
relation to 2-and 3-sec-long windows around the P- and S
arrival times (see Table 1) to determine time delays among
the events, which we then use to adjust the existing picksto
obtain a total of 30,184 P and 15,060 S adjusted arrivals.
The histograms in Figure 13 show the change in the number
of P and Spicks from the original SCSN analyst picks (light
bars) to those obtained after cross-correlation (dark bars).
Note that about 45% of the events had fewer than three S
picks in the original data; however, after our cross-correla-

tion and time-adjustment procedure only 10% of the events
had fewer than three S picks. The events are then relocated
using the adjusted set of picks, using the station term values
obtained from relocating the largest events as initial values
in our relocations.

A map view and cross-section from the results of three
of our locations are shown in Figure 14. At the top are the
initial L1-norm locations using the original SCSN picks. The
middle panels display the result of applying the L1-norm
algorithm only to events with M > 3.0. The bottom panel
shows locations using adjusted picks and the station terms
estimated from the location of M > 3.0 events as initia
values. Theocel velocity model isused in al threelocations,
with data from stations within 125 km range. Notice that the
locations computed from the adjusted picks (Fig. 14, bottom)
appear moretightly clustered than thelocations derived from
the original picks (Fig. 14, top). The cross-section in the
middle panel images most clearly a northeast-dipping fault
plane that may shallow at depth. A north-dipping fault plane
is consistent with Pacheco and Nébélek’s (1988) interpre-
tation of the Oceanside earthquake, in contrast to that of
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Figure 12. Comparison of P-wave (top) and S-wave (bottom) station termsresulting
from the master event locations of Corbett (1984) for the 1981 Santa Barbara Island
sequence (left panels) and those from our final locations after performing waveform
cross-correlation (right panels). Note the similaritiesin the variation of the patternsand
the larger number of stations used in our study, about a factor of 3 more. Crosses are
positive residuals and circles are negative residuals; symbol size is proportiona to the
amplitude of the station term.
Table 4
Median Horizontal (herr) and Vertical (zerr) Errorsin km for OCS Events
Scec Picks Adjusted Picks
All events M < 3.0 events Starter 0 = 0.0 Modified starter 0
Model herr zerr herr zerr herr zerr herr zerr
ocel_125 0.5220 0.7320 0.3225 0.4220 0.4280 0.5700 0.4310 0.5610
oce3_125 0.5210 0.6810 0.3155 0.3815 0.4220 0.5840 — —
oce4_125 0.5670 0.6810 0.3255 0.4660 0.4570 0.5700 — —

Hauksson and Jones (1988) who suggested that a south dip-
ping plane was implied by their locations (see their Figure
8). However, the dip of the plane imaged is about 30°, which
is nearly 20° shallower than that obtained both by the first-
motion focal mechanism of the event (Hauksson and Jones,

Nabalek, 1988).

1988) and teleseismic-waveform modeling (Pacheco and

Figure 15 shows a map view and cross-section of our
final locations (using the oce3 model, initial station terms
from the location of the largest events, and adjusted picks
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tom) from stations located within 125 km of the
Oceansideregion. Light barsarefor the original SCSN
catalog and dark bars are the adjusted arrival times
obtained after waveform cross-correlation with the
100 natural neighbors to each event. The number of
P picks increases from the original 28,064 to 30,184;
the Spicks increase almost two fold from the original
8,721 to 15,060 after cross-correlation.

