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ABSTRACT

The Santa Monica fault is a 40-km-long,
oblique left-lateral reverse fault that extends
through the densely urbanized northwestern
Los Angees, California, area and offshore
paralld to the Malibu coast. The fault exhib-
its near-surface strain partitioning in paleo-
seismologic trenches, and has undergone at
least six surface rupturesduring the past ~50
k.y. Although events may be missing from the
older part of therecord, and the ages of older
events are based on poorly constrained soil
age estimates, at least two and probably three
events occurred after the well-dated burial of
a prominent paleosol ca. 16-17 ka. The re-
sulting ~7-8 k.y. latest Pleistocene-Holocene
average recurrence interval for events large
enough to cause surface rupture is much lon-
ger than the =1.9-3.3 k.y. maximum interval
we calculate for hypothetical M,, 6.9-7.0
earthquakes generated by rupture of the en-
tire Santa Monica fault. The pronounced dis-
parity between the measured and calculated
average recurrence intervals suggests that the
Santa Monica fault undergoes infrequent,
and therefore probably very large, earth-
quakes (M,, = 7.0). If such large earthquakes
have occurred, we speculate that they may
have been generated by smultaneousrupture
of the Santa Monica fault with other faultsin
the Transverse Ranges Southern Boundary
fault system, such as the Hollywood or Ana-
capa-Dume faults. The most recent definite
Santa Monica fault surface rupture occurred
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between ca. 10 and 17 ka, although a more
recent event probably occurred between ca. 1
and 3 ka.

Keywords: earthquakes, faulting, geomor -
phology, paleoseismology, seismicrisk, seis-
mic zoning.

INTRODUCTION

During the past decade ideas about the seis-
mic hazards facing urban Los Angeles have un-
dergone dramatic revison and refinement. Ear-
lier earthquake scenarios for the metropolitan re-
gion focused primarily on the effects of a great
(M,, ~ 8) earthquake generated by the San An-
dreas fault, which is located more than 50 km
northeast of downtown Los Angeles (Fig. 1).
Widespread attention did not begin to focus on
the potential hazards posed by faults directly be-
nesth the metropolitan area until the mid-1980s
(e.g., Wesnousky, 1986; Toppozada, 1988). The
1987 M,, 6.0 Whittier Narrows earthquake, and
more recently the 1994 M,, 6.7 Northridge earth-
quake, clearly demonstrated the seismic hazards
associated with these urban faults. Consequently,
seismic hazard assessments of the past severa
years focus on the posshility of large urban
earthquakes, as well as the occurrence of major
earthquakes produced by the San Andreas fault
(e.g., WGCER 1995).

Because of their proximity to metropolitan
Los Angeles, large earthquakes (M,, 7.0-7.5)
generated by the urban faults could cause at least
as much damage as a much larger earthquake
occurring on the more distant San Andreas faullt,
and possibly more (WGCER, 1995; Dolan et d.,
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1995; Heaton et d., 1995). At least two such
large earthquakes have occurred during historic
time in southern California on faults smilar to
those that underlie the metropolitan region: the
December 21, 1812, M ~ 7.1 Santa Barbara
Channd earthquake (Toppozadaet ., 1981) and
the July 21, 1952, M,, ~ 7.5 Kern County event
(Hanks et d., 1975; Stein and Thatcher, 1981;
Ellsworth, 1990). Fortunately, neither of these
earthquakes resulted in widespread damage or
major loss of life, because both regions were
relaively sparsely populated at the time of the
earthquakes.

Despite a heightened awareness of the poten-
tid for destructive earthquakes from faults be-
neath metropolitan Los Angeles, as well as nu-
merous recent studies that have illuminated the
active tectonics of the region (e.g., Hauksson,
1990; Wright, 1991; Dolan et d., 1995; Shaw
and Suppe, 1996; Schneider et d., 1996; Walls
et a., 1998; Shaw and Shearer, 1999; Argus et
al., 1999; Tsutsumi et d., 2000), relatively little
information exists about the earthquake histories
and recent kinematics of many faults in the met-
ropolitan region. Specificaly, we have only
sparse data concerning recurrence intervals,
dates, and sizes of past events, dip rates, and
kinematics of fault movement for many struc-
tures. Furthermore, we do not know the exact
nature and location of the surficid expressions
of many of these faults. Knowledge of these
fault parameters is an essentid part of the foun-
dation for congtruction of seismic hazard models
for southern California.

In this paper we discuss our results from
the Santa Monica fault, which extends 40 km
through the densely urbanized northwestern
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1. Regional neotectonic map for metropolitan southern California showing major active faults. The Santa Monica fault is a 40-km-long
active fault within the 215-km-long Transver se Ranges Southern Boundary fault system (TRSBFS), which encompasses the Raymond,
Hollywood, Santa Monica, Malibu Coast, Anacapa-Dume, Santa Cruz Island, and Santa Rosa Island faults as well as several blind
thrust faults. Fault locations are from Ziony and Jones (1989), Vedder et al. (1986), Dolan and Sieh (1992), Sorlien (1994), and Dolan
et al. (1997). Santa Rosa Idand fault is off figure to west. Closed teeth denote reverse fault surface trace; open teeth on dashed lines
show upper edge of blind thrust fault ramps. Strike-slip fault surface traces are shown by double arrows. C-SF—Clamshell-Sawpit
fault; ELATB—East Los Angeles blind thrust system; EPT—Elysian park blind thrust fault; Hol Flt—Hollywood fault; PHT—Puente
Hills blind thrust fault; RMF—Red Mountain fault; SCIF—Santa Cruz Island fault; SSF—Santa Susana fault; SJcF—San Jacinto fault;
SJF—San Jose fault; VF—Verdugo fault; LA—L os Angeles; L B—L ong Beach; NB—Newport Beach; Ox—Oxnard; P—Pasadena; V—
Ventura; WN—Whittier Narrows. Point Dumeis at west end of Santa Monica fault. Downtown Hollywood is centered between Hol and

Flt in figure. Dark shading shows Santa Monica Mountains.

Los Angeles region and offshore along the
Malibu coast. We first describe the results of
our geomorphologic and paleoseismologic
studies of the fault and then discuss the im-
plications of these results for seismic hazard
assessment in the metropolitan Los Angeles
region. We conclude by using estimates of dlip
rate and fault-plane area to assess the likely
size and frequency of future earthquakes on
the Santa Monica fault.

REGIONAL GEOLOGY

The Santa Monica fault is part of a system
of west-trending reverse, oblique-dlip, and
left-lateral strike-slip faults that extends for
>200 km along the southern edge of the
Transverse Ranges, an east-west belt of ranges
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that has developed in response to north-south
compression that began sometime between ca.
25and 5 Ma(Fig. 1) (e.g., Barbat, 1958; Davis
et al., 1989; Wright, 1991; Shaw and Suppe,
1996; Schneider et al., 1996; Shaw and Shearer,
1999; Tsutsumi et al., 2000). We refer to these
faults collectively as the Transverse Ranges
Southern Boundary fault system. Within this
fault system, left-lateral and oblique-reverse,
|eft-lateral motion on a subsystem comprising
the Raymond, Hollywood, Santa Monica, An-
acapa-Dume, Santa Cruz Idland, and Santa
Rosa Island faults accommodates relative
westward motion of the Transverse Ranges
block (Stierman and Ellsworth, 1976; Patter-
son, 1979; Jones et al., 1990; Pinter and Sor-
lien, 1991; Dolan and Sieh, 1992; Colson et
a., 1995; Pinter et a., 1995; Dolan et al.,

1995, 1997, 2000; Weaver and Dolan, 2000).
Paleomagnetic studies of upper Pliocene strata
(1-3 Ma) reveal 20° of clockwise rotation of
parts of the western Transverse Ranges block
(Liddicoat, 1992), suggesting that left-lateral
motion is accompanied by active clockwise
rotation of the western Transverse Ranges.
The basic structure of the northwestern Los
Angeles basin has been revealed through a
combination of extensive oil exploration and
regional mapping studies over the past century
(see Wright, 1991, for a comprehensive re-
view). These studies show that the SantaMon-
ica fault extends east-west along the southern
edge of the Santa Monica Mountains, the
southernmost of the Transverse Ranges (Figs.
1 and 2). The range has an asymmetric, anti-
clina structure that has been interpreted as a
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Figure 2. Tectonic geomorphologic map of the Santa Monica fault zone and environs based on interpretation of 1926 vintage U.S.
Geological Survey 6 ft topographic maps (Sawtelle, Topanga Canyon, and Hollywood quadrangles) and field mapping. Note location of
trench site just west of Freeway 1-405. B—Brentwood; BH—Beverly Hills; PC—Potrero Canyon; PP—Pacific Palisades; SM—Santa
Monica; WLA—west Los Angeles; WW—W estwood.

fault-propagation fold above a gently north
dipping blind thrust fault (Davis et al., 1989;
Davis and Namson, 1994). Interpretations of
oil-well and seismic reflection data reveal that
the north-dipping Santa Monica fault zone
comprises two major strands that merge at a
depth of ~2 km (Fig. 3) (Wright, 1991; Tsut-
sumi et al., 2000). The structuraly lower,
more southerly strand exhibits >3 km of
north-side-up reverse separation of middle
Miocene (lower Mohnian) strata (Wright,
1991; Tsutsumi et al., 2000). This southern
strand is a structurally inverted Miocene nor-
mal fault that was active as a reverse fault
between latest Miocene and latest Pliocene
time (ca. 1.5—5 Ma); Quaternary strata are not
deformed by this strand (Wright, 1991; Tsut-
sumi et a., 2000). The northern strand, which
forms the focus of this study, is a moderately
steep, north-dipping fault that projects to the
surface at a prominent south-facing scarp (dis-
cussed in detail in the following). The fault
dips moderately to steeply north in the upper

Geological Society of America Bulletin, October 2000

2 km, and rolls over into a shallower dip near
the surface (Fig. 3) (Dolan and Pratt, 1997,
Pratt et a., 1998). Tsutsumi et al. (2000) show
adip of ~55° at 2 km depth, but comparison
with data in Dolan and Pratt (1997) and Pratt
et al. (1998) indicates that the fault must dip
~70° north between 200 m and 2 km depth.
Reverse separation of middle Miocene (lower
Mohnian) strata is ~200 m (Tsutsumi et al.,
2000), whereas thrust separation of the base
of Pleistocene aluvia strata (including fault
dlip and near-field drag folding) is ~180 m
(Dolan and Pratt, 1997; Pratt et al., 1998).
This comparison indicates that almost all mo-
tion on the northern strand has occurred dur-
ing Pleistocene and Holocene time. These ob-
servations confirm that Quaternary activity on
the Santa Monica fault is concentrated along
the northern strand.

GEOMORPHOLOGIC RESULTS

The surface trace of the onshore part of the
Santa Monica fault traverses aluvium over

most of its length. Consequently, because pre-
vious workers made limited use of geomor-
phologic mapping, the exact location of the
fault was known at only few sites (Hoots,
1931; Johnson, 1932; Hill, 1979; Hill et al.,
1979; Crook et a., 1983; McGill, 1989; Crook
and Proctor, 1992). Earlier maps of the fault
were based primarily on interpolation of the
trace between the few known localities and on
updip and lateral extrapolation of subsurface
discontinuities observed in oil and water wells
(e.g., Hill et a., 1979; Crook et a., 1983).

In spite of dense urbanization, however, the
geomorphologic signature of recent surface
faulting along the Santa Monica fault is sur-
prisingly well preserved. Fault and fold scarps
are clearly visible on high-quality topographic
maps of the aluvia plain between Beverly
Hills and the coast. Although this part of the
Los Angeles region is completely urbanized,
construction occurred primarily during the
1920s, before the widespread use of mecha-
nized grading equipment. Rather than leveling
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Figure 3. North-northwest—trending cross section showing active (northern) and inactive (southern) strands of the Santa Monica fault
zone and associated structures in the vicinity of our trench site (location shown in Fig. 2). Modified from Tsutsumi et al. (2000) on the
basis of high-resolution seismic reflection profiles across the upper 200 m of the active strand of the fault (Dolan and Pratt, 1997; Pratt
et al., 1998). Data from Dolan and Pratt (1997) and Pratt et al. (1998) are shown projected 400 m eastward onto main cross- section
line. Thin, subvertical lines are petroleum wells showing dip-meter data (Tsutsumi et al., 2000). L—Ilower; M—middle; U—upper;
SMF—Santa Monica fault; S strand—southern strand; N strand—northern strand.

building plots, as would be done now, the
builders simply draped the city across the ex-
isting landscape with minimal cutting and filling.

Our analysis of tectonic landforms along
the fault was greatly facilitated by a series of
1:24 000 topographic maps constructed for
Los Angeles County by the U.S. Geological
Survey during the mid-1920s. These highly
detailed maps have a 5 ft (1.5 m) contour in-
terva on relatively gentle terrain, and a 25 ft
(7.6 m) interval in mountainous areas. Once
we had located the most likely fault-related
landforms using the topographic maps, we
field checked all suspected features. Our field
analyses allowed us to distinguish many fea
tures related to grading. These geomorpholog-
ic observations, in conjunction with the geo-
technical data presented herein, enabled us to
construct the first detailed map of the most
recently active surface trace of the SantaMon-
ica fault zone (Fig. 2).

