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COVER: Westward oblique aerial view of part of the Los Angeles basin and adjacent Santa Monica
Bay. In the foreground are the Rosecrans and Baldwin Hills, surface manifestations of the
northwest-trending Newport-Inglewood zone of faults and folds. Along the upper right-hand edge
are the Santa Monica Mountains (part of the west-trending Transverse Ranges), bounded on the
south by the Santa Monica fault. Potentially destructive earthquakes are expected along these
and similar active faults in the Los Angeles region. (Photograph by I. K. Curtis Services, Inc.,
February 17, 1978.) "
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FOREWORD

Devastating earthquakes have sporadically struck many populated centers of the United States (for ex-
ample, Boston, Mass., in 1755; Charleston, S.C., in 1886; San Francisco, Calif,, in 1906; Long Beach,
Calif,, in 1933; Tacoma and Seattle, Wash., in 1949 and 1965; Anchorage, Alaska, in 1964; and San Fer-
nando, Calif, in 1971). Although a damaging earthquake at a given locality in the United States is a
relatively rare event, the likelihood of truly catastrophic loss of life and property is increasing as
development and construction accelerate in the 39 States that lie in regions of major or moderate poten-
tial for large earthquakes.

Beginning with Clarence E. Dutton’s investigations of the 1886 Charleston earthquake, scientists of the
U.S. Geological Survey have studied earthquakes and their effects. The great Alaska earthquake of 1964
and the 1971 San Fernando earthquake awakened officials to the threat facing many urban areas and
stimulated geologists and seismologists to analyze the conditions that control the distribution of earth-
quake damage. The United States Congress, recognizing that the potential for large earthquakes is a na-
tional concern, enacted the Earthquake Hazards Reduction Act. of 1977 (Public Law 85-124), which
establishes objectives to (1) develop-earthquake-resistant engineering-design methods; (2) predict earth-
quakes and characterize seismic hazards; (3) develop model codes for land use and construction; and (4)
prepare plans for responding to major destructive earthquakes. Within these broad objectives, two ma-
jor goals of the Geological Survey have been to improve methods of evaluating geologically controlled
earthquake effects and to delineate earthquake hazards in major urban regions at high seismic risk.

Studies for Seismic Zonation of the San Francisco Bay Region (U.S. Geological Survey Professional
Paper 941-A) was a solid advance in the assessment of earthquake hazards. That report presented
methods for evaluating earthquake, surface-faulting, ground-shaking, and ground-failure potential and
described a multidisciplinary approach to seismic zonation. Subsequent earth-science maps and evalua-
tions of California’s San Francisco Bay region prepared by the Geological Survey were the bases for
derivative maps that are now being used in engineering design, land use planning, and emergency-
response planning to reduce future earthquake losses.

Evaluating Earthquake Hazards in the Los Angeles Region—An Earth-Science Perspective, which
builds on the foundations laid by the San Francisco Bay region studies, indicates how rapidly the science
of earthquake hazard assessment is evolving. For example, innovative new concepts for predicting the
extent and severity of strong shaking and of earthquake-triggered landsliding have resulted from
research in the Los Angeles region. In presenting state-of-the-art methods, this volume describes the
potential for damaging geologic and seismologic effects and demonstrates the application of evaluative
techniques to selected areas of that region. We expect to publish more detailed maps of hazard potential
for much of the region over the next several years. The hazard-evaluation methods described herein can
also be used for evaluating and mapping earthquake hazards in other urban areas such as Salt Lake
City, Utah, Seattle, Wash., and Anchorage, Alaska, all of which are vulnerable to earthquake damage.