from 66 stations located within 125 km of the events). The
lower panel showsthe vertical cross section along A-A’. We
plot 2378 events, with median standard errors herr =< 1 and
zerr = 2 km (about 75% of our locations). The events lie
beneath a bathymetric high, with strike similar to our event
locations, at the northern edge of the San Diego Trough—
Bahia Soledad fault zone. Mann and Gordon (1996) suggest
that this bathymetric high is the product of a gentle restrain-
ing bend as the strike of the fault changes in the inner
Continental Borderland. Focal mechanisms for events with
M > 3.8 (Hauksson and Jones, 1988) are plotted as lower
hemisphere projections in the top panel and their corre-
sponding far-side projections onto the cross section in the
lower panel. Larger aftershocks indicate thrusting with a
strike-dlip motion, consistent with the regional tectonics of
the San Andreasfault system in southern California(Weldon
and Humphreys, 1986; Feigl et al., 1993). The thrust-fault-
ing mechanism of this event may also indicate weak strike-
dip faults offshore, similarly to the 1983 Coalinga (M, =
6.4) and the 1984 Avenal (M, = 5.7) thrust-faulting earth-
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guakes that occurred near the San Andreas fault in central
Cdlifornia (Mount and Suppe, 1987; Zoback et al., 1987).
Seismicity before the 1986 Oceanside earthquake in thisre-
gion was diffuse (~20 events per year). The aftershock dis-
tribution over time did not change significantly, showing a
similar distribution to that of the whole sequence as shown
in Figure 15.

Although our locations are much more clustered than
those obtained in previous Oceanside aftershock studies, and
clearly define a northeasterly dipping fault plane, the best
located aftershocks (see Figure 15) outline a broad zone
about 4-km thick. Thus we cannot distinguish if &l the
events are associated with asingle fault, or more likely, with
a series of faults in arather complex structure. If all events
occurred within a single fault zone, the mislocations could
be due to extreme variations in the velocity structure in this
region that we fail to account for in our location procedure.
However, it is also possible that the broad zone reflects a
series of faults associated with the change of strike of the
San Diego Trough-Bahia Soledad fault zone to the Santa
Catalina Fault Zone (see Figure 4).

Seismicity near Coronado Bank (CBK)

There are 104 events in a box (32.37° to 32.72°N,
117.50° to 117.20°W) around the Coronado Bank region
(CBK in Figure 4) listed in the SCSN catalog between 1981
and 1997. The seismicity rate in this region has been low
(four to six events per year) with the exception of asequence
of 22 small earthquakes that followed the 1986 Oceanside
(M_ = 5.3) earthquake. These earthquakes occurred mainly
in August 1986, with four of them having M, between 3.0
and 3.7. The SCSN analysts picked 816 P and 309 Sarrivals
for these events. Since the CBK region is very close to the
coast, we decided to relocate the events using two different
station ranges: 110 and 130 km with all five velocity models
shown in Figure 2. Weincluded island stations regardl ess of
their range whenever possible to ensure that we had stations
surrounding this region. Following the initial locations, we
window the waveform data around the expected P- (—0.75
to 1.75 sec) and S- (—0.75, 2.75 sec) arrival times to esti-
mate cross-correlations between each event and all other
events in the region, and then, as before, use these differ-
ential times to solve for a new set of picks. Although we
only increased the original P-(834) and S- (364) arrival data
dlightly, we refined the existing picks and obtained more data
for the critical island stations.