Geomorphology of the Northwestern Los
Angeles Basin

The broad alluvial plain that extends south-
ward from the Santa Monica Mountains ex-
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hibits two geomorphologically distinct prov-
inces. To the east, in Beverly Hills and Hol-
lywood, a steep aluvial front characterized by
numerous small, active aluvia fans merges
southward into a very gently south sloping al-
luvia apron. The Hollywood fault, the main
active surficia fault in that region, crops out
along the base of the mountains (Dolan et .,
1997) (Fig. 1). In contrast, in Santa Monica,
Westwood, and west Los Angeles, the area
south of the mountain front is characterized
by deeply dissected, segmented old aluvial
fans and two irregularly shaped flights of ma-
rine terraces (Fig. 2). The N20W-trending
west Beverly Hillslineament, which is defined
by discontinuous east-facing scarps, divides
the two geomorphic provinces (Dolan and
Sieh, 1992). The lineament may represent an
east-dipping normal fault associated with ex-
tension along the left step between the Hol-
lywood and Santa Monica faults (Dolan et a.,
1997). Alternatively, the west Beverly Hills
lineament may be the northernmost of the en
echelon, left-stepping, right-lateral strike-slip
faults that characterize the Newport-Ingle-
wood structural zone (Dolan and Sieh, 1992),
or the surficial manifestation of a northern ex-

tension of the gently east-dipping Compton
blind thrust fault, identified to the south by
Shaw and Suppe (1996).

West of the west Beverly Hills lineament
cut-and-fill relationships and changes in sur-
face slopes reveal three sets of major old al-
luvial surfaces, herein referred to as surfaces
1 (oldest), 2, and 3 (youngest). Surface 1 dips
2.0°-2.5°S and has been deeply incised; only
scattered, poorly preserved remnants are
preserved in the east. To the west, however,
well-preserved segments of this set of old fan
surfaces occur near Santa Monica Canyon.
Surface 2 remnants are distinguished from the
surface 1 fan segments by their shallower dip
(1.5°S) and a distinct but irregular break in
dope ~2.0-2.5 km south of the mountain
front. Surface 2 is best preserved to the east
of Santa Monica Canyon, where it is incised
into surface 1 by as much as 20 m. There the
development of surface 2 clearly postdates the
formation of surface 1. West of Sepulveda
Canyon surfaces 1 and 2 merge southward
with a gently south-dipping aluvia apron.
This apron may represent the southward con-
tinuation of unit 2, but uplift of a young an-
ticline in this area (Brentwood Knoll, dis-
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cussed herein) precludes direct correlation on
the basis of topographic relationships. A very
gently sloping aluvia apron (unpatterned area
in Fig. 2) occurs to the south of older aluvial
surfaces 1 and 2. The two older surfaces (1
and 2) are deeply incised by the youngest ma-
jor dluvial surface, surface 3, which consti-
tutes the gently dipping (~1°S) channel fill of
the most recently incised canyons draining the
Santa Monica Mountains. Sepulveda and San-
ta Monica Canyons represent the largest of
these drainages. Maximum relief between sur-
faces 1 and 3 in Santa Monica Canyon is ~42
m. Coastal erosion of all three of these alluvial
units has produced spectacular 30—65-m-high
cliffs along the Santa Monica—Pacific Pali-
sades shoreline. Near the mouth of Santa
Monica Canyon, surface 3 is incised by sev-
eral smaller terraces.

A wide marine terrace is exposed west of
Santa Monica Canyon (Fig. 2) (McGill, 1989).
Over most of the Pacific Palisades area the
terrace inner edge, which represents sea level
at the time of terrace formation, occurs at an
elevation of 71-85 m (McGill, 1989). Region-
ally, the wave-cut platform dips ~1° seaward,
although locally it may be deformed by north-
northeast— to east-trending, short-wavelength
folds (500-1000 m) and dip as steeply as 6°—
14° (McGill, 1989). A combination of amino
acid racemization results (Wehmiller et al.,
1977; Laoie et al., 1979) and paleontologic
data (Woodring, in Hoots, 1931; G. Kennedy,
1977, written commun., cited in McGill,
1989) indicates that the terrace developed dur-
ing the oxygen isotope stage 5e sea-level
highstand ca. 125 ka (McGill, 1989). Studies
elsewhere in California suggest that the stage
5e terrace actually formed late during this
highstand, ca. 117-120 ka (Rockwell et al.,
1992; Muhs et a., 1992, 1994; Rockwell,
1994). At Point Dume, 25 km to the west, the
inner edge of the terrace occurs at an elevation
of only ~25 m (Birkeland, 1972; McGill,
1989; Weber, 1992).

Geomorphology of the Santa Monica
Fault Zone Onshore

The most recently active trace of the Santa
Monica fault onshore is marked by a series of
south-facing scarps that extend 11.5 km from
the west Beverly Hills lineament north of
Century City, westward through west Los An-
geles, Westwood, Santa Monica, and Pacific
Palisades, where the fault trends offshore at
Potrero Canyon (Fig. 2). In contrast to the
mountain-front location of the Hollywood
fault, the Santa Monica fault scarps are 3-4
km south of the topographic mountain front.
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The presence of the deeply dissected old al-
luvial fans between the active fault and the
mountain front and the conspicuous lack of
active dluvial fans at the mountain front sug-
gest relatively little, if any, recent uplift along
any faults at the mountain front. In contrast,
apices of young fans along the well-defined
scarp imply that most recent deformation is
occurring along these scarps.

Some earlier maps (e.g., Crook et al., 1983)
show the Santa Monica fault extending east-
ward across the aluvial plain south of Beverly
Hills and Hollywood. East of the west Beverly
Hills lineament, however, no geomorphologic
evidence of recent surficial fault activity is
seen in the gently sloping aluvia plain along
strike of the Santa Monica fault. This suggests
that the Santa Monicafault, at least in its most
recent incarnation, does not extend east of the
west Beverly Hills lineament as a surficial
feature.

A nearly continuous, N60E-trending scarp
characterizes the easternmost 3 km of the San-
ta Monica fault. The scarp extends along the
northern edge of Santa Monica Boulevard,
which was originally built as atrolley line that
followed the natural break in slope provided
by the scarp; a magor bend in the boulevard
south of Westwood follows a bend in the
scarp. The scarp height along this reach ranges
from 7 to 12 m. West of the mgjor bend south
of Westwood the fault trends ~N70E for
~600 m to the eastern edge of the 925-m-
wide drainage of Sepulveda Canyon, where
late Holocene erosion and deposition have ob-
scured the scarp. The large Sepulveda fan is
to the south of the fault; lines drawn on the
fan surface perpendicular to contours con-
verge on the fan’'s apex, which is located ap-
proximately at the fault crossing of the Se-
pulveda drainage (Fig. 2). The scarp reappears
on the west side of the Sepulveda fan near the
southwest corner of the West Los Angeles
Veteran's Administration Hospital grounds.
The scarp height increases westward as onlap-
ping distal Sepulveda fan deposits thin west-
ward away from the fan apex.

The central reach of the fault, between In-
terstate Highway 405 and the coast, exhibits
three distinct, |eft-stepping, en echelon scarps
(Fig. 2). The eastern two scarp segments trend
generally N70E, whereas the western segment
changes trend westward, from NG60E to N8OW.
Scarp heights typically range from 8 to 12 m
for the two eastern scarps, athough at the ter-
minations of individua segments the scarp
heights decrease to zero. The three en echelon
segments overlap by as much as 750 m. This
overlap, aswell asthe lateral decreasein scarp
height on the individual segments toward their

terminations, is especialy well illustrated
along Bundy Drive in Santa Monica, where
the two eastern segments overlap. The spacing
between the two overlapping segments there,
measured perpendicular to fault strike, is
~300 m. West of the western end of the east-
ernmost en echelon segment (near the corner
of Bundy Drive and Wilshire Boulevard), the
scarp projects into the anomalous, N80OW-
trending Brentwood Knoll and its N8OE- to
west-trending western extension (Fig. 2). This
feature, which projects ~25 m above the sur-
rounding alluvium, probably represents an an-
ticlinal ridge developed above a shallow blind
thrust fault that may be a westward continu-
ation of the easternmost en echelon segment.

The westernmost en echelon scarp is broad-
er than the other two, but its total relief (~10
m) is similar to that of the scarps to the east.
This results in the western scarp being more
subdued topographically than the two eastern
segments. The surface slope of the western
scarp shallows westward, and the scarp is
>300 m wide at its western end at SantaMon-
ica Canyon (Fig. 2). To the west of Santa
Monica Canyon two distinct 3-5-m-high
scarps extend across the broad marine terrace
along the projected trace of the fault. These
scarps project directly into the Potrero Canyon
exposure of the fault (Fig. 2). It is not clear,
however, whether these features are fault
scarps or terrace risers associated with Pleis-
tocene(?) fluvial terraces inset into the stage
5e marine terrace. Thus, their presence aong
the trace of the fault may be simply
coincidental.

POTRERO CANYON STRAND OF THE
SANTA MONICA FAULT

The Potrero Canyon fault, recognized as
part of the Santa Monica fault zone by McGill
(1989), was first reported by Hoots (1931) on
the basis of exposures at the mouth of Potrero
Canyon. Although the fault is no longer visi-
ble in the sea cliff there, annotated photo-
graphs taken in 1932 (Johnson, 1932) reveal
a single strand striking N75E and dipping
45°-55°N at the base of the canyon (data sum-
marized in McGill, 1989). The fault splays up-
ward into a near-vertical strand and a more
southerly, north-dipping strand (Johnson,
1932; Hill, 1979; Hill et a., 1979; McGill,
1989). McGill's (1989) detailed mapping of
the area shows that maximum vertical sepa-
ration has occurred on the vertical splay, a-
though beds are also folded and separated in
an up-to-the-north sense by the north-dipping
strand (Hill, 1979; McGill, 1989). Hoots
(1931) suggested that movement began on the
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Potrero Canyon fault after deposition of upper
Pliocene or lower Pleistocene beds but before
deposition of uppermost Pleistocene alluvial
deposits. North-side-up vertical separations
decrease upward in progressively younger al-
luvid strata above the upper Pleistocene ma-
rine-terrace deposits; the youngest sediments
near the top of the canyon walls are vertically
displaced only ~1.3 m across the vertical
strand (Johnson, 1932; Hill, 1979). Johnson
(1932) reported that individual strands of the
vertical splay reach the ground surface, al-
though McGill (1989) could only trace the
fault to within 4 m of the ground surface.

Displacement of the ca. 120 ka oxygen iso-
tope stage 5e marine terrace deposits at the
mouth of Potrero Canyon provides a rate of
vertical uplift across the Santa Monica fault
system. McGill (1989) correlated the wide
stage 5e terrace at ~60 m elevation in the
hanging wall of the fault with marine terrace
deposits at an elevation of ~6 m in the foot-
wall. The stage 5e terrace in the hanging wall
exhibits a warm-water fauna typical of this
highstand (Wehmiller et al., 1977; Lajoie et
al., 1979; Weber, 1992). In contrast, a long-
unexposed locality in the footwall terrace con-
tains some forms that may indicate a cooler
water fauna (D. Ponti, 1996, personal com-
mun.), thus calling McGill’s correlation into
question. Nevertheless, in the absence of de-
finitive evidence based on redating the foot-
wall terrace deposits, provisional acceptance
of McGill’s original correlation of the footwall
terrace with the stage 5e terrace seems
appropriate.

Terrace inner edge elevations of 71-85 m
over most of the Pacific Palisades area (McGill,
1989) indicate a late Pleistocene—Holocene up-
lift rate of ~0.6-0.7 mm/yr. Most of this uplift
is related to reverse dip on the Santa Monica
fault. At Potrero Canyon the marine terrace ex-
hibits ~29 m of north-side-up separation along
the vertical fault strand; vertical separation on
the north-dipping strand is ~5 m (Johnson,
1932; McGill, 1989). Including warping within
a few tens of meters of the fault, total vertical
separation of the terrace deposits across the
Potrero Canyon strand is ~55 m (see Plate 2
of McGill, 1989). Thus, the average late Pleis-
tocene—Holocene uplift rate across the fault is
~0.5 mm/yr. Correction for the 45°-55° dip
of the fault yields a reverse-dlip rate of ~0.6
mm/yr. This dlip rate is based solely on ver-
tical separations in the sea-cliff exposure; it
does not take into account any |eft-lateral slip
on the fault system (discussed herein), and
therefore represents only the minimum aver-
age late Pleistocene-Holocene dlip rate for the
Santa Monica fault system, assuming that the
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footwall and hanging-wall terrace deposits
have been correlated correctly.