The ultimate benefits of studies such as those reported in this volume are the reduced loss of life, in-
jury, and property damage and the continued functioning of vital services and economic activities follow-
ing a potentially destructive earthquake. To achieve these benefits, scientists, engineers, and planners
must cooperate in the development of useful technical products. In turn, officials in both the private
sector and in the government must determine which actions acceptable to the general public can best
reduce future earthquake losses.

oS

Dallas L. Peck
Director, U.S. Geological Survey
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Evaluating Earthquake Hazards
in the Los Angeles Region—
An Earth-Science Perspective

ABSTRACT

Potentially destructive earthquakes are inevitable in
the Los Angeles region of California, but hazards predic-
tion can provide a basis for reducing damage and loss.
This volume identifies the principal geologically con-
trolled earthquake hazards of the region (surface
faulting, strong shaking, ground failure, and tsunamis),
summarizes methods for characterizing their extent and
severity, and suggests opportunities for their reduction.

Two systems of active faults generate earthquakes in
the Los Angeles region: northwest-trending, chiefly
horizontal-slip faults, such as the San Andreas, and
west-trending, chiefly vertical-slip faults, such as those
of the Transverse Ranges. Faults in these two systems
have produced more than 40 damaging earthquakes
since 1800. Ninety-five faults have slipped in late
Quaternary time (approximately the past 750,000 yr)
and are judged capable of generating future moderate
to large earthquakes and displacing the ground surface.
Average rates of late Quaternary slip or separation
along these faults provide an index of their relative ac-
tivity. The San Andreas and San Jacinto faults have slip
rates measured in tens of millimeters per year, but most
other faults have rates of about 1 mm/yr or less. In-
termediate rates of as much as 6 mm/yr characterize a
belt of Transverse Ranges faults that extends from near
Santa Barbara to near San Bernardino. The dimensions
of late Quaternary faults provide a basis for estimating
the maximum sizes of likely future earthquakes in the
Los Angeles region: moment magnitude (M) 8 for the San
Andreas, M 7 for the other northwest-trending elements
of that fault system, and M 7.5 for the Transverse
Ranges faults. Geologic and seismologic evidence along
these faults, however, suggests that, for planning and
designing noncritical facilities, appropriate sizes would
be M 8 for the San Andreas, M 7 for the San Jacinto,
M 6.5 for other northwest-trending faults, and M 6.5 to 7
for the Transverse Ranges faults. The geologic and
seismologic record indicates that parts of the San An-

dreas and San Jacinto faults have generated major
earthquakes having recurrence intervals of several tens
to a few hundred years. In contrast, the geologic
evidence at points along other active faults suggests
recurrence intervals measured in many hundreds to
several thousands of years. The distribution and char-
acter of late Quaternary surface faulting permit estima-
tion of the likely location, style, and amount of future
surface displacements.

An extensive body of geologic and geotechnical infor-
mation is used to evaluate areal differences in future
levels of shaking. Bedrock and alluvial deposits are dif-
ferentiated according to the physical properties that
control shaking response; maps of these properties are
prepared by analyzing existing geologic and soils maps,
the geomorphology of surficial units, and, geotechnical
data obtained from boreholes. The shear-wave
velocities of nearsurface geologic units must be
estimated for some methods of evaluating shaking poten-
tial. Regional-scale maps of highly generalized shear-
wave velocity groups, based on the age and texture of
exposed geologic units and on a simple two-dimensional
model of Quaternary sediment distribution, provide a
first approximation of the areal variability in shaking
response. More accurate depictions of near-surface
shear-wave velocity useful for predicting ground-motion
parameters take into account the thickness of the
Quaternary deposits, vertical variations in sediment

‘type, and the correlation of shear-wave velocity with

standard penetration resistance of different sediments.
A map of the upper Santa Ana River basin showing
shear-wave velocities to depths equal to one-quarter
wavelength of a 1-s shear wave demonstrates the three-
dimensional mapping procedure.

Four methods for predicting the distribution and
strength of shaking from future earthquakes are
presented. These techniques use different measures of
strong-motion severity: seismic intensities, peak horizon-

Abstract 1X



tal acceleration and velocity (or response spectral
values), amplification factors relative to ground motion
on bedrock, and time-histories of ground motion.