Figure 16 shows a comparison between the original
SCSN P picks for a “tree” of 10 Coronado Bank events re-
corded by station CIS and adjusted picks provided by an
inversion that included differential times obtained with
waveform cross-correlation. We use these adjusted picksfor
the final relocations. Table 5 lists the median horizontal
(herr) and vertical (zerr) errors resulting from relocating
these events for the different velocity-station distance com-
binations. Note that the median herr decreases for locations
that include stations from 110 to 130 km but the zerr become
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Figure 14. The top panels show a map view and cross-section (A-A’) of our initial
L1-norm locations using the origina SCSN picks for the Oceanside sequence. The
middle panels display the result of applying the L1-norm grid-search algorithm only
to eventswith M > 3.0. The bottom panel shows locations using the new set of adjusted
picks. The reference location in all panelsis 33.00°N and 117.78°W; we show events
with herr < 0.75 and zerr < 1.5 km. For these locations we use data from stations
within 125 km and the ocel velocity model.
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Figure 15. The top panel is a map view of our
final locations for the Oceanside sequence with the
adjusted picks from 66 stations located within 125 km
of the events. The reference location is 33.00°N and
117.78°W. We use the oce3 velocity model and the
station terms from locations of events with M > 3.0
as initial values. The lower panel shows the cross-
strike, vertical cross-section A-A’. We show 2378
events, with median standard errorsherr < 1 and zerr
= 2 km (about 75% of the events). Light gray lines
are 50-m bathymetric contours (National Ocean Sur-
vey, 1975). Focal mechanisms for events with M >
3.8 (Hauksson and Jones, 1988) are lower hemisphere
projections in the top panel and their corresponding
projections onto the cross section in the lower panel
(i.e., the far hemisphere is plotted).
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larger. The station terms do not show a dependence on range
for any of the relocations; however, for island stations they
increase from about — 0.1 sec to as much as — 1.0 sec from
those rel ocations taking into account inland stations located
within 110 or 130 km range. Since station terms are only
estimated for stations with more than five picks, we include
picks from 10 stations at 100 km range and 18 stations for
130 km range relocations. Theinitial locations with stations
to 110 km only include readings from station SCI (San Cle-
mente Island), but for al other locations we also include
picks from station CIS (Catalinalsland). Although we obtain
similar map view projections for locations with different ve-
locity models, the overall event depth distribution varies. For
the same velocity model, locations with stations to 110 km
tend to be deeper and further from the coastline than those
including inland stations located within 130 km.

Our final locations use the oce4 velocity model for
events with a minimum of 4 P and 2 S picks and include
inland stations within 110 km distance and data from the SCI
island station. The overall errors are herr = 590 m, zerr =
522 m, smaller than those listed in Table 5. Station terms
for both P and Swaves are within + 0.3 sec. The map view
of our final locations, which use the adjusted picks, isshown
in the top panel in Figure 17. We plot 65 events, those with
median horizontal and vertical standard errors less than 1.5
km. The map view shows bathymetry (National Ocean Sur-
vey, 1975) and fault traces (Kennedy et al., 1987) and our
event locations for this region, which are located nearly 10
km further east than the original SCSN catalog locations.
Some of the events have a northwesterly trend that parallels
the Coronado Escarpment and Loma Canyon to the west,
whereas other events show a northeasterly direction parallel
to Coronado Canyon. The bottom panel shows a SW-NE
profile that clearly indicates that events further from the
coastline are shallower than those closer to it. The deepest
events have depths around 15 km; similar depths were de-
termined by Magistrale (1993)from location of event clusters
occurring in the last six months of 1986 in the San Diego
region. He used data from the SCSN together with datafrom
a temporary local array deployed in the San Diego area at
that time. Since we only use data from 13 stations to locate
the events in the CBK region, which are mostly situated to
the northeast of the events, it is possible that thereisamis-
location vector associated with the absolute location of these
events. Their relative locations, however, should be robust.

San Clemente Island Clusters (SCLN, SCL, SCLS)

The SCSN catalog lists 356 earthquakes that occurred
near the San Clemente fault trace from 1981 to 1997, but
these events do not form clear spatial or tempora clusters
of activity. We divided these events into the three regions
near San Clemente Island (SCLN, SCL, SCLS) shown in Fig-
ure 4. Our initial locations used the existing SCSN picks and
the oce4 velocity model (which has thinner crust than our
other models). To increase the number of pick dataavailable
for locating these events, we included all stationswithin 140
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Figure 16. A comparison between the origina SCSN P picks for a “treg” of 10
Coronado Bank events recorded by station CIS and adjusted picks provided by an
inversion that included differential times obtained with waveform cross-correlation.
SCSN picks were available for seven of the stations and are indicated by tic marks. The
waveforms are aligned on their adjusted picks, shown by the dashed line. The bottom

trace is a stack of all the traces above.