If the footwall marine terrace is associated
with oxygen isotope stage 5e, then the foot-
wall block south of the Potrero Canyon fault
also appears to have been uplifted, albeit at a
much slower rate than the hanging wall. South
of the zone of near-fault warping, the gently
south sloping surface of the abrasion platform
at the base of the terrace gravels crops out at
6 m elevation (McGill, 1989). The most wide-
ly accepted value for mean sea level during
the oxygen isotope stage 5e high stand is +6
m (e.g., Bloom et al., 1974; Chappell, 1983).
The inner edge of the terrace is located 1850
m north of the mouth of Potrero Canyon (mea-
sured perpendicular to fault strike). Overal,
the terrace dips dightly <~1° to the south,
and in the hanging wall just north of the fault,
the abrasion platform is ~20 m lower than the
elevation of the inner edge (McGill, 1989).
This suggests that during the stage 5e high-
stand, the abrasion platform currently exposed
in the hanging wall at the mouth of Potrero
Canyon was at an original elevation of ~-20
m below sea level (thisis similar to the pres-
ent —15 m depth of the seafloor 1850 m off-
shore Potrero Canyon; Dibblee, 1992). Cor-
recting to present-day sealevel by adding 6 m
to the —20 m value yields an expected pres-
ent-day elevation in the footwall at the mouth
of Potrero Canyon of ~—14 m below sea lev-
e, if there has been no Santa Monica fault—
related uplift. The actual +6 m elevation of
the abrasion platform at the canyon mouth in-
dicates that the site has been uplifted ~20 m
during the past 120 k.y. This in turn indicates
a slow uplift rate of slightly <0.2 mm/yr for
the coastline south of the Potrero Canyon
fault. Thisrate is similar to the rate calculated
on the basis of estuarine sediments recovered
from geotechnical boreholes excavated at a
site 3 km east of Potrero Canyon, ~300 m
south of the Santa Monica fault (Converse
Consultants Report, 1998). These sediments,
which are interpreted to correlate with sealev-
el during the stage 5e highstand, were recov-
ered from 25 m elevation. This indicates an
uplift rate of ~0.2 mm/yr. The similarity of
the uplift rates calculated at the two sites sug-
gests that this is a regional effect in the foot-
wall of the Santa Monica fault.

If the footwall terrace at Potrero Canyon ac-
tually formed during oxygen isotope stages 5a
or 5¢, complete preservation of the 5e terrace
in the hanging wall implies that the footwall
terrace inner edge was probably located at the
fault, and the terrace may have reoccupied the
footwall part of the older stage 5e terrace. Sea
level during oxygen isotope stage 5awas ~—2

to —5 m below sea level, whereas sea level
during stage 5c was probably ~—2 m below
sea level (Rockwell et al., 1992; Muhs et al.,
1992, 1994; Rockwell, 1994). Thus, if the
footwall terrace formed during stage 5a, then
~7—10 m of uplift has occurred during the
past 77-80 k.y. This yields a very slow foot-
wall uplift rate of ~0.1 mm/yr. If the footwall
terrace devel oped during oxygen isotope stage
5¢, then ~7 m of uplift occurred during the
past 102-104 k.y., yielding an even slower
footwall uplift rate of <0.1 mm/yr. Thus, even
if the footwall terrace is a younger terrace
(e.g., stage 5c or 5a), it will only increase the
rate across the Santa Monica fault by ~0.1
mm/yr, with a correspondingly small increase
in reverse dip rate.

OFFSHORE EXTENSION OF THE
SANTA MONICA FAULT ZONE

West of Potrero Canyon, the Santa Monica
fault extends offshore parallel to the coast to
near Point Dume (Fig. 4). South of Malibu,
Vedder et al. (1986) used seismic reflection
profiles spaced 1-7 km apart to map two par-
alel strands of the fault (their Malibu Coast
fault), ~500 m apart, that trend east-west
~2-3.5 km south of the coast; both strands
have seafloor expression and cut strata of pre-
sumed Holocene age. Junger and Wagner
(1977) aso used seismic reflection profiles,
from a somewhat denser data grid with an av-
erage line spacing of 2-4 km, to map asingle
narrow zone of offshore faults south of the
Malibu coast (Fig. 4). Junger and Wagner
(1977) showed that the Santa Monica fault
zone (their Dume fault), westward from the
coast, consists of two or more parallel strands
that cut strata that vary in age from late Pli-
ocene to Quaternary. The quality of their data
did not alow recognition of each fault on ev-
ery profile, and thus they were unable to cre-
ate a complete, detailed map of the offshore
part of the fault zone. At the intersection of
the Palos Verdes fault south of Point Dume
(discussed herein), they could not locate the
Santa Monica fault reliably because of poor
data. They noted, however, that the Santa
Monica fault appears to have aleft-lateral off-
set south of Point Dume, active deformation
stepping southwestward to the Anacapa-Dume
fault (our terminology; Fig. 4).

In general, where best located south of Mal-
ibu, the seafloor traces mapped by Junger and
Wagner (1977) and Vedder et al. (1986) are
similar in location and orientation, although to
the east of Malibu the Junger and Wagner
(1977) fault trace trends slightly more north-
eastward than the trace shown by Vedder et
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Figure 4. Map of active surficial faults along the Malibu Coast. Note differing locations for offshore Santa Monica fault shown by
Junger and Wagner (1977) and Vedder et al. (1986), as well as 10-m-high, south-facing submarine scarp south of Malibu. Thick lines
denote faults discussed in the text. Thinner lines show other faults that exhibit either Holocene or Pleistocene activity. Stipple denotes

submarine canyons. Data are compiled from Junger and Wagner (1977) and Vedder et al.

al. (1986). Bathymetric data from the Malibu
shelf revea the presence of a 10-m-high,
south-facing scarp at 30—40 m depth 5 km
south of the coast (Fig. 3). The submarine
scarp, which trends slightly more northeast-
ward than the Vedder et al. (1986) scarps, can-
not be traced eastward into shallower water
depths of the Santa Monica shelf, whereit pre-
sumably has been obliterated by storm waves.
The scarp may be the seafloor scarp of the
Santa Monica fault. Alternatively, it may be a
submerged sea cliff associated with an ancient
sea-level highstand.

Junger and Wagner (1977) depicted the
fault zone connecting with the onshore Santa
Monica fault at Potrero Canyon. In contrast,
Vedder et a. (1986) portrayed their southern
Santa Monica fault strand extending onshore
2 km south of the Potrero Canyon landfall.
Their data coverage, however, does not extend
to within 5 km of either the eastern (Point
Dume) or western (Potrero Canyon) landfalls
of the fault, and thus their nearshore fault lo-
cations are best viewed as speculative extrap-
olations of their locations farther offshore.
Their midlocation of the landfal in Santa
Monica was probably based on connecting
their well-determined offshore fault locations
south of Malibu with the landfall of the Santa
Monica fault shown on older maps, which
were based on projecting the inactive southern
strand of the fault to the surface.

Vedder et al. (1986) drew the Santa Monica
fault extending onshore north of Point Dume,
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presumably as the Paradise Cove fault (Fig.
4). Dibblee (1993), however, showed that this
fault does not cut older aluvium. This obser-
vation suggests that the Paradise Cove fault is
probably not the western continuation of the
Santa Monica fault, which cuts strata of this
age farther to the east. However, a major,
steeply dipping fault exposed at the southern
tip of Point Dume may represent a western
strand of the Santa Monica fault (dashed line
in Fig. 4). The Santa Monica fault is difficult
to trace west of Point Dume. Vedder et al.
(1986) mapped two isolated offshore faults
that cut Pleistocene strata approximately along
trend with the Santa Monica fault west of
Point Dume (Fig. 4). They did not report any
through-going faults in this area, however, and
the Santa Monica fault may terminate near
Point Dume.

PALEOSEISMOLOGY OF THE SANTA
MONICA FAULT

Previous Investigations

Prior to this study the current state of activ-
ity of the Santa Monica fault was unknown;
displacement of alluvia deposits younger than
oxygen isotope stage 5e (ca. 120 ka) at Potre-
ro Canyon provided the only information on
the age of most recent fault motion (Johnson,
1932; Hill, 1979; McGill, 1989). In the ab-
sence of evidence for Holocene activity, the
fault is not zoned as active by the State of

(1986).

Cadlifornia, although the City of Santa Monica
requires detailed fault studies within defined
seismic risk zones.

The eastern en echelon segment of the cen-
tral Santa Monica fault zone was excavated at
two sites during the early 1980s (Crook et al.,
1983; Crook and Proctor, 1992). Although
these studies revealed some near-surface fault-
ing, the results concerning Holocene activity
were inconclusive, largely because of the scar-
city of datable materia in the trenches. As a
consequence, the common public perception
has been that the fault is inactive. Because of
this perception and the lack of fault zonation,
new building in some jurisdictions continues
directly atop the most recent surface trace of
the fault zone.

One strand of the Santa Monica fault was
exposed in a building excavation at the south-
west corner of Wilshire Boulevard and Bundy
Drive in west Los Angeles (Fig. 2) (G.A.
Brown, 1993, personal commun.). By thetime
this fault was discovered at 6 m depth, how-
ever, the shalower parts of the excavation
were aready cemented over, and no useful pa-
leoseismologic data were recovered. Ground-
water was encountered at this site at a depth
of 21 m; a second excavation at the northwest
corner of the intersection encountered ground-
water at a depth of only 5 m (G.A. Brown,
1993, personal commun.), indicating that the
fault there acts as an effective groundwater
barrier.
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Figure 5. Detailed map of Veteran’s Administration trench site in west L os Angeles show-
ing major geomor phic features and locations of trenches T-1 and T-2. Location is shown
in Figure 2. Numbered lines crossing trenches show locations and strikes of thefour lar gest
faults. Locations of creek and scarps adjacent to trench site are from 1927 Fairchild air
photo; artificial fill emplaced during construction of Red Cross building has largely oblit-
erated the creek and fill has been added to the upper part of the scarp south of Red Cross
building to create a building pad. CPL-2 and CPL-3 denote locations of earlier paleoseis-
mologic trenches excavated by Crook et al. (1983; Crook and Proctor, 1992); short lines
show strikes of steeply dipping faults exposed in those trenches.

This Study

We excavated two trenches (T-1 and T-2)
across the well-defined scarp at a site near the
southwestern corner of the Veteran's Admin-
istration Hospital Grounds in west Los An-
geles (Fig. 5). The siteislocated at the eastern
end of the eastern en echelon segment, along
the western edge of the Sepulveda aluvial fan
~250 m west of Interstate 405 and ~75 m
east of the eastern trench site S-2 of Crook et
al. (1983; Crook and Proctor, 1992). The scarp
is truncated by recent fluvial erosion and al-
luvial fan deposition 25 m east of the trench
site. At the trench site the scarp is 5 m high
and has a south-facing surface slope of 5°-6°.
The base of the scarp is marked by a sharp
inflection point with the young, gently dipping
(1°=2°SW) sediments of the distal Sepulveda
fan. The top of the scarp is aso defined by a
sharp inflection point between the scarp slope
and the gentle southward slope of the dissect-
ed aluvia surface to the north. Human chang-
es to the topography of most of the site have
been minimal, athough a N15°E-trending
stream channel located ~50 m west of our
trenches has been partialy infilled to create a
parking lot, and fill has been added to the up-
per part of the scarp to the west of the stream
channel to create a building pad.

Trench T-1 extended 112 m across the en-
tire topographic fault scarp (Fig. 6). The
southern edge of the trench was located 20 m
south of the base of the topographic scarp in
late Holocene Sepulveda fan alluvium. The
continuity of the trench is interrupted between
16.5 and 18.5 m north of its southern end and

Figure 6. Logs of trenches T-1 and T-2. Note south-dipping sequence onlapped by late Holocene Sepulveda fan strata near south ends
of trenches and major disruption of prominent gravel bed by faults 2 and 3. Pre-erosion surface is based on extrapolation of paleosol

4 surface to ground surface southward from 100 m north. No vertical exaggeration.
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Figure 7. Detail of southern part of trench T-1 log showing south-dipping package Il strata onlapped by flat-lying, late Holocene
Sepulveda fan strata of package |. Soil horizons within paleosols 2 and 3 are denoted by, e.g., 2A, 3Bt, 3BC1. See text for discussion.
The A horizons of buried paleosols 2 and 3 are highlighted in black. Circled letters show locations of structural and/or stratigraphic
features used to interpret paleosurface ruptures. Gray boxes show locations of bulk-soil samples from soil profiles 1 and 2 (SP1 and
SP2). Remainders of soil profiles are not shown for clarity. Plus symbols denote top of a granule-pebble gravel layer displaced by

postulated fault 4. No vertical exaggeration.

below 1 m depth by an east-west electrica
conduit. All measurements herein refer to dis-
tance north of the southern edge of trench T-
1 in meters (e.g., electrical conduit occurs at
16.5-18.5 m north). Trench T-2 was a short
(11 m) trench excavated parallel to and 5 m
west of T-1 at the extrapolated location of a
major fault (Fig. 5). Unless otherwise noted
the following descriptions refer to trench T-1.
After scraping the trench walls smooth, we
surveyed the three-dimensional location of
severa thousand selected data points. Using
these points as a reference grid, we mapped
the trenches at a scale of 1:20.

Stratigraphic, Soil, and Age Data

Trench T-1 exposed generally south-dipping
aluvial strata that have been locally complex-
ly deformed by folding and faulting (Fig. 6).
In order to interpret the pal eo-earthquakes that
caused this deformation, we must first consid-
er in detail the stratigraphic and age relation-
ships of the deposits exposed in the trenches.
We have divided T-1 into four distinct pack-
ages, based on internaly consistent stratigra-
phy, structures, and soil development. These
four packages are, from south to north: (1)
flat-lying Sepulveda fan strata; (2) south-tilted
aluvia strata that are onlapped by the flat-
lying strata; (3) a zone of structural complex-
ity between 22 and 34.5 m north; and (4) the
northernmost 75 m of the trench, which ex-
hibits a very broad, gentle anticlinal warp.
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Package |

The flat-lying dluvia strata of unit 1 con-
sist of well-bedded, friable gravel, sand, and
silt (Fig. 7). Although some beds are locally
channeled and discontinuous, many beds are
traceable continuously from the southern edge
of the trench to the point at which they onlap
the south-dipping strata of package Il. There
is virtualy no soil development within pack-
age |, and the surface soil exhibits only a 15-
cm-thick A horizon. The lack of pedogenesis
is consistent with our interpretation that these
sediments are rapidly deposited Sepulveda al-
luvial fan strata.