Maps of predicted seismic intensities for the Los
Angeles region are useful for emergency-preparedness
planning and for estimating losses from future earth-
quakes. A computer-based technique for predicting
earthquake intensities incorporates (1} a numerical
model of the earthquake source, (2) a mathematical
expression for the rate of attenuation in the crust of the
region, (3) an empirical correlation of geologic ground
conditions with differences of expected intensity, and (4)
a digitized map of geologic ground conditions for the
area studied. Comparison of observed intensities from
the 1971 San Fernando earthquake with strong-motion
records indicates that intensity correlates directly with
expected levels of shaking from 0.5 to 3 Hz (periods of
approximately 0.3-2 s), frequencies of concern to or-
dinary structures. Example applications of the predic-
tive method to the Los Angeles region include predicting
intensities for a postulated great earthquake on the San
Andreas fault; calculating cumulative maximum inten-
sities for a suite of 87 postulated earthquakes represent-
ative of the principal potentially active faults; deducing
the likely fault sources for the earthquakes of 1812 from
candidate predicted intensity maps; and mapping the
estimated root-mean-square acceleration for a potential
Los Angeles basin earthquake. The technique of pre-
dicting intensities can be extended to estimate losses
from future earthquakes by incorporating empirical cor-
relations between observed intensities and percentage
of damage experienced by various types of structures. A
comparison of predicted losses to wood-frame struc-
tures for possible earthquakes shows that a moderate-
size earthquake in the Los Angeles basin would cause a
much higher loss than a great earthquake on the San
Andreas fault.

Predictive mapping of peak horizontal acceleration
and velocity and of horizontal response spectral values
provides an appraisal of areal shaking potential that is
useful for engineering design and building codes. The
technique relies on equations derived from regression
analyses of an extensive set of strong-motion records.
These equations link the ground-motion parameters to
earthquake magnitude, source distance, and site condi-
tions. The site effect can be expressed in terms of the
shear-wave velocities of near-surface geologic mate-
rials. Thus, predictive maps of ground-motion values for
a single postulated earthquake can be made by applying
the predictive equations and taking into account the
areal differences in shear-wave velocities. The uncer-
tainty associated with the frequency of occurrence and
the size of future earthquakes from multiple potential
sources can be evaluated by means of a newly devel-
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oped approach that uses fault-slip rates to compute the
ground motion that will be exceeded at a specified an-
nual probability. Predictive maps for the upper Santa
Ana River basin made by using this method show the
areal distribution of ground-motion values exceeded at a
return period of 500 yr for future large earthquakes on
the San Andreas, San Jacinto, and Cucamonga faults.

Areal variations in shaking potential are also
estimated by comparing measurements of ground mo-
tions from distant underground nuclear explosions
recorded at 98 sites in the Los Angeles region. Because
local ground response from these low-strain signals cor-
rectly predicts ground-motion amplification for higher
strain levels caused by nearby large earthquakes, the
data provide a way of assigning amplification factors
relative to shaking on crystalline bedrock. At periods
less than 0.5 s, the most pronounced differences in
observed site responses correlate with differences in
sediment void ratios, thicknesses of surficial deposits,
and depths to basement rocks; resonant effects having
large amplifications over narrow frequency bands are
observed for sites underlain by Holocene deposits 10 to
20 m thick. At periods greater than 0.5 s, the most impor-
tant geologic factors are depth to basement rocks and
thickness of Quaternary sediments. When recorded mo-
tions are compared with what is known about geologic
conditions at each site, the principal factors that affect
amplification can be grouped, and distinctive types of
sites can be identified through cluster analysis. These
site types then become the basis for predictive mapping
of relative shaking response. To demonstrate the map-
ping procedure, the areal distribution of expected
amplification factors for part of the Los Angeles basin is
shown for three period bands (3.3-10, 0.5-3.3, and
0.2-0.5 s); locally, the spectral amplification is predicted
to be as much as 6% times greater than the shaking
levels on crystalline bedrock.