Table 5

Median Horizontal (herr) and Vertical (zerr) Errorsin km
for CBK Events

SCSN Picks Adjusted Picks
Velocity Model herr zerr herr zerr
ocel_110 0.7595 0.5380 0.6870 0.5790
ocel_ 130 0.6585 0.8260 0.6730 0.5565
oce2_110 0.7820 0.4750 0.6230 0.7420
oce2_130 0.6160 0.7870 0.6460 0.7100
oce3_110 0.7595 0.5140 0.6730 0.5565
oce3_130 0.6590 0.6320 0.8845 0.7750
oced_110 0.7345 0.5490 0.6280 0.5580
oce4_130 0.7135 0.7975 0.6390 0.6780
oce5_110 0.7290 0.5960 0.6730 0.5670
oce5_130 0.7130 0.8810 0.6440 0.7150

km range. Next, we determined the 100 nearest neighbors
of each event, performed cross-correlation of the P and S
waves with the window parameters listed in Table 1, and
computed a new set of adjusted pick times. Since most of
the events are not clustered, we increased our initial pick
data set only marginally; however, after waveform cross-

correlation the consistency of the existing P and S picks
improved, decreasing the horizontal and vertical errors of
our final locations (Table 6). Only events with herr < 1.5
and zerr < 3.0 km areshown in Figure 18, i.e., 63% (SCLN),
61% (SCL), and 34% (SCLS) of the eventslisted by the SCSN
catalog are displayed.

The SCSN catalog lists 56 eventsin the SCLN region to
the north of San Clemente Island, but only 38 had more than
5 picks. Note that most of the events in the map shown in
Figure 18 locate near the traces of known fault scarps such
as the San Clemente fault, east of theisland, asindicated by
the bathymetry. In the vertical cross-section, the events ap-
pear to delineate two vertical faults. For this region we use
data from 38 stations; the closest is San Clemente Island
(SCl) located approximately 21 km away from the bulk of
the events. After the cross-correlation procedure we in-
creased the original P and S data by 10 and 8 more picks,
respectively. The relative horizontal and vertical median
errors of our locations are of the order of 1 and 2 km (see
Table 6). The 24 events shown in the top panels have herr
< 1.5 and zerr < 3.0 km.

The region encompassing the southern portion of San
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Figure 17. Map view of thefinal locations of Cor-
onado Bank events using the adjusted picks displayed
in the top panel. The reference location for the events
is 32.60°N and 117.36°W. Bathymetry in 50-m con-
tours (Nationa Ocean Survey, 1975), and some
mapped faults (Kennedy et al., 1987) are shown. We
plot only 61 events, those with herr and zerr < 1.5
km. The bottom panels show a vertical cross section
along the A-A’ line in the top panel.

Table 6

Horizontal (herr) and Vertical (zerr) Errorsin km for
San Clemente Events

SCEC Picks
Mean Median Mean

Adjusted Picks
Median

Region herr zerr herr zerr herr zerr herr zerr

SCLN 2.0826 2.9137 1.7590 2.6260 1.8469 2.3198 1.0505 1.9200
SCL 19199 1.7420 1.1275 1.3380 1.9161 1.9842 1.1120 1.3125
SCLS 2.3568 2.6961 1.8635 2.2200 2.2518 2.6264 1.8325 2.0995
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Clemente Island (SCL), included 81 eventsin the SCSN cat-
alog but only 60 events had more than 5 picks. Our best
locations of these events are shown in the middle panels of
Figure 18. The map view shows bathymetry (National Ocean
Survey, 1975) and fault traces (Kennedy et al., 1987). Note
that most of the events in this region follow the trend of
the San Clemente fault. In cross-section the events locate
throughout the crust, suggesting the presence of a vertical
fault. We use pick data from 21 stations for this region.
Although the location errors are only slightly higher than in
the previous region (see Table 6), absolute depth resolution
is questionable since the closest station is SCI, and the next
closest station is about 60 km away from the events. We
used 378 and 106 P and S picks, increasing to 384 and 126
adjusted picks after the cross-correlation procedure. After
the cross-correlation procedure with a 3-s P-wave window
and a 4-s Swave window we obtained about one more P
pick for every ten events, but nearly one more S pick for
every three events.