Package | Age Control. Accelerator mass
spectrometer (AMS) radiocarbon age analyses
of nine samples of detrital charcoal from pack-
age | yielded late Holocene ages, from A.D.
891 129/ ., to A.D. 1651 +3%%/_ o, (Table 1). In
general, age dates decrease progressively up-
section; the exception was a sample that yield-
ed an age of A.D. 1408 *%/_,, (7 m north,
1.35 m depth) from a deposit that also con-
tained the sample with an age of A.D. 1651
+303/ o, (8 m north, 1.4 m depth). Three sam-
ples collected from a clayey silt layer at 2.6
m depth at the south end of the trench yielded
nearly identical dates of A.D. 1300 *+%¥/ .,
A.D. 1289 12/ ,. and A.D. 1287 *1%/_,. from
different labs (unless otherwise noted al *#C
samples were dated using the AMS technique
at either the Lawrence Livermore Laboratory
or ETH in Zurich; corrected, calendar ages are

quoted with 2 o errors [95% confidence lim-
its]; Table 1).

Package 11

Package Il consists of gently south-dipping
(~15°S) silt, sand, and gravel beds similar to
the flat-lying aluvia fan strata of package |
(Fig. 6). The top of the dipping sequence pro-
jects northward to match the surface slope of
the scarp north of ~30 m north. Package Il
encompasses two buried soils, paleosol 2
(younger) and paeosol 3 (older) (Appendix
Table A1). Due to the onlapping nature of the
flat-lying strata, the burial age of paleosol 2
decreases northward; north of ~28 m north
paleosol 2 merges with the active surface soil
(soil 1), which is discussed below as part of
package 1V. In generd, the tilted strata are
markedly continuous laterally. The tops and
bases of two gravel channels exposed within
the dipping sequence are elongate parallel to
the dip direction. This relationship is best il-
lustrated by a 5-15-cm-thick, granule to small
pebble gravel bed exposed from 9.2 t0 11.3 m
north at 2.6 m depth. These observations in-
dicate that the south-dipping strata were orig-
inally deposited horizontally and have subse-
quently been tilted.

Three beds within package Il provide im-
portant limits on paleo-earthquake timing, and
we discuss them in detail here. The argillic
horizon of paleosol 2, which is lithologically
controlled over most of its length (21.5-5.5 m
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TABLE 1. RADIOCARBON SAMPLES AND AGES

Sample Beta lab Reactor lab 1C age Corrected *C age Calendric age
number number number (yr B.P. * 10) (yr B.P. * 10) (20)
TKR C-1 Beta-57044 CAMS-4304 1070 = 70 A.D. 989 +167/-170 (A.D. 819-1156)
SMF T1-1 Beta-57045 CAMS-4305 1150 = 70 A.D. 891 +129/-182 (A.D. 709-1020)
SMF T1-3 Beta-57052 ETH-9807 655 + 55 A.D. 1289 +112/-29 (A.D. 1260-1401)
SMF T1-4 Beta-57046 CAMS-4306 670 = 50 A.D. 1300 +103/-25 (A.D. 1275-1403)
SMF T1-9 Beta-57053 ETH-9808 660 *= 50 A.D. 1287 +100/-18 (A.D. 1269-1387)
SMF T1-24 Beta-57054 ETH-9809 320 *= 55 A.D. 1523 +35/-73 (A.D. 1450-1558)
SMF T1-25 Beta-57047 CAMS-4307 320 = 70 A.D. 1530 +148/-90
A.D. 1537 +141/-97 (A.D. 1440-1678)
A.D. 1635 +43/-195
SMF T1-28 Beta-57055 ETH-9810 535 * 50 A.D. 1408 +37/-112 (A.D. 1296-1445)
SMF T1-29 Beta-57048 CAMS-4308 270 = 70 A.D. 1651 +303/-192 (A.D. 1459-1954)
SMF T1 2A Beta-63639 CAMS-7654 2290 = 70 381 B.C. +101/-201 (582-280 B.C.)
(bulk MRT)
SMF T1 3A Beta-63640 CAMS-7655 14 820 * 100 15774 B.C. +277/-275 (15 497-16 049 B.C.)
(bulk soil)
SMF T-1.3 Beta-69087 CAMS-10737 10 700 + 60 10690 * 60 10 672 B.C. +158/-182 (10 514-10 854 B.C.)
(bulk soil)
SMF T2-3 Beta-57056 ETH-9811 440 = 50 A.D. 1442 +80/-41 (A.D. 1367-1522)
SMF T1-3 and T1-9 averaged values: A.D. 1288 +106/-117 (A.D. 1171-1394)
SMF T2-15 Beta-57050 CAMS-4309 220 = 70 A.D. 1666 +289*/-155 (A.D. 1511-1955)

Notes: Calendar ages calculated using CALIB 3.0 (Stuiver and Reimer, 1993; method A unless otherwise noted). Calendric ages for T1-3, T1-9, T1-24, T1-25, T1-

28, and T2-3 are weighted ages for multiple intercepts using method B. CAMS—Lawrence Livermore National Laboratory; ETH—Eidgenossische Technisch

north), has developed through a 25-50-cm-
thick bed (units 2Bt1 and 2Bt2 in Fig. 5) that
exhibits marked lateral changes in grain size,
despite on an overall laterally constant thick-
ness. The northern third of this deposit (15—
21.5 m north) consists of poorly sorted, gran-
ule to large pebble gravel composed of ~50%
clasts and ~50% sandy, clayey silt matrix. Al-
most all of the clasts consist of Santa Monica
Slate, which is exposed in the Santa Monica
Mountains 4 km north of the trench site (Dib-
blee, 1991). At 15 m north, the percentage of
gravel-sized clasts decreases abruptly to =5%
across a gradational, but relatively sharp, near-
horizontal contact. To the south of 15 m north,
the deposit consists of sandy, clayey silt, with
variable, but minor (typically ~3%—5%),
amounts of granules and small pebbles. The
southern part of the deposit is lithologically
indistinguishable from the matrix of the north-
ern part of the bed. Thus, the coarse-grained
northern third of the bed forms a wedge-
shaped gravel lens (2Btl in Fig. 7). At its
northern end the gravel merges across a poorly
defined contact with a lithologically identical,
north-dipping gravel deposit (package Il1, dis-
cussed in the following).

The bed below the gravel wedge aso de-
fines a southward-thinning wedge, although
the lower bed is composed of sandy silt. The
northern end of this deposit encompasses unit
2BC1 as well as the lowest part of the argillic
horizon (unit 2Bt3) between 18.5 and 23.5 m
north. The northern 3 m of the bed (19.5-22.5
m north) is 110—120 cm thick. At ~14 m
north the bed thins southward to <25 cm
thickness (Fig. 7). The southern part of this
bed is separated from the underlying, litholog-
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ically similar silt bed by the severa thin grav-
el beds, including the 5-15-cm-thick gravel
bed exposed from 9.2 to 11.3 m north at 2.6
m depth. The northern edge of the 2BC1-2Bt3
silt wedge is a steeply north dipping fault con-
tact (described in the following) that juxta-
poses the silt with an interlayered sequence of
north-dipping silt and granule-gravel beds. We
discuss the paleoseismologic significance of
the two wedge-shaped package Il deposits in
the following.

The third important bed in package Il is the
silt bed that represents the A horizon of pa-
leosol 2 (2A in Fig. 7). Stratigraphic relations
near the south end of the trench reveal a com-
plex depositiona history for this bed. The
southern 25 m of unit 2A, which dips parallel
to and caps the tilted sequence, maintains a
constant 15—25 cm thickness, with the excep-
tion of possible structural complexities where
it is obscured by the electrical conduit (dis-
cussed in the following). South of 7 m north,
however, the top of unit 2A diverges from the
base of the unit, and becomes parallel to and
interfingers with the flat-lying, package | Se-
pulveda fan beds near the south end of the
trench (Fig. 7). In the southernmost several
meters of the trench, unit 2A has an erosional
basal contact, with a well-developed pebble-
cobble lag between 1.5 and 5.5 m north. Un-
derlying units 2Bt2 and 2BC1 are cut out
south of 5.5 m north. The base of unit 2A here
thus represents the base of a channel eroded
into units 2Bt2 and 2BC1. As with several of
the channels exposed in package I, the trend
of this channel is approximately parallel to the
scarp (i.e., perpendicular to the trench).

We interpret the depositional history of unit

2A as follows: (1) horizontal deposition of
most of the unit as a sheet-like deposit of rel-
atively constant thickness; (2) tilting of the en-
tire package containing unit 2A and underly-
ing units; (3) downslope transport of sediment
eroded off tilted unit 2A; and (4) accumula-
tion of eroded material at the base of the
scarp, where it interfingered with contempo-
raneously deposited Sepulveda fan strata of
package | as part of a base-of-slope wedge that
onlapped older unit 2A deposits upsiope.
Hereafter, we refer to this flat-lying, southern
part of unit 2A as unit 2A-south.

Package Il Age Control. AMS *#C dates on
two detrital charcoal samples from the south-
ern part of the trench, one from the base of
the south end of the trench, and one from just
above the top of the flat-lying part of unit 2A
at 6 m north, yield indistinguishable dates of
A.D. 891 “*/ ., and A.D. 989 *1/ ., re-
spectively (Table 1). AMS dating of a bulk
soil sample from the A horizon of paleosol 2
from the southern part of the tilted A horizon
at 7.5 m north, 2.8 m depth (i.e., north of the
post-tilting, base-of-slope wedge 2A-south)
yielded a bulk-soil date of 381 +*%/_,,, B.C.
(Table 1). This sample is from the same lo-
cation as our detailed soil profile of paleosol
Il, labeled as SP (soil profile) 1 in Figure 6
(soil data are described in Table Al). The
bulk-soil AMS date represents the average age
of disseminated organic carbon within the A
horizon. A similar bulk soil sample collected
at 7.5 m north, 3.1 m depth from the tilted A
horizon of paleosol 3 (SP2) yielded a date of
15774 27, B.C.

The bulk-soil ages of the package Il paleo-
sols provide important limits on the ages of
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severa paleo-earthquakes (discussed in the
following), and we therefore examine the age
estimates in detail. A bulk-soil age, when
combined with an independent measurement
of the mean residence time (MRT) of the or-
ganic matter in the paleosol, provides the buri-
al age of the paleosol. Fortunately, the burial
age for paleosol 2 can be estimated using the
detrital charcoal ages from onlapping package
I. As with al detrital charcoa samples, how-
ever, we must consider the possibility that the
samples are reworked from older deposits.

If the package | detrital charcoa had anear-
zero depositional age (i.e., it was burned in a
brush fire and deposited within package | soon
afterward), then the MRT of organic matter
within paleosol 2 is ~1.3 k.y. (381 +1%/ .,
B.C. bulk-soil date minus ~1 ka age of the
base of package I). Alternatively, if the pack-
age | detrital charcoa were aready ~1 k.y.
old at deposition and were deposited very re-
cently, then the MRT for paleosol 2 may be
as great as ~2.3 k.y. The upward-younging of
the detrital charcoal ages from package | sug-
gests that the second possibility is highly
unlikely.

Although the general upward age progres-
sion of the package | detrital charcoa ages
suggests that package | was deposited incre-
mentally, incorporating charcoal that was rel-
atively young at deposition, the presence of
the A.D. 989 +17/ ., sample from the same
horizon that yielded three, near-identical
~650 yr old ages suggests at least limited re-
working within the section. The A.D. 989 167/
_170 Sample was recovered from 2 cm above
the contact between the flat-lying, southern
extension of unit 2A and the overlying bed,
which contains the ~650 yr old detrital char-
coal samples. Although the contact between
these two units is sharp, it is localy biotur-
bated. This suggests that the A.D. 989 67/ .,
sample could have been moved upward from
the upper part of the flat-lying part of unit 2A.
The likelihood of reworking, combined with
the indistinguishable A.D. 891 “*9/ ., AMS
date of the sample from the base of this part
of unit 2A, suggests that the flat-lying part of
unit 2A was probably deposited ~1 k.y. ago.
Alternatively, the ~1 k.y. old age dates might
come from reworked charcoa that was rede-
posited ~650 yr ago, indicating that paleosol
2 could have been buried as recently as ca
650 yr B.P. This would yield an MRT for pa-
leosol 2 of ~1.7 k.y. In summary, the prob-
able MRT for paleosol 2 is ~1.3-1.7 k.y., a-
though we favor the shorter time span.

The ca. 650—1000 yr B.P. buria age for pa-
leosol 2 applies only to the site near the south
end of the dipping part of unit 2A where we
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collected the paleosol 2 bulk-soil sample.
Diachronous, northward-younging onlap of
package Il by the flat-lying package | strata
indicates that the burial age of paleosol 2 de-
creases from south to north. The detrital char-
coal AMS ages from package | show that the
northernmost part of paleosol 2 at ~25 m
north was buried no more than a few hundred
years ago.

If we assume that when it was buried the
organic matter in paleosol 3 had an MRT sim-
ilar to the ~1-2 k.y. MRT of paleosol 2, then
the ca. 17.7 ka age of the paleosol 3 bulk-soil
sample suggests burial of paleosol 3 ca 16—
17 ka. Coupled with the ~1 ka buria age for
soil 2, these age relations indicate that paleo-
sol 2 required ~15-16 k.y. to develop. This
estimate compares favorably with our ca. 15—
19 ka soil age estimates for paleosol 2 based
on the degree of soil development (soil-de-
velopment index [SDI] and maximum horizon
index [MHI] values) (Table Al; Figures Al
and A2). The degree of soil development (SDI
and MHI values) for paleosol 3 suggests that
it required ~19-22 k.y. to develop (Table
Al).