Earthquake-resistant design of critical structures
commonly requires elaborate estimates of the charac-
teristics of ground motion at a particular site. Time-
histories of ground motion from postulated earthquakes
are predicted by estimating how each point on a slipping
fault will be displaced, determining the ground motions
caused by each point, and then summing the ground-
motion contributions from all points to obtain the total
motion at a given distant site. The method depends on
assumptions concerning the detailed character of the
expected rupture propagation and the velocity structure
of the Earth’s crust in the region analyzed. The time-
history of ground motion caused by slip of a single point
on a fault is called a Green’s function. Green’s functions
can be determined theoretically by solving the wave
equation in a model of the crust, or they may be obtained
empirically by using recordings of small earthquakes in



the desired crustal structure. Economical methods of
computing Green’s functions by wusing simplifying
assumptions are reviewed.

Secondary geologic effects such as liquefaction within
the alluvial basins and landsliding within the upland
areas can be expected as a result of strong shaking dur-
ing future earthquakes. Liquefaction potential is
evaluated by preparing two types of maps—one showing
the susceptibility of sediment to liquefy with shaking
and the other expressing the probabilities that critical
levels of shaking needed for liquefaction will be at-
tained. Areas of susceptible sediments are delineated by
analyzing the physical properties of the late Quaternary
alluvial deposits, grouping these deposits according to
their probable content of cohesionless sand or silt, and
determining whether they are saturated with ground
water at depths of less than about 15 m. Holocene sand
and silt, especially if deposited during the past few hun-
dred years, are the most susceptible to liquefaction-
related ground failure; these materials are mapped on
the basis of soil-profile development, geomorphic ex-
pression, and geotechnical properties such as standard
penetration resistance. Areas of the Los Angeles region
deemed most vulnerable to liquefaction during future
earthquakes include the flood plains of the Los Angeles,
Santa Ana, and San Gabriel Rivers; parts of the San Fer-
nando Valley and the Oxnard Plain; coastal and harbor
areas of Long Beach and Marina Del Rey; and flood-
control basins. The opportunity for liquefaction at a site
containing susceptible sediments can be estimated by
considering the earthquake potential and applying an
empirically determined relation between earthquake
magnitude and the limiting distances for liquefaction-
related ground failure. Regional liquefaction opportu-
nity is mapped by summing, for points on a map, the ex-
pected annual rates of occurrence of earthquakes of M 5
or greater from those fault sources that influence each
point. Individual sites will experience ground shaking
strong enough to cause liquefaction in susceptible sedi-
ment on an average of once every 30 to 50 yr.

The extent and severity of future earthquake-induced
slope failure can be fully evaluated only when detailed
information about the geologic and topographic controls
on slope stability is available. Although such informa-
tion is not yet complete for the Los Angeles region, a
twofold approach has been developed to assess the
areal limits of earthquakedriggered landslides for
postulated earthquakes of specified size. The maximum
distances from an earthquake source at which various
classes of landslides can occur (given susceptible slopes)
are estimated on the basis of worldwide data for his-
torical earthquakes that have triggered landslides. The
probability distribution of threshold levels of shaking
capable of triggering slope failure can then be mapped

by extending the Newmark method of slope-stability
analysis; the procedure depends on newly established
correlations between earthquake magnitude, critical
displacement of a slope, and intensity of shaking for a
given earthquakesource distance. The likelihood of
slope failures from a postulated earthquake is evaluated
for a sample site in the Santa Monica Mountains.