Figure 18 also shows final locations for events within
the region located southeast of San Clemente Island, be-
tween the San Clemente basin and the Fortymile Bank
regions. The SCSN catalog lists 219 events, but only 34% of
these events are included in our best |ocations shown in Fig-
ure 18. The map view suggeststhat eventsin the SCLSregion
may be associated with different strands of the San Clemente
fault (Kennedy et al., 1987). However, in cross-section they
do not clearly delineate either a single fault or a series of
simple faults. Median horizontal and vertical errors for
events in this region are near 2 km, probably due to the fact
that the closest recording station is about 60 km away and
the second one about 90 km away from these events.

Discussion

L ocating earthquakesin the Continental Borderland off-
shore Southern California is problematic, due to the asym-
metrical distribution of stations that record these events and
the uncertainties in the local velocity structure. The lack of
nearby recording stations for many of the regions for which
we located earthquakes (see Figure 4) implies that the ab-
solute (mean) location of each cluster of events is difficult
to constrain precisely, particularly in depth. Nonethel ess, by
using the L 1-norm location method of Shearer (1997), wave-
form cross-correlation to improve and enlarge the set of ar-
rival time picks, and customized station terms for each re-
gion, we are able to obtain good relative locations among
nearby events. Our locations compare favorably to previous
results obtained using amaster event method for aftershocks
of the Santa Barbara Island (M, = 5.3) earthquakes along
the Santa Cruz—Santa Catalina fault (Corbett, 1984). We lo-
cate probable quarry blasts on Santa Catalina Island into a
tight cluster within a few kilometers of the actua site of the
Santa Catalina quarry. Estimated mean relative location er-
rors for the highly repeatable events within this cluster are
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Figure 18. Theleft panels show map views of our final locations using the adjusted
picks from stations located within 140 km of the events and the oce4 velocity model
for the three regions located near San Clemente Island. The panels to the right show
vertical cross-sections (A-A’) normal to the strike of known fault lineations in this
region. Thetop panelsdisplay final locationsfor the SCLN region, relativeto areference
location of 33.06°N and 118.67°W, the middle panels show locations for the SCL region
referenced to 32.80°N and 118.40°W, and the lower panels show locations for events
within the SCLS region with reference location of 32.60°N and 118.00°W. All panels
show events with herr < 1.5 and zerr < 3.0 km. Only 63% (SCLN), 61% (SCL), and
34% (SCLS) of the events found in the SCSN catal og located within these errors. Faults
(from Kennedy et al., 1987) and 50 m bathymetric contours are also shown.
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Figure 19. The left side panels show the time distribution of number of events for
the Oceanside and Santa Barbara |sland regions. Both the ten-year period (upper) and
the one-year period (lower) show that the Oceanside sequence has 5 times more events
than the Santa Barbara Island event. The histograms on the upper right show the mag-
nitude distribution of the Oceanside eventswith black bars and that of the SantaBarbara
Island event with gray bars. The lower right panel shows the cumulative seismic mo-
ment from the one-year aftershocks after each mainshock.

60 to 90 m, comparableto results obtained for inland clusters
in southern California using the same technique. In contrast,
estimated relative location errors for other offshore regions
are at least an order of magnitude larger than those for the
Santa Catalina events (see Tables 3 to 6).