Package 111

Package |1l encompasses a zone of strati-
graphic and structural complexity between 22
and 34.5 m north (Fig. 6). The southern part
of package Il1, between 22 and 30 m north, is
dominated by a north-dipping, tabular gravel
bed. The gravel is 1.8-2.5 m thick and has
relatively planar upper and lower contacts that
dip 25°-35°N (Fig. 7). The bed, which con-
sists of clast-supported, granule to large peb-
ble gravel consisting amost exclusively of
Santa Monica Slate clasts, is lithologically in-
distinguishable from the unit 2Bt1 gravel
wedge in package Il. Sandstone and granule
to small pebble stringers within the otherwise
massive gravel bed, together with a basal
granule lag, are individualy traceable for as
much as 3.5 m. The stringers are oriented sub-
paralel to the base and top of the gravel bed
and do not significantly change thickness lat-
erally, indicating that the gravel was deposited
near horizontally and was subsequently tilted.
The northern end of package Il is a partialy
faulted contact with another thick gravel bed.
These relationships are described as part of
package V. The remainder of packagelll con-
sists of a thick deposit of massive, clayey silt
that is exposed between, and above, the two
disconnected gravel bodies between 25 and 43
m north. Although we observed hints of a
weakly developed pedogenic stratigraphy
within the otherwise massive clayey silt, it

was too ill defined to map in detail, and is not
shown in Figure 6.

Package 111 Age Control. The southern
part of package Il represents a zone of tran-
sition between the south-dipping paleosols of
package Il, and a thick, well-developed sur-
face soil that extends to the northern end of
the trench. Although this surface soil is de-
veloped within most of package 11, our de-
tailed soil analyses were conducted on sam-
ples from structuraly simpler locations in
package 1V. Therefore we describe this soil,
and its implications for package Ill age con-
trol, as part of package IV.

The relationship between the package I pa-
leosols and the tilted gravel, however, are best
described here. The silt bed within which the
paleosol 2 A horizon was developed extends
northward across the north-dipping package
Il gravel bed at least as far north as 24.5 m
north (Fig. 7). North of that point the silt bed
becomes indistinguishable as it merges with
lithologically similar deposits of the active
surface soil. The silt bed truncates both the top
and base of the north-tilted gravel bed, as well
as all bedding within the gravel, along a sharp,
erosional angular unconformity. Thus, silt de-
position postdates tilting of the gravel. In ad-
dition, the argillic horizon of paeosol 2 ex-
tends across the north-dipping gravel bed
without a significant change in either thick-
ness or degree of development from that in
package I1; well-developed clay films extend
down through the north-tilted gravel to a
depth of 1.5 m at least as far north as 28.5 m
north. These pedogenic data indicate that tilt-
ing of the gravel was completed during the
early stages of paleosol 2 development, prob-
ably well before ca. 10 ka.

Package 1V

Package IV contains two main stratigraphic
sequences. The lower consists of a sequence
of well-bedded silt, sand, and gravel, whereas
the upper is dominated by a series of bedded
to massive gravel bodies that are localy in-
terbedded with massive silt deposits (Fig. 6).
The southern end of package IV is marked by
a 2-m-thick gravel bed. This gravel is litho-
logically indistinguishable from the north-tilt-
ed bed exposed at the southern edge of pack-
age |11, and it is probably the faulted northern
extension of the same bed. The southern pack-
age |V gravel bed dips gently southward and
is overlain by the northern part of the massive
clayey silt deposit described in package I11.

The lower, well-bedded part of package IV
defines a very gentle anticlinal warp; stratain
the southern part of the package dip gently
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Figure 8. Detail of central part of trench T-1 showing deformation associated with faults
1 and 2. Circled letters show locations of structural and/or stratigraphic features used to
interpret paleo-surface ruptures. No vertical exaggeration.

southward, strata from 65 to 85 m north dip
near horizontally, and strata in the northern
part of the package dip very gently northward
(=1°). The change from horizontal to a gentle
northward tilt broadly corresponds to the to-
pographic inflection point at the top of the
scarp, which is at ~100 m north (Fig. 6). The
top of the well-bedded unit diverges from the
surface slope north of ~60 m north, however,
suggesting erosion of as much as 2 m of ma-
terial from the northernmost several tens of
meters of the scarp.

Package 1V Age Control. North of ~25 m
north the surface soil (soil 1) is much better
developed than it is to the south, where paleo-
sol 2 isburied, and the very weakly developed
active surface soil records no more than afew
hundred years of development. We conducted
two analyses of soil 1. one at 97.5 m north
(SP4A) in a relatively fine-grained section,
and one at 79.7 m north (SP4B) in a coarser
grained section. The SP4A site yielded a soil
age estimate of ca. 48 ka, whereas the SP4B
site yielded an estimate of ca. 16 ka; both of
these estimates have very large error bars due
to the scarcity of well-dated, coastal soils
available for comparison (Table Al). Because
the only well-dated comparison soils are fine
grained, we have a much higher level of con-
fidence in the age estimate from the SP4A
site. Furthermore, convergence of the top of
well-bedded sequence at the base of package
IV with the present ground surface south of
100 m north suggests that ~1 m of material
has been eroded from the site of the SP4B
profile, whereas the SP4A site appears to be
uneroded (Fig. 6). The generally well-devel-
oped nature of the surface soil (well-devel-
oped clay films extending throughout a sev-
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eral-meter-thick argillic horizon) supports the
longer period of development recorded at site
SPAA. Thus, soil 1 development north of 25
m north probably encompasses the entire time
span recorded by the very weakly developed
package | surface soil, paleosol 2, and prob-
ably most, and possibly even all, of paleosol
3 south of this point.

This observation conflicts with a 10672
+1%8/ o, B.C. bulk-soil date collected at 63 m
north from the A horizon of a very weskly
developed paleosol (buried A horizon only;
paeosol 4 in Fig. 6) that extends from 35 to
100 m north at ~2.5—4.2 m depth (Table 1).
We suggest that this apparent contradiction is
explained by evidence for illuviated clay as-
sociated with soil 1 development extending
down through the paleosol 4 A horizon. We
postulate that young organic matter has also
been added to the paleosol 4 profile since it
was buried, yielding an anomalously young
MRT age.

In summary, the paleosol 3 surface in the
southern part of the trench and the present
ground surface in the northern part of the
trench may be segments of a once-continuous
paleofan surface that has been displaced by
surface faulting. Alternatively, the combined
ages of paleosol 2 (ca. 15-19 ka) and pal eosol
3 (ca. 19-22 ka) may record atime span short-
er than soil 1 development, in which case the
paleofan surface correlative with the present
ground surface in the northern part of the
trench may be beneath paleosol 3 in the south-
ern part of the trench.

The long time interval represented by soil
1 development north of 25 m north (at least
severa tens of thousands of years) has impor-
tant implications for our age estimates of

some pal eo-earthquakes (discussed in the fol-
lowing). For example, on first examination,
the massive silt deposit exposed above the
north-tilted package 11 gravel bed would ap-
pear to have been deposited against the tilted
gravel, and therefore after buria of paleosol
3, which does not extend across the tilted
gravel. The long duration of soil 1 develop-
ment we propose precludes this interpretation,
and requires that structures developed in pack-
ages |1l and IV be much older than structures
that extend up to similar depths in package I1.

Evidence for Faulting

Trench T-1 reveals abundant evidence for
faulting. In addition to the structural complex-
ities of package Ill and the southward tilting
of package I1, the trench is cut by ~100 steep-
ly dipping faults and fractures (Fig. 6). Al-
though isolated faults and fractures are present
as far north as 85 m north, they are much
more abundant between 7 and 68 m north.
Most of the faults and fractures dip steeply
(65°-90°) northward, although a few dip
steeply southward; dips =80° predominate.
Fault strikes range from northwest to north-
east; most faults strike east-northeast. None of
the faults cuts the onlapping, flat-lying late
Holocene deposits, and in the southern part of
the trenches many of the cracks terminate near
the base of the paleosol 2 argillic horizon.

Stratigraphic evidence for strike-slip motion
is common on many faults. Specificaly,
abrupt changes in bed thickness across faults
and lateral terminations of beds at faults re-
quire strike-slip juxtaposition of beds that
vary laterally in thickness (e.g., lenticular
channels). Furthermore, some faults, particu-
larly those in well-bedded parts of the trench,
exhibit opposite senses of vertical separations
of beds at different stratigraphic levels (e.g.,
beds cut by fault at 40.5 m north in Fig. 8).
We interpret the opposite senses of vertical
separation of these beds, as well as the overall
very steep fault dips and nonsystematic vari-
ations in the amount of displacement up the
trace of some faults, as evidence for predom-
inantly strike-dlip displacement, with subor-
dinate, and locally variable, vertica compo-
nents of motion.

The faults and fractures, which were partic-
ularly well expressed in the fine-grained parts
of the trenches, became more apparent after
severa days exposure because the sediment
adjacent to the faults and fractures dried out
more quickly than the unfractured surrounding
sediment. In the fine-grained deposits, most of
the faults aso exhibited a halo of gray, re-
duced-iron staining within the surrounding
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predominantly yellow-brown to brown, oxi-
dized deposits. Some faults were also defined
by stringers of exotic material, typicaly only
afew millimeters thick, derived from adjacent
beds. We could not confidently ascribe any of
these examples to filling of open surficial frac-
tures. In most cases it was impossible to trace
faults from fine-grained beds into gravel lay-
ers, even in well-bedded intervals where fault
separations were well defined stratigraphically
above and below the gravel bed. In afew cas-
es, however, faults could be traced through
gravel beds by following planar alignments of
pebbles along the fault trace. Only a few of
the largest faults have gouge zones.

In addition to the numerous faults, we ob-
served many steeply dipping fractures that
lack any apparent displacement. These fea-
tures, which are particularly abundant in the
south-dipping strata exposed between 7 and
17 mnorth, are typically irregular in cross sec-
tion and are generaly bounded by brecciated
zones 1—25 mm thick. The fractures lack ev-
idence of shearing, and most do not displace
stratigraphic markers. They do not exhibit
preferential development within more clay-
rich horizons, indicating that they are not clay
shrinkage cracks. On the basis of the absence
of shearing and significant stratigraphic dis-
placements on the many fractures observed in
the trenches, we interpret these features as
cracks associated with seismic shaking and/or
bending deformation associated with folding
events.

Structural and stratigraphic observationsin-
dicate that at least three, and probably four
main fault zones are exposed in the trench.
From north to south, these are faults 1 through
4 (Fig. 6).

Fault 1

Fault 1 encompasses a 3-m-wide zone of
more than 12, closely spaced faults between
42.2 and 45.5 m north (Fig. 8). All of these
faults dip steeply south and have normal,
south-side-down separations that range from a
few millimeters to 25 cm. Most faults have 3—
15 cm of dip separation. Cumulative south-
side-down separation is ~70 cm. Many
strands also show evidence for strike-slip off-
set in the form of truncated beds and mis-
matches in bed thickness across individual
fault strands (e.g., fault at 42.5 m north, 4.2
m depth). These observations require a com-
ponent of strike-slip motion, and indicate
oblique-normal displacement across fault 1.
All of the fault 1 strands terminate at the same
stratigraphic level within a 60—100-cm-thick
massive silt bed at 1.5-2.5 m depth.

Geological Society of America Bulletin, October 2000

Fault 2

At 345 m north the near-vertical main
strand of fault 2 juxtaposes the 2-m-thick
gravel bed at the south end of package IV with
the massive clayey silt deposit of package I11
(Fig. 8). Totd north-side-up vertical separa-
tion of the gravel bed across this strand is
=1.9 m. The bounding fault cannot be traced
upward into the massive clayey silt. Possible
buried ground surfaces within the clayey silt
suggest a complex depositional history, an in-
ference supported by a small, granule-rich
sand deposit at 3.7 m depth along the south-
ern, fault-bounded edge of the gravel (thin
black triangular-shaped bed extending south-
ward from main package Il gravel bed into
the massive clayey silt in Fig. 8). The sand
layer appears to have been displaced ~10-15
cm down to the south from a similar wedge-
shaped bed that extends 35 cm northward into
the gravel bed. Alternatively, the sand wedge
within the silt deposit may have been dis-
placed ~35 cm down to the south from a silty
sand bed near the top of the main gravel bed.
Between 37.5 and 43 m north the top of the
gravel is nearly horizontal; to the south, the
top of the gravel and the parallel sandy silt
bed gradually roll over into a40°S dip toward
fault 2, suggesting that the southern part of the
gravel has been drag folded down to the south.

A few tens of centimeters north of the main
strand of fault 2, a second mgjor strand ex-
tends entirely through the gravel (Fig. 8). This
steeply south dipping fault is defined within
the gravel by a 3-8-cm-wide, planar zone of
aligned pebbles. At the top of the gravel bed
at 36.3 m north, the northern strand of fault 2
truncates the 5-cm-thick sandy silt bed at the
top of the gravel and displaces the contact be-
tween the gravel and the overlying massive
silt ~10 cm down to the south. We could not
trace the fault upward into the silt.