Faults and zones of potential slope instability on the
sea floor off the Los Angeles region have been identified
and evaluated by means of specialized remote-sensing
methods. Acoustic reflection profiles reveal those faults
that offset Quaternary sediments of the sea floor and
also show potentially unstable slopes on which subaque-
ous sediment slides, mass flows, and gas-charged
sediments occur. A regional analysis of these profiles in-
dicates offshore counterparts to the onshore faults of
the San Andreas system and the Transverse Ranges.
Many of these offshore faults may generate moderate to
large earthquakes and offset the sea floor. Scattered
zones of sea-floor sliding as large as 60 km? are mapped
along the outer edge of the Santa Monica and San Pedro
shelves and cover several hundred square kilometers in
the central Santa Barbara Basin. Furthermore, poten-
tially unstable gas-charged sediments apparently are
widespread in the Santa Monica and San Pedro Basins.
Some zones of sea-floor instability could fail during
shaking caused by nearby large earthquakes.

Tsunamis are a threat to coastal areas, although the
hazard in the Los Angeles region is much less than that
in many other regions along the circum-Pacific border.
A number of methods for predicting tsunami wave
heights and frequency of occurrence from both distant
and local sources are summarized. Predictive models for
distantly generated tsunamis indicate that wave heights
of 2 m are exceeded on the average of once every 500 yr,
except locally along Santa Monica and San Pedro Bays
and near Ventura, where wave heights of 3 m are
exceeded on the average of once every 500 yr. A pre-
liminary appraisal of the potential for locally generated
tsunamis suggests that wave runup heights as great as 4
to 6 m could be caused by sea-floor faulting in the Santa
Barbara Channel; wave runup heights no greater than 2
to 3 m are estimated for the dominantly strike-slip faults
farther south. Earthquake-triggered sea-floor slides hav-
ing the dimensions observed in the offshore region are
unlikely to cause tsunamis.

To demonstrate the various hazard-evaluation
methods discussed in this volume, the geologically con-
trolled effects expected from a postulated M 6.5 earth-
quake along the northern part of the Newport-Inglewood
fault zone are evaluated. Predicted effects include:

1. Secondary faulting (normal-oblique slip) at the
ground surface along one or more late Quater-
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nary faults exposed in the Baldwin and Rose-
crans Hills and possible subsurface slip along
reverse faults at the northern end of the
Dominguez Hills. '

2. Shaking intensities of Modified Mercalli intensity

VII distributed widely throughout the Los
Angeles basin and the San Fernando Valley and
scattered areas of intensity VIII as far as 18 km
from the main fault.

3. Strong shaking lasting about 10 to 15 s. Peak ground-
motion values of about 0.4 g acceleration, 90 to
100 cm/s velocity, 1.2 g pseudoacceleration
response, and 160 to 180 cm/s pseudovelocity
response near the earthquake source zone. Peak
ground-velocity values at the northwestern end
of the fault zone will be higher than those at the
southeastern end if the subsurface tectonic rup-
ture propagates northwestward from the postu-
lated epicenter.

4. Liquefaction in highly susceptible, water-saturated,
cohesionless Holocene alluvial sediments as
much as 18 km from the earthquake source zone.

Xn
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5. Rock or soil falls and slides, the most common
earthquake-triggered slope failures, occurring
chiefly in upland areas within about 40 km of the
earthquake source zone.

6. Minor harmonic waves {seiches) in enclosed small
bodies of water.

Earth-science information can be used by planners,
engineers, and decisionmakers to solve specific
earthquake-related problems in southern California. Ex-
amples of the geologic and seismologic information used
and the actions taken to reduce the hazard are dis-
cussed for the problems of anticipating damage to
critical facilities, adopting seismic safety plans,
strengthening highway bridges, regulating development
in areas of potential surface faulting, and strengthening
or removing unsafe masonry buildings. Effective
measures for reducing future earthquake losses can
result if adequate scientific data and interpretations are
available and are thoughtfully applied by engineers,
planners, and others responsible for public safety.