The relocated events in the regions in this study, with
the exception of the SCA region, tend to cluster around
mapped fault scarps or within transpressional fault regions
dightly oblique to the direction of the plate motion that may
contain gently restraining bends. Events occurring in the
SBI, SCLN, SCL, and SCLS regions are clearly associated
with northwest trending strike-dlip faults consistent with a
broad zone of right-dlip deformation associated with the San
Andreas fault system in southern California (e.g., Hutton et
al., 1991). Locations for events near the Coronado Bank
region (CBK) do not seem to align near obvious bathymetric
features, such as the Coronado Escarpment, but occur at 10

to 15 km depth along an apparent northeast dipping fault
close to the San Diego coast (see Figure 17). The 1986
Oceanside earthquake and its aftershocks are located at the
northern end of the San Diego Trough (see Figure 1) and
exhibit a more complex pattern of faulting (see Figure 15).
Hauksson and Jones (1988) proposed that these events may
have occurred in asmall fault that provides a left step of the
San Diego Trough fault as it curves around the Santa Cruz—
Catalina escarpment (see Figure 4). Although they chose a
south-dipping plane as the fault plane of the Oceanside
event, their best locations do not seem to delineate unam-
biguously either a north- or a south-dipping plane (see their
Figures 7b and 8b). In contrast, our final locations clearly
show a northeast dipping fault plane, in agreement with the
interpretation of Pacheco and Nabélek (1988).

It isinteresting that our locations for both the Oceanside
seguence and the offshore San Diego events near Coronado
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Bank suggest faults dipping gently to the northeast. It is
possible that these faults are shallow-angle thrust or detach-
ment faults, such as the Oceanside detachment fault seenin
offshore refl ection seismic data and proposed by Crouch and
Suppe (1993) and Bohannon and Geist (1998) to mark the
boundary between the Peninsular Range belt to the east and
the Catalina Schist belt to the west. To evauate this possi-
bility, a more detailed comparison between offshore seismic
reflection profiles and the natural seismicity should be per-
formed. If the Oceanside and/or Coronado eventsindeed oc-
curred on portions of amuch larger system of offshorethrust
faults, this would have important implications because it
would establish that these faults are seismically active and
a potential source of large future offshore events.

Although the 1981 Santa Barbara Island and the 1986
Oceanside earthquakes had the same magnitude (M, = 5.3),
the number of aftershocks for Oceanside is about a factor of
five larger than for the Santa Barbara Island event. In addi-
tion, the Oceanside region shows a high level of aftershock
activity even after 1500 days (about four years) of the main-
shock, whereas the number of events occurring in the Santa
Barbara Island region decreased considerably within 500
days of the mainshock. This difference is amost an order of
magnitude larger for the Oceanside sequence during thefirst
year after the mainshock (Fig. 19). On the other hand, the
magnitude distribution of the Oceanside and that of the Santa
Barbara Island event, suggest that the magnitude detection
level is similar for both sequences or may be even smaller
for the 1981 event. However, when we plot the cumulative
seismic moment release for both sequences, the difference
between them is not so striking, as shown in Figure 19. We
estimated the seismic moment of each event using the mo-
ment-magnitude relation of Kanamori and Anderson (1975).
Note that for the 1981 earthquake most of the seismic mo-
ment was released by the two large aftershocks with M| ~
4.6, that occurred nearly two months after the main event.
The Oceanside event had its largest aftershock (M, = 4.3)
within hours of the mainshock, with the next largest event
occurring about two weeks later.

Our earthquake locations in the inner Continental Bor-
derland region generally indicate that seismicity is associ-
ated with mapped Quaternary faults (Jennings, 1994). This
correlation is consistent with evidence that tectonic stressis
accumulating in this complicated region, as shown by recent
GPS measurements between San Clemente Island and San
Diego (Feigl et al., 1993). The observed seismicity indicates
that faults within this region are active and may be capable
of generating earthquakes of M, ~ 6.0 as suggested by ear-
lier workers (e.g., Agnew, 1979; Legg, 1989; Hutton et al.,
1991) and required by recent kinematic models for southern
Cdlifornia (Weldon and Humphreys, 1986; Atwater and
Stock 1998).
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