Fault 3

Fault 3 encompasses a zone of steep, north-
dipping faults between 22 and 24 m north.
Collectively these faults appear to be associ-
ated with tilting of the thick gravel bed ex-
posed from 22 to 30 m north. At the base of
the trench, fault 3 exhibits a single predomi-
nant gouge zone 3-10 cm wide with several
thinner splays subparallel to the main strand
in an anastomosing zone ~5-20 cm wide. The
fault 3 gouge zone is much thicker and better
developed than that of any other fault in the
trench. In the trench floor the main fault strand
is oriented N76E, 74N. The anastomosing
fault zone widens upward, reaching >120 cm

width at 3.2 m depth. At this depth individual
fault strands range in orientation from N75E,
40N to N84W, 88S.

Trench T-2 reveals that fault 3 splays west-
ward into three different strands; a north-dip-
ping southern strand, a near-vertical central
strand, and a steep, south-dipping northern
strand (Fig. 6). The two northern strands ex-
hibit south-side-up separation, whereas the
southern strand exhibits north-side-up separa-
tion. Taken together, the fault 3 strands in
trench T-2 define a crude, positive flower
structure.

In trench T-1 the wide fault zone and the
friable deposits within it have been extensive-
ly burrowed by gophers and ground squirrels,
resulting in a nearly massive deposit above 3.2
m depth, through which the fault cannot be
traced on the basis of textural evidence. How-
ever, a very sharp, steeply dipping color con-
trast within the silt unit below the tabular
gravel body projects updip from 2.4 m depth
at 23 m north to 1.8 m depth at 22 m north.
We interpret this planar feature as the updip
continuation of the main fault plane. We could
not trace the fault up into the argillic horizon
of paleosol 2.

The south-dipping gravel wedge (unit 2Bt1)
that forms the northern third of the paleosol 2
argillic horizon exhibits an abrupt, 40° angular
discordance within <1 m lateral distance with
the lithologically identical, north-dipping
gravel bed at 21.5 m north (Fig. 7). This geo-
metric relationship cannot be depositional, and
we interpret the south-dipping gravel unit as
a colluvial wedge composed of material that
was eroded from the north-dipping gravel bed
and transported downslope. If thisinferenceis
correct, then fault 3 must project through the
lower part of paleosol 2 at about 21.5 m north,
directly updip from the sharp color contrast at
1.8-2.4 m depth. Although in this interpreta-
tion the most recent surface rupture along
fault 3 extended upward aong the southern
edge of the north-tilted gravel bed to <1 m
depth, the shallowest part of the fault between
~1 and 1.4 m depth would have been oblit-
erated during the postevent scarp collapse that
resulted in deposition of the 2Bt1 colluvial
wedge.

The silt bed that underlies the gravel col-
luvial wedge (2BC1 and 2Bt3 in Fig. 7) aso
exhibits a southward-thinning, wedge-shaped
geometry. On the basis of this geometric sim-
ilarity to the 2Bt1 wedge, and the northern,
faulted termination of the 2BC1 deposit, we
interpret the silt bed as a colluvial wedge that
was deposited during erosion of the silt and
granule beds now exposed north of fault 3 and
beneath the north-tilted gravel bed from 23.5
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to 25.2 m north. The absence within the silt
wedge of common Santa Monica Slate clasts
greater than granule size indicates that the
north-dipping gravel bed was not exposed at
the surface at the site of the trench until after
the silt wedge was deposited.

Fault 4

Major stratigraphic differences across the
unexposed, 1.5-2-m-wide electrical conduit
zone at 16.5-18.5 m north reveal the presence
of a probable fault (fault 4) (Fig. 7). Vertica
separation across the electrical conduit zone
(i.e., postulated location of fault 4) is consis-
tently north side up, but the amount of sepa-
ration varies widely, even between the tops
and bases of individual beds. For example, the
maximum vertical separation of 115 cm oc-
curs on the top of a gravel bed exposed from
3 to 4 m depth (plus symbols in Fig. 7). In
contrast, the separation across the base of the
bed is only about 30 cm. This difference is
partly a function of the different thicknesses
of the bed on either side of the fault, 110 cm
to the north versus only 35 cm to the south.
Although severa beds (e.g., 3A in Fig. 7) ex-
hibit no apparent vertical separation, contacts
above and below are vertically separated more
than would be expected based solely on their
dips projected across the unexposed interval.

Although it is possible that the unexposed
interval does not conced a fault, in this case
the stratigraphic differences acrosstheinterval
would have to reflect strata with exceptionally
variable thicknesses across the unexposed in-
terval. We consider this possibility to be un-
likely, given the absence of such stratal thick-
ness variations elsewhere in package Il, with
the local exception of strata deformed by fault
3. These observations are most consistent with
the existence of a steeply dipping fault with a
significant strike-slip component of move-
ment. The dip of the probable fault is between
55°N and 65°S. In Figure 7 we portray fault
4 with a steep northward dip, consistent with
the dips of nearby faults and fractures. Unit
2A, which north of 7 m north exhibits little
lateral variation in thickness, abruptly changes
in thickness across the postulated fault. Chan-
nelization of the 2A horizon appears to be an
unlikely explanation of this geometry, because
both the top and base of the underlying gravel
bed (unit 2Btl) are displaced by the same
amount. The change in 2A thickness may rep-
resent strike-slip juxtaposition of parts of 2A
of differing thickness, or the change in thick-
ness may record development of a small col-
luvia wedge on the downslope (south) side of
fault 4 after the most recent surface rupture.
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Figure 9. Summary of age estimates for soil development and paleosurface ruptures.

The thickness of the paleosol 2 argillic hori-
zon (units 2Bt1 and 2Bt2) is also different on
either side of the unexposed interval. To the
south of the unexposed interval, the argillic
horizon is lithologically controlled, being re-
stricted to the 25-35-cm-thick gravelly silt
bed that extends southward from the gravel
wedge. North of the conduit, the argillic ho-
rizon is 65-80 cm thick, and has developed
completely through the gravel wedge (2Bt1)
and into the upper part of the underlying silt
bed (2Bt3 in Fig. 6).

Ages of Paleoearthquakes on the Santa
Monica Fault

The lack of tilting of the late Holocene Se-
pulveda fan strata, coupled with the upward
termination of all fractures and faults ob-
served in the trenches either at or below the
paeosol 2A horizon, indicates that the most
recent earthquake on the Santa Monica fault
occurred before deposition of the oldest ex-
posed flat-lying strata, probably ca. 1 ka
Trench T-1 contains evidence of at least six
ancient surface ruptures. These six paleo-
earthquakes are discussed here as, from oldest
to youngest, events A through F In general,
the stratigraphic and structural relations are
better represented for the more recent events.

Event A

The earliest surface rupture is revealed by
the south-side-down, oblique-normal displace-
ments across fault 1. The silt bed within which
all fault 1 strands terminate is overlain by an
unfaulted gravel bed (circled A in Fig. 8). Be-
cause the argillic horizon of well-developed
surface soil 1 has accumulated down through
the unfaulted gravel, deposition of the gravel,

which occurred after event A, must predate
soil 1 development. We estimate that soil 1
development required ~50 k.y. (Table A1,
Figures A1 and A2). Thus, event A is at least
this old (Fig. 9). We note, however, that large
error bars are associated with the soil age es-
timate, and the true age of this event may be
as young as a few tens of thousands of years.
The absence of any well-developed soils be-
tween the surface soil and the event horizon
suggests that event A occurred within a few
thousand years of the onset of soil 1 devel-
opment. Although most strands of fault 1 ap-
pear to terminate at the same stratigraphic lev-
el, we cannot be certain that these record only
one event.

Events B and C

The 1.8-m-thick gravel bed at the south end
of package Ill has at least 1.9 m of vertical
separation across the southern strand of fault
2 (circled B in Fig. 8), whereas the overlying
clayey silt bed has only ~10-15 cm of sep-
aration across the granule-rich sand wedge at
3.7 m depth (circled C in Fig. 8). These ob-
servations indicate that fault 2 has undergone
at least two events, which we refer to as
events B (older) and C (younger). The lack of
cross-fault correlations between the gravel bed
and the massive clayey silt precludes deter-
mination of whether the southern strand of
fault 2 has undergone more than the minimum
two events that we identify. Furthermore, dis-
placements on both of the two main fault 2
strands extend up through the top of the gravel
bed into the overlying clayey silt. Because of
the massive nature of the silt, the upward ter-
minations of these two strands could not be
determined. Consequently, it is unclear wheth-
er the two strands terminate at two different

Geologica Society of America Bulletin, October 2000



LATE QUATERNARY ACTIVITY AND SEISMIC POTENTIAL OF THE SANTA MONICA FAULT SYSTEM

stratigraphic levels, and we cannot say wheth-
er the two strands record the same earthquake,
or two separate events.

In any case, both strands extend much high-
er in the section than do the fault 1 strands
that slipped during event A. Events B and C
(and any other earthquakes that occurred on
fault 2 during this interval), therefore, oc-
curred after event A. North of ~55 m north
the upper part of the massive clayey silt and
associated deposits to the north interfinger
with the main package IV gravel body (ex-
posed from 53.5-100 m north), through which
soil 1 developed over several tens of thou-
sands of years (Fig. 6). Events B and C there-
fore must have occurred during soil 1 devel-
opment, well before event D (Fig. 9).

Event D

Event D is recorded by the lower silt col-
luvia wedge in package II. We infer that this
colluvial wedge formed during erosion of a
scarp formed during the event. The absence of
gravel within the wedge indicates that only silt
was exposed at the time of wedge deposition;
the distinctive Santa Monica Slate-rich pebble
gravel was not yet exposed at the surface. This
relationship requires exposure of the tilted
gravel bed through either continued, postevent
D uplift or lateral motion along fault 3. The
event D wedge directly overlies the buried A
horizon of paleosol 3, and development of the
wedge probably occurred soon after burial of
paleosol 3 ca. 1617 ka. Thisinferenceis sup-
ported by the position of the event D colluvial
wedge in the lowest part (BC horizon) of pa-
leosol 2. The wedge must therefore predate
virtually all paleosol 2 development. The SDI
and MHI analyses of paleosol 2 indicate that
it required ~15-19 k.y. to develop (Table A1,
Figures A1l and A2). This suggests that paleo-
sol 2 development began within at most a few
thousand years after burial of paleosol 3 (Fig.
9). This, in turn, indicates that the beds
through which paleosol 2 developed, includ-
ing the event D silt colluvial wedge, were de-
posited very rapidly after burial of paleosol 3.

Event E

Event E is recorded by the 2Bt1 colluvial
wedge, as well as by the numerous fractures
that terminate at, and just below, the base of
the paleosol 2 argillic horizon (these are par-
ticularly prominent in trench T-2). Deposition
of the southward-fining wedge marks the first
appearance of abundant, gravel-derived col-
luvium in the south-tilted sequence. Because
the paleosol 2 argillic horizon is developed
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through the event E colluvial wedge, the ~1
k.y. buria age of paleosol 2 represents the ab-
solute minimum age for this earthquake. The
colluvial wedge forms an integral part of the
paleosol 2 profile, however, and therefore pre-
dates most paleosol 2 pedogenesis. Paleosol 2
required ~15-20 k.y. to develop (Table Al
Figures A1 and A2), which suggests that event
E probably occurred well before ca. 10 ka
(Fig. 9). Event E must postdate the burial of
paleosol 3 ca. 16-17 ka.

Event F

Direct evidence for this possible earthquake
is obscured by the electrical conduit at 16.5—
18.5 m north. However, the marked thickness
changes of strata on either side of the unex-
posed interval are most readily explained by
the presence of afault. These lateral thickness
changes are most pronounced below the bur-
ied A horizon of paleosol 3 (unit 3A). Strati-
graphic anomalies, however, suggest that the
fault extends to the A horizon of paleosol 2,
where fault 4 appears to displace the base of
the paleosol 2A horizon ~30 cm down to the
south. The upper surface of the paleosol 2 A
horizon is not displaced, indicating that if the
apparent displacement records a paleo-earth-
quake, then the surface rupture must have oc-
curred during deposition of unit 2A. Down-
slope thinning of unit 2A between 14 and 16.5
m north suggests that a small colluvial wedge
may have developed after the most recent fault
4 surface rupture.

The paleosol 2 argillic horizon (units 2Bt1,
2Bt2, and 2Bt3) appears to be displaced by
fault 4. Thus, event F must have occurred after
event E. Furthermore, because the downdrop-
ped argillic horizon on the south side of the
fault has not thickened to match the thickness
of the argillic horizon to the north, event F
must have occurred after al but ~1-2 k.y. of
paleosol 2 development. The complete ab-
sence of deformation in the overlying Sepul-
veda fan strata indicates that event F must
have occurred at least ca. 1 ka. Thus, if these
stratigraphic complexities record an earth-
quake, event F probably occurred between
about 1 k.y. and 2-3 k.y. ago (Fig. 9). We
emphasize, however, that these stratigraphic
relations may not record a surface rupture, al-
though we consider this the most likely
explanation.