INTRODUCTION

By J. I. Ziony and W. J. Kockelman

- THE EARTHQUAKE THREAT

In July 1769, a Spanish expedition led by Captain
Gaspar de Portola, civil and military governor of the
province of Mexico, marched northward from San Diego
and became the first documented group of Europeans to
set foot on the plain near Los Angeles (Bancroft, 1884,
p. 146):

. on the 28th, when the governor and his
followers were on the Santa Ana River, four
violent shocks of earthquake frightened the In-
dians into a kind of prayer to the four winds, and
caused the stream to be named also Jesus de los
Temblores. Many more shocks were felt during
the following week; yet the foreigners were
delighted with the region, noting the agricultural
possibilities . . . .

This seismologic “greeting” introduced the newcomers
to a distinctive feature of the Earth’s crust in the Los
Angeles region of California—the sporadic occurrence
of strong earthquakes. Earthquakes at first were of little
concern, but their occurrence became more significant
as the Spanish proceeded to build missions and settle
the region. The year 1812, recorded as “el ano de los
temblores” in mission archives, was marked by two ma-
jor earthquakes that killed at least 40 people and
severely damaged coastal missions from near Dana
Point to near Point Arguello and others as far inland as
the San Fernando and San Gabriel valleys. Many of the
more than 40 additional strong earthquakes that have
shaken parts of the region since 1812 have resulted in
loss of life and property (table 1). We now know that
similar earthquakes will occur as the inevitable result of
the ongoing dynamic crustal processes characteristic of
the region.

Today the Los Angeles region (fig. 1) is inhabited by
more than 11 million people and is one of the key in-
dustrial, commercial, and cultural centers of the United
States. As its population and development expand, so
does its vulnerability to destructive earthquakes. The
1971 San Fernando earthquake, a moderate-sized event

whose epicenter was on the margin of the Los Angeles
metropolitan area, dramatically demonstrated how
vulnerable a complex modern urban society is to the
damaging effects of nearby earthquakes (fig. 2).

Even though the losses shown in table 1 are signifi-
cant, they do not accurately reflect the actual risk to the
Los Angeles region. Many of the damaging earthquakes
listed in the table preceded major development in
southern California, and none was as strong as the
largest magnitude possible in the region. A recent
assessment of the earthquake hazards in California
(Federal Emergency Management Agency, 1980) con-
cludes that catastrophic earthquakes are inevitable in
the Los Angeles region. The probability that a large
earthquake will occur sometime during the next 30 yr
along the San Andreas fault near Los Angeles is cur-
rently estimated to be 40 percent or greater (Lindh,
1983; Wesson and Wallace, 1985). Projected losses of
billions of dollars and estimated casualties of tens of
thousands (table 2) would surpass the results of any
previous natural disaster in the United States. A
catastrophic earthquake would severely strain the
emergency-response and recovery capabilities of
Federal, State, and local governments and profoundly
impact the economies of the State and the Nation.

Earthquakes of sufficient size threaten lives and
damage property by setting off a chain of effects that
disrupts the natural and manmade environments. Wide-
spread strong ground shaking is a geologic effect that
can cause buildings to distort or fail. Vibratory earth-
quake motion, in turn, can induce secondary geologic ef-
fects such as liquefaction, landsliding, and related
ground failure hazardous to structures or can generate
sudden fluctuations of water levels in lakes, reservoirs,
and wells. Some earthquakes are accompanied by per-
manent offset or distortion of the ground surface that
can rupture or warp structures. Rare large surface
displacements occurring within the marine environment
can trigger seismic sea waves (tsunamis) that may
damage coastal facilities thousands of miles from the
earthquake source. Primary and secondary geologic ef-
fects that cause exceptionally severe damage to struc-
tures or lifelines may result in major nongeologic effects
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‘TABLE 1.—Losses from southern California earthquakes, 1812-1979,
in which lives were lost or damage was known to have equaled or
exceeded $100,000

[Modified from U.S. Geological Survey {1981, table 1). NA, data not available]

Dollar loss at

Year Location Lives lost time of quake
1812 ------San Juan Capistrano 40 NA
1899 —----- San Jacinto 6 NA
1915 -————- Imperial Valley 6 900,000
1918 - ——=-- San Jacinto and Hemet 0 200,000
1925 ~~—--- Santa Barbara 13 8,000,000
1926 -——-—-~ Santa Barbara 1 NA
1933 -——--—- Long Beach 115 40,000,000
1940 ------ Imperial Valley 9 6,000,000
1941 ——~---~ Santa Barbara 0 100,000
1941 --—-——- Torrance and Gardena 0 1,100,000
1949 --———- Terminal Island 0 9,000,000!
1951 —————~ Terminal Island 0 3,000,000"
1952 ———--- Kern County 14 60,000,000
1955 -=—--- Terminal Island 0 3,000,000t
1961 -—---—- Terminal Island 0 4,500,000!
1971 -———-— San Fernando 65 504,950,000
1978 ~===-- Santa Barbara 0 12,000,000
1979 -————- Imperial Valley 0 30,000,000

ISubsurface damage to oil wells; no damage to surface structures reported. Earthquakes may
have been triggered by oilfield operations.

{(widespread fires, flooding of populated areas caused
by failure of large dams, or release of toxic or radioac-
tive materials) that could be more catastrophic than the
initial effects of the earthquake. A more complete, non-
technical explanation of the various hazards posed by
earthquakes has been presented by Blair and Spangle
(1979).

Because the hazards to life and property resulting
from the primary and secondary effects of earthquakes
may vary substantially throughout a region, measures to
reduce earthquake hazards must necessarily begin by
delineating geographic areas having different potentials
for fault offset or distortion of the land surface, strong
ground shaking, ground failure, or other geologically
controlled effects. This volume presents methods for
characterizing these types of earthquake hazards on a
regional scale and provides earth-science information
vital to actions that could be taken in the Los Angeles
region to reduce future earthquake losses.

PURPOSE AND CONTENT
OF THIS VOLUME

The Los Angeles region became a major focus for
seismic hazard research following the 1971 San Fernan-
do earthquake, which stimulated national interest in
earthquakes and expanded the resources available for
earthquake studies. Earthquake prediction—the specifi-
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TABLE 2,—Estimated losses in Los Angeles and Orange Counties from
two postulated large earthquakes

[Losses from the failure of dams and transportation or communication systems and consequen-
tial losses such as unemployment and other economic impacts excluded. Summarized from
Federal Emergency Management Agency (1980) and Steinbrugge and others (1981). Uncertain-
ties associated with loss-estimation procedures suggest that actual losses to buildings could
vary upward or downward by a factor of as much as two to three]

Postulated earthquake

Magnitude 8.3 Magnitude 7.5
on San Andreas on Newport-Inglewood
fault zone
Deaths 3,000-12,500* 4,400-21,000*
Hospitalized injured--------- 12,000-50,000! 17,600-84,000!
Long-term homeless 52,000 192,000
Damage to buildings and--—-——-—-—--—-—- 25 62

contents (in billions of
1980 dollars).

lDepending on time of day.

cation of the time, place, and magnitude of an impending
earthquake—is one goal of this research. Thus, some ef-
forts have centered on monitoring the Earth’s crust with
a variety of instruments to detect possible fluctuations
in geophysical signals that might foreshadow a major
imminent southern California earthquake and permit its
prediction within a time frame of a few days, weeks, or
months. Progress toward short-term prediction has been
slower than scientists had hoped, but there has been
substantial progress in making long-term earthquake
predictions (for example, determining the probability
during the next several decades of a future large earth-
quake on the San Andreas fault) and in better
understanding how earthquakes occur (Wesson and
Wallace, 1985). Earthquake hazard assessment—the
specification of the potential for destructive effects of
future earthquakes—is another goal. Truly remarkable
progress has been made on the earth-science aspects of
this subject, as evidenced by the findings presented in
this volume. '

All strategies for reducing future losses from earth-
quakes rely on the ability to predict the geographic
distribution and severity of the potentially damaging
geologic and seismologic effects that commonly accom-
pany major earthquakes—strong shaking, fault offset of
the land surface, and disruption of the ground by lique-
faction or landsliding. These hazards are the topics of
the following chapters.