In summary, there is evidence of variable
quality from the trenches for at least 6 paleo-
surface ruptures during the past ~50 k.y. (Fig.
9). The age estimates for the older events on
faults 1 and 2 are based on our poorly con-
strained estimate of the duration of soil 1 de-

velopment north of ~25 m north, whereas our
age estimates for the fault 3 and 4 events are
based on independent, better constrained bulk-
soil and detrital charcoal ages. Some older
events may be missing from the stratigraphic
record. For example, if the silt layer that de-
fines the event horizon for event A actualy
represents two distinct sediment pulses, sepa-
rated by a stratigraphically unrecognized hia-
tus, then more than one event may have oc-
curred on fault 1. Similarly, the two main
strands of fault 2 may have moved at different
times. In addition, the southernmost strand of
fault 2 may have undergone more than the two
paleo-earthquakes that we identified. The
anomalously well-developed nature of the
fault 3 gouge zone, coupled with the extreme
deformation associated with the north-tilted
gravel unit, strongly suggests that this near-
vertical fault has undergone multiple earth-
quakes, possibly more than the two we iden-
tified. We note, however, that the stratigraphic
relations indicate that any missing events on
fault 3 probably occurred before burial of pa-
leosol 3. Additional events may have occurred
south of the trenches beneath Ohio Avenue;
although T-1 extended 20 m south of the to-
pographic scarp, the scarp is partly buried at
the trench site by recent Sepulveda fan allu-
vium, and active deformation may extend to
the south of the trench. High-resolution seis-
mic reflection data collected across the trench
site, however, indicate that the thrust-fault
strand of the fault system projects to the pro-
jected surface of south-dipping package Il
within 10 m of the south end of the trench,
suggesting that we may have excavated all ac-
tive surficial strands of the fault zone (Dolan
and Pratt, 1997; Pratt et a., 1998).

Because of the possibility of missing older
events, we restrict our discussion of recur-
rence intervals on the Santa Monica fault to
the three events that we interpret to have oc-
curred on faults 3 and 4 since burial of paleosol
3 ca. 16-17 ka. The occurrence of these three
events between ca. 16-17 ka and 1-3 ka indi-
cate an average latest Pleistocene—Holocene
recurrence interval of ~7—8 k.y. for Santa
Monica fault earthquakes large enough to cause
surface rupture. Although we do not use the
pre-17 ka events in the following calculations,
we note that the occurrence of six total events
during the past ~50 k.y. yields a maximum
average recurrence interval for large events of
~10 k.y. This vaue is similar to the latest
Pleistocene-Holocene average recurrence in-
terval, suggesting that relatively few events
may be missing from the older part of the
record.

We consider it highly unlikely that earth-
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quakes large enough to produce surface rup-
tures would not aso rupture the shallow thrust
part of the Santa Monica fault beneath the
trench (Dolan and Pratt, 1997; Pratt et al.,
1998). Events A through F appear to record a
southward progression of active surface fault-
ing on faults 1 through 4. We interpret this
southward progression as a result of south-
ward propagation of the shallow thrust fault
during aggradation of the Sepulveda fan to the
south. Thus, the south-tilted package Il strata
were tilted most recently during displacement
on the shallow thrust fault during event F The
onlapping flat-lying strata have not yet under-
gone an earthquake, but will probably betilted
in a future event associated with surface rup-
ture occurring either on fault 4 or a younger
fault south of fault 4.

DISCUSSION
Kinematics of the Santa Monica Fault

Evidence for a consistent component of
north-side-up, reverse motion on the Santa
Monica fault includes south-facing scarps,
south-tilted strata beneath the scarps, vertical
separation of the stage 5e marine terrace at
Potrero Canyon, and active aluvia fan de-
position south of the fault scarp. Despite the
absence of |eft-laterally offset geomorphic in-
dicators (e.g., offset drainages), there is aso
abundant evidence for a component of left-
lateral strike-slip motion along the SantaMon-
ica fault. The numerous strike-slip faults
observed in the trenches require strike-slip
offsets along the fault zone. In addition, one
of the most striking features of the onshore
part of the fault is the | eft-stepping, en echelon
pattern of faulting. Because the trench data
show that the scarps are contractile struc-
tures—best described as fold scarps, rather
than true fault scarps—the left-stepping pat-
tern indicates that the scarps developed in re-
sponse to a left-lateral shear couple. Evidence
for both a contractional component of defor-
mation on the thrust fault beneath the trench
(Dolan and Pratt, 1997; Pratt et al., 1998) and
left-lateral strike-slip motion on the steeply
dipping faults in our trench indicates near-sur-
face strain partitioning along a fault that ex-
hibits oblique, reverse, and/or |eft-lateral mo-
tion at depth.

Relationship of the Santa Monica Fault to
the Hollywood, Malibu Coast, Anacapa-
Dume, and Santa Cruz Iand Faults

Both the Santa Monica and Hollywood
faults are north-dipping faults that exhibit
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components of both reverse and left-lateral
strike-slip motion (Dolan and Sieh, 1992; Do-
lan et al., 1995, 1997; this study). Coupled
with the similar orientations of the two faults,
their similar kinematics lead us to interpret
them as closely related strands within asingle
fault system that might potentially rupture to-
gether during large earthquakes (Fig. 2).
Oblique left-lateral dlip on these faults indi-
cates that the 1.2 km left step at the west Bev-
erly Hills lineament is areleasing bend, which
could potentially act as an earthquake segment
boundary (Sibson, 1985). The relatively nar-
row width of this stepover, however, suggests
that it may not be an effective barrier to dy-
namic rupture propagation across the step
(Harris and Day, 1993, 1998). Subsurface data
indicate a generally gentler near-surface dip
(~30°=35°) for the Santa Monica fault in the
upper few hundred meters than for the Hol-
lywood fault (Wright, 1991; Dolan and Pratt,
1997; Dolan et a., 1997; Pratt et al., 1998;
Tsutsumi at al., 2000). Thus, the left step at
the Santa Monica-Hollywood fault intersec-
tion may simply reflect differing near-surface
dips, and the west Beverly Hills lineament
may be atear fault. The dip of the Santa Mon-
ica fault, however, steepens downdip, and the
two faults may merge into a single structure
at seismogenic depths.

In contrast to the relatively simple Santa
Monica—Hollywood fault connection, the ki-
nematics of fault interactions at the west end
of the Santa Monica fault are not well deter-
mined. Because the Santa Monica fault
constitutes the central section of the >200-
km-long, oblique-reverse and left-lateral
Transverse Ranges Southern Boundary fault
system, left-lateral strike-slip motion carried
by the Santa Monica fault is apparently trans-
ferred westward to the left-lateral Santa Cruz
Island and Santa Rosa Island strike-dlip faults,
at the west end of the system. The most ob-
vious candidate fault for this transfer is the
Malibu Coast fault, a left-lateral strike-slip
fault that extends 55 km along the Malibu
coast (Figs. 1 and 3; Dibblee, 1982; Drumm,
1992; Treiman, 1994). The Malibu Coast fault
trends offshore to the east of Malibu and may
merge eastward with the Santa Monica fault;
in the past the offshore part of the Santa Mon-
icafault has sometimes been referred to asthe
Malibu Coast fault (e.g., Vedder et ., 1986).
At its western end 15 km south-southwest of
Port Hueneme, the Malibu Coast fault appears
to connect with the left-lateral Santa Cruz Is-
land fault to the southwest through an 8-km-
wide left step (Fig. 1; Sorlien, 1994). These
relations suggest that the Malibu Coast fault
has acted to transfer left-lateral strike-slip

westward from the Santa Monica fault onto
the Santa Cruz Island fault. Recent geomor-
phologic results, however, raise the possibility
that the Malibu Coast fault may be much less
active than in the past, and may no longer be
active. Treiman (1994) suggested that the
strike-slip rate on the fault has been diminish-
ing throughout Pleistocene time, and that the
current rate appears to be <0.5 mm/yr. If left-
lateral motion along the southern boundary of
the Transverse Ranges to the west of Point
Dume is not carried along the Malibu Coast
fault, then some other fault(s) must serve to
connect the Santa Monica and Santa Cruz Is-
land faults.

The other mgjor fault in the region is the
moderately north dipping Anacapa-Dume
fault, which extends 40 km from ~7 km
southeast of Point Dume westward to a point
due south of Port Hueneme, where it termi-
nates in the complex zone of faulting at the
stepover between the Malibu Coast and Santa
Cruz Island faults (Fig. 1) (Junger and Wag-
ner, 1977; Vedder et a., 1986; Sorlien, 1994).
The 1973 M,, 5.3 Point Mugu earthquake, the
largest event to occur in the Malibu coast re-
gion during the instrumental period, probably
occurred on the Anacapa-Dume fault (Stier-
man and Ellsworth, 1976; Hauksson, 1990;
Bent and Helmberger, 1991; Treiman, 1994).
The focal mechanism of the main shock re-
veals oblique motion, with nearly equal
amounts of left-lateral and reverse dlip (strike
dip [ss]:reverse dlip [rev] 0.7:1); aftershocks
and subsequent small earthquakes exhibit a
mixture of reverse and oblique reverse-left-lat-
eral foca mechanisms (Stierman and Ells-
worth, 1976). These seismicity data suggest
that the oblique-slip Anacapa-Dume fault ac-
commaodates a significant component of |eft-
lateral motion.

Left-lateral motion may be transferred be-
tween the Santa Monica and Santa Cruz Island
faults in several possible ways: (1) the Malibu
Coast fault may not be inactive (or nearly in-
active), as proposed by Treiman (1994), and
still serves to transfer left-lateral motion; (2)
some as-yet unidentified strike-slip fault exists
north of the Anacapa-Dume fault along the
shelf; or (3) oblique slip on the Anacapa
Dume fault may serve to transfer the left-lat-
eral strike-slip motion, but that left-lateral
component of motion is diluted by a slightly
more rapid component of reverse dlip than oc-
curs on either the Santa Cruz Island or Santa
Monica faults. We speculate that the Anacapa-
Dume fault may represent part of the frontal
fault system that accommodates a higher de-
gree of the convergence across the Transverse
Ranges than do the Santa Monica or Santa
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Cruz Island faults, where much of the con-
tractional deformation may be accommodated
along blind thrust faults (Davis et al., 1989;
Shaw and Suppe, 1994, 1996; Dolan et a.,
1995). The northwest-striking, right-lateral
Palos Verdes fault, which to the south is slip-
ping at ~3 mm/yr (Ward and Valensise, 1994,
Stephenson et a., 1995; McNeilan et a.,
1996), terminates against the frontal fault sys-
tem at the eastern end of the Anacapa-Dume
fault (Fig. 1). This relationship suggests that
the Anacapa-Dume fault may have developed
at least partially in response to more rapid
north-south shortening west of the Palos Ver-
des fauilt.

Relationship to Santa Monica Mountains
Blind Thrust Fault

Davis et al. (1989) and Davis and Namson
(1994) postulated that the Santa Monica
Mountains are the surface expression of a
fault-propagation fold that has developed in
response to motion on a gently north-dipping,
blind thrust fault, which we refer to as the
Santa Monica Mountains thrust fault (Dolan
et a., 1995; western part of the Elysian Park
thrust system of Davis et a., 1989). Davis and
Namson (1994) inferred that fault activity be-
gan ca 2.5-3 Ma and suggested an average
dip rate for this interval of 3.8-5.9 mm/yr.
Their model shows the Santa Monica fault as
a steep, north-dipping, structurally inverted,
normal fault that intersects the blind thrust
fault at ~15 km depth. Several lines of evi-
dence, however, call into question the high av-
erage dlip rate proposed by Davis and Namson
(1994).

1. Active aluvia fan deposition along the
southern flank of the Santa Monicafault scarp,
3-4 km south of the topographic mountain
front, suggests that uplift is currently concen-
trated at the surface fault trace. The occur-
rence of active uplift well to the south of the
mountain front is supported by the presence
of older, dissected, and segmented aluvial
surfaces between the fault scarp and the
mountain front. These older fan segments im-
ply that the mountain front is not actively be-
ing uplifted, as would be expected if the
mountains were an actively growing anticline,
the forelimb of which intersected the onlap-
ping aluvial deposits at the topographic
mountain front.

2. Seismic reflection profiles show that for
several kilometers south of the Santa Monica
fault Pleistocene to Holocene strata are flat ly-
ing. The flat-lying nature of these strata indi-
cates that no folding or tilting has occurred in
this region for at least several hundred thou-
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sand years (Wright, 1991; Dolan and Pratt,
1997; Pratt et a., 1998; Tsutsumi et a., 2000).
The lack of significant deformation appears to
be at odds with the position of these strata in
the forelimb of a fault-propagation fold above
arapidly slipping blind thrust fault.

3. The dow (~0.1-0.2 mm/yr) regiona up-
lift rate of the ca 120 ka marine terrace at
Point Dume and Pacific Palisades (excluding
near-field uplift related to the Santa Monica
fault) appears to be incompatible with the high
(3.8-5.9 mm/yr) dlip rates on the blind thrust
proposed by Davis and Namson (1994). Fur-
thermore, in Pacific Palisades the ca. 120 ka
marine terrace is above the forelimb of the
Santa Monica Mountains anticlinorium. Al-
though a structure contour map of the terrace
based on borehole data indicates local dips
that may be as steep as 14° (McGill, 1989),
regionally the abrasion platform tilts seaward
at ~1°. This observation suggests that the ter-
race has not been significantly tilted, as might
be expected if the Davis and Namson model
is correct.

Collectively, these observations indicate
that the Santa Monica Mountains blind thrust
fault must be slipping at arate far slower than
the 3.8-5.9 mm/yr rate proposed by Davis and
Namson (1994). In the extreme case, the fault
may no longer be active. In either case the
blind thrust fault appears to represent less of
a seismic hazard than has been proposed (e.g.,
Davis et a., 1989; Davis and Namson, 1994;
Dolan et a., 1995).

Another possibility is that the surficial San-
ta Monica fault and the postulated blind thrust
could be the same fault, possibly as a result
of propagation of the Santa Monica fault up
through the forelimb of the Santa Monica
Mountains fold during Pleistocene time. If so,
then the 0.6 mm/yr dip-dlip rate on the Santa
Monica fault would translate into a north-
south shortening rate of ~0.4 mm/yr, an order
of magnitude slower than the 3.5-5.4 mm/yr
north-south shortening rate implied by the Da-
vis and Namson model. The very slow (0.1—
0.2 mm/yr) uplift rate of the coast south of the
Santa Monica fault, however, implies the pres-
ence of an active fault, albeit one with a slow
dip rate, beneath the Santa Monica fault.

Limits on the Slip Rate of the Santa
Monica Fault

The ~0.6 mm/yr reverse dlip rate deter-
mined at Potrero Canyon provides a minimum
overall dip rate for the Santa Monica fault.
This is only a partial slip rate, however, be-
cause it does not take into account any left-
lateral slip. Dense urbanization prevented us

from excavating a three-dimensional trench
network designed to assess the strike-dlip rate
and the ratio of strike-dlip to dip-slip motion.
Because no laterally offset piercing points are
available, left-lateral offsets on individual
faults exposed in the trench cannot be deter-
mined. However, the extreme deformation ob-
served along near-vertical strike-dlip faults in
the trenches (e.g., truncation of 2-m-thick
gravel by fault 2, northward tilting of gravel
by fault 3) implies that at least some of the
magjor faults have significant displacements.
Furthermore, athough slip on each of the nu-
merous lesser faults may be small (millimeters
to meters?), the large number of these faults
indicates that cumulative strike dlip across the
entire fault zone may be large. We suspect that
the actual strike-dlip rate on the Santa Monica
fault may be relatively fast; in the western part
of the Transverse Ranges Southern Boundary
fault system left-lateral strike-slip rates on the
Santa Rosa Island and Santa Cruz Island faults
are ~1 mm/yr and 0.75 mml/yr, respectively
(Colson et al., 1995; Pinter et al., 1995). The
oblique-dlip rate for the Santa Monica fault
could therefore potentially be as fast or even
faster than the dip-dip rate. Nevertheless, in
the absence of a measured ssrev ratio, in the
following discussion we conservatively use
only the 0.6 mm/yr dip-slip minimum rate.

Size and Frequency of Future Santa
Monica Fault Earthquakes

One of the most important questions facing
seismic hazard planners in metropolitan Los
Angeles concerns the size of future earth-
quakes. For example, does the Santa Monica
fault typically rupture in moderate events sim-
ilar in size to the 1994 Northridge M,, 6.7
event? Or does the fault break during much
larger (M,, = 7.0), but less frequent earth-
quakes? One means of answering these ques-
tions is to use fault-plane areas and dip rates
to estimate the sizes and recurrence intervals
for hypothetical earthquakes, and then to com-
pare those calculated values with measured re-
currence intervals. For example, regressions
of moment-magnitude versus rupture area and
average displacement indicate that rupture of
the entire 40-km-length of the Santa Monica
fault could produce a M,, ~6.9-7.0 earth-
quake, with an average displacement of ~1.1—
2.0 m (Wells and Coppersmith, 1994; Dolan
et a., 1995). The minimum, 0.6 mm/yr re-
verse-dlip-only rate for the fault indicates a
maximum recurrence interval for such events
of =~1.9-3.3 k.y. We emphasize, however,
that use of ahigher dlip rate in this calculation
results in a commensurately shorter calculated
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average recurrence interval. For example, an
arbitrary dlip rate of 1 mm/yr yields an aver-
age recurrence interval for M,, 6.9—7.0 events
of ~1.1-2 k.y.

The ~7-8 k.y. latest Pleistocene-Holocene
average recurrence interval that we determined
for Santa Monica fault surface ruptures is con-
siderably longer than the calculated intervals
for M,, 6.9—7.0 earthquakes involving rupture
of the entire fault. This marked disparity sug-
gests either that: (1) many events are missing
from the post-17 ka trench record, a possibil-
ity that we think is unlikely given that there
is evidence for only one potential surface rup-
ture that deforms the strata through which
paleosol 2 has developed; or (2) the Santa
Monica fault undergoes very infrequent, and
therefore large (M,, = 7.0) earthquakes, pos-
sibly larger than those that would result from
rupture of the entire Santa Monica fault. We
speculate that if such events have occurred,
they have involved simultaneous rupture of
the Santa Monica fault together with adjacent
faults in the Transverse Ranges Boundary
fault system (e.g., the Hollywood fault and
Anacapa-Dume faults).

Implications for Seismic Hazard
Assessment in Metropolitan Los Angeles
Basin

The Santa Monica fault appears to be ca-
pable of generating earthquakes aslargeas M,,
6.9-7.0, considerably larger than the M,, 6.7
1994 Northridge event, which directly caused
31 deaths and resulted in more than $40 bil-
lion in damage (Scientists of the USGS
SCEC, 1994). As discussed herein, the appar-
ently long recurrence intervals for the Santa
Monica fault are most consistent with rupture
of the fault in large (M,, = 7.0), infrequent
earthquakes possibly involving rupture of
multiple faults in the Transverse Ranges
Southern Boundary fault system. The effects
of such large earthquakes would be dramati-
caly different from the Northridge event, pro-
ducing strong ground shaking over a much
wider area with a longer duration.

The location and style of faulting on the
Santa Monica fault further compound the
problems presented by such large earthquakes.
The Northridge earthquake occurred beneath
the San Fernando Valley, a predominantly res-
idential region northwest of the Los Angeles
basin. In contrast, the eastern part of the Santa
Monica fault traverses a much more densely
urbanized area. Furthermore, unlike the blind
thrust fault that produced the Northridge
earthquake, the trench data indicate that the
Santa Monica fault ruptures to the surface in
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large earthquakes. In addition to the obvious
implications for infrastructure damage asso-
ciated with potentially large surface displace-
ments, surface-rupturing earthquakes are like-
ly to excite much stronger long-period surface
waves than the Northridge event (e.g., Liu and
Heaton, 1984; Vidale and Helmberger, 1988;
Olsen and Archuleta, 1996). Such long-period
surface waves could represent a significant
hazard to the many high-rise buildings in the
region (Heaton et a., 1995; Olsen and Archu-
leta, 1996).

Source directivity during future Santa Mon-
ica fault earthquakes could also play a critical
role in determining damage patterns. If, for
example, a hypothetical earthquake were to
nucleate near the eastern end of the fault and
propagate westward, damage might be cen-
tered in the Westwood-Santa Monica-Malibu
region, but much of the energy would be dis-
sipated beneath the Pacific Ocean and the
sparsely populated western Santa Monica
Mountains. However, if hypothetical rupture
were to start at the western end of the system
and propagate eastward, older, vulnerable
structures in the Hollywood, downtown Los
Angeles, and east Los Angeles regions would
undergo high accelerations and velocities.
These parts of the city were among the first to
be urbanized, and they contain some of the
region’s most vulnerable, and most densely
occupied buildings. In addition to older struc-
tures, the latter scenario would focus energy
toward the high-rise corridor that extends east-
west from downtown Los Angeles to Santa
Monica. The stability of some of these struc-
tures during relatively close, large earthquakes
has been the subject of intense scientific dis-
cussion (Heaton et al., 1995).

CONCLUSIONS

The Santa Monica fault accommodates
oblique, left-lateral-reverse motion, which is
partitioned in the near surface at our trench
site onto a wide zone of closely spaced strike-
dip faults exposed in the trench and a thrust
strand beneath trench depth. Paleoseismologic
and geomorphologic data indicate that the
fault is active and capable of producing dam-
aging earthquakes beneath the densely urban-
ized northwestern corner of the Los Angeles
area and offshore along the Malibu coast. The
measured ~7-8 k.y. latest Pleistocene-Holo-
cene average recurrence interval for surface
ruptures is considerably longer than the recur-
renceinterval calculated for ahypothetical M,,
6.9-7.0 earthquake generated by rupture of
the entire Santa Monica fault. Unless many
events are missing from the post-17 ka trench

record—a possibility that we think is unlike-
ly—this disparity implies that the Santa Mon-
ica fault has undergone infrequent, and there-
fore very large (M,, = 7.0), earthquakes, pos-
sibly larger than those associated with rupture
of the entire Santa Monica fault. We speculate
that such large events may involve simulta-
neous rupture of the Santa Monica fault to-
gether with other faults in the Transverse
Ranges Southern Boundary fault system, such
as the adjacent Hollywood and Anacapa-
Dume faults. The occurrence of such large
earthquakes beneath the densely populated
northwestern Los Angeles basin could pro-
duce enormous damage and must be consid-
ered in future planning scenarios for the Los
Angeles metropolitan region.

APPENDI X

Soil descriptions and age determinations (Table
A1) use SDI (soil development index) and MHI
(maximum horizon index) methods. Regression
method is from Rockwell et al. (1990). Sample lo-
calities are shown in Figures 5 and 6. Soil profile
SMFT1a (unit 2) is from paleosol 2 at 7.5 m north
(SP1in Fig. 6); soil profile SMFT1a (unit 3) isfrom
paleosol 3 at 7.5 m north (SP2 in Fig. 6); soil profile
SMFT1b (unit 2) is from paleosol 2 at 10 m north;
soil profile SMFT1b (unit 3) is from paleosol 3 at
10 m north; soil profile SMFT-1c is from 20.8 m
north; soil profile SMFT4a is from surficial soil 1
a 97.5 m north (SP4A in Fig. 5); soil profile
SMFT4b is from surficial soil 1 at 79.7 m north
(SP4B in Fig. 5).
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TABLE Al. (Continued)

Notes

Second.

Sand Silt Clay 2nd Bulk i Sdi
(%)

Texture Structure Consis- Clay films Boun-

Color

Thick-

Depth
(cm)

Horizon

clay vol

clay density

(%) (%)
(%)
10.03

dary

tency

ness
(cm)
35

(gm/cm?)

1.46 0.73

61.39 18.58 20.03

SL-

38-73

Btl

SCL

LATE QUATERNARY ACTIVITY AND SEISMIC POTE!

3.75

1.36

7.86

70.30 11.85 17.86

SL

35

73-108

Btl

1.43

1.33

3.97

g,s-w 69.14 16.89 13.97

1-2n-mkcl,2nbr

m-1csbk so,s,p

27 10YR3/3m, SL

108-135

Bt2

3/4d

1.86
0.00

1.67
1.62

N.D. N.D. 397
0.00

N.D.

28
34

135-163

Bt2

3nbr in bands 78.03 1225 9.72

m - s g & so,Ss,po

10YR3/3m,

163-197

BC (lams)

1lcsbk (30%), 1-

4/4d

2ncl,vmkel

0.23

N.D.

0.42

76.43 13.15 10.42

SL

34

197-231

BC (lams)

0.64

N.D.

1.17

76.73 1210 11.17

SL

34

231-265

BC (lams)

0.04

aw 7406 1583 10.11 0.11 N.D.

1ncl,vn-mkbr

m - s g & S0,S0-SS,

25 10YR3/2m, SL

265-290

1lcsbk

4/3.5d

0.04
0.00

N.D. 0.11 N.D
0.00 1.56

N.D
4434 35.09 20.57

N.D.

stains on pf

vh,s,p

m-2csbk

25
35 10YR3/3m, L

290-315
315-350

5/3d

(mottled)

14.88 Profile totals of HI, SDI, profile

88.1

0.58

mass of secondary clay

Intercept ages (ka)

19.4

13.4

Notes: Texture: Soil descriptions and age determinations using SDI (soil development index) and MHI (maximum horizon index) methods. Regression method is from Rockwell et al. (1990). Sample localities
shown in Figures 6 and 7. Soil profile SMFT1a (unit 2) is from paleosol 2 at 7.5 m north (SP 1 in Fig. 7); soil profile SMFT1a (unit 3) is from paleosol 3 at 7.5 m north (SP 2 in Fig. 7); soil profile SMFT1b (unit 2)
is from paleosol 2 at 10 m north; soil profile SMFT1b (unit 3) is from paleosol 3 at 10 m north; soil profile SMFT-1c is from 20.8 m north; soil profile SMFT4a is from surficial soil 1 at 97.5 m north (SP 4A in Fig.

&

IAL OF THE SANTA MONICA FAULT SYSTEM

7.

SiL—silt loam, L—loam; Structure: 1—we

2—moderate, 3—strong, f—fine, m—medium, c—coarse, sbk—subangular blocky abk—angular blocky; m—massive, sg-single grain, cr—crumb, pr—prismatic; Dry Consistency: lo—loose, so—soft, sh—slightly

14, p. 99-101.

21 p.

1992 p.

199-205.

hard, h—hard, vh—very hard, eh—extremely hard; Wet Consistency: so—non-sticky, po—non-plastic, ss—slightly sticky, ps—slightly plastic, s—sticky, p—plastic, vs—very sticky, vp—very plastic; Clay Films: v—
very few, 1—few, 2—common, 3—many, 4—continuous, n—thin, mk—moderately thick, k—thick, po—pores, pf—ped faces, cl—clast faces, br—grain bridges; Boundary: a—abrupt, c—clear, g—gradual, d—diffuse,

s—smooth, w—wavy, i—irregular

6); soil profile SMFT4b is from surficial soil 1 at 79.7 m north (SP 4B in Fig. 6). S—sand, LS—Iloamy sand, SL—sandy loam, CL—clay loam, SCL—sandy clay loam,
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Figure A2. Maximum horizon index (MHI) parameters for soil profilesin Santa Monica
fault trenches. Soil profile locations as in Table Al. Regression method is from Rockwell

et al. (1990).
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