This professional paper provides an overview of the
principal geologically controlled earthquake hazards in
the Los Angeles region and summarizes the methods
that earth scientists use to evaluate and characterize
those hazards. Although the volume was initially
planned to address the general public as well as earth-



quake experts and researchers in related fields, this their rupture characteristics are evaluated in two
goal has been only partially achieved because of the chapters that describe:

complexity of the scientific problems associated with
many of the hazards and the diversity of the potential
audience. Most of the chapters emphasize the scientific
bases for mapping and assessing geologically controlled
earthquake hazards and thus will be of greatest interest
to geologists and seismologists. Some chapters treating
hazard-reduction issues have been written to be under-
stood by planners, engineers, and decisionmakers who
need to use earth-science information in specific situa-
tions to reduce those hazards. Our hope is that all
readers, whatever their background or expertise, will
gain a better understanding of the earthquake hazards
facing the Los Angeles region and of the opportunities
for reducing the risk to life and property.

A glossary (p. 15) containing the principal technical
terms used in this volume will assist the nonspecialist. A
table for converting from metric to English units of meas-
ure is on p. 23.

Most of the earth-science research summarized in
this report has been conducted by scientists and
engineers of the U.S. Geological Survey, the Galifornia
Division of Mines and Geology, various universities, and
private consulting firms, chiefly using funds provided by
the Earthquake Hazards Reduction Program of the Geo-
logical Survey. Research activities have included de-
tailed geologic and seismologic studies of faults, investi-
gations of the factors that influence seismic shaking,
and analysis of the geotechnical controls on liquefaction
and landsliding. Many of the methods described in the
following chapters have evolved from hazard-evaluation
techniques first developed in a multidisciplinary study
of seismic zonation in the San Francisco Bay region (Bor-
cherdt, 1975), where the resulting earth-science prod-
ucts have been successfully used to reduce hazards. The
studies in both the San Francisco Bay and the Los
Angeles regions have significantly improved our ability
to predict and map the geologic effects of future earth-
quakes. Because knowledge of the behavior of faults
during late Quaternary time and of the distribution and
character of sediments deposited during that time span
is crucial to evaluating earthquake hazards, these topics
have received special attention. Subdivisions of Quater-
nary time as used in this volume are shown on the ac-
companying geologic time chart (inside front cover).

This volume examines in sequence the causes of
earthquakes in the Los Angeles region, the major
geologic hazards likely to be associated with future
earthquakes and the methods for evaluating and map-
ping those hazards, and examples of the impact of earth-
science information on the decisionmaking processes
that result in hazard reduction. The geologic factors
that control the location and size of earthquakes and

e The platetectonic framework within which
earthquakes occur in the Los Angeles region
(Yerkes, p. 25).

¢ The identification of active faults, their potential
for generating earthquakes and rupturing or dis-
torting the land surface, and estimates of the
likely size and frequency of major earthquakes
along them (Ziony and Yerkes, p. 43).

Strong shaking, the chief threat posed by an earth-
quake because of the large area commonly affected, re-
ceives particular attention in seven chapters describing
different aspects of that hazard:

* An introduction to available methods of predict-
ing the extent and severity of strong shaking and
the applicability of different predictive tech-
niques to reducing earthquake hazards (Bor-
cherdt, p. 93).

* How the late Quaternary sedimentary deposits
of alluvial basins are differentiated and mapped
to help characterize variations in the severity of
future shaking (Tinsley and Fumal, p. 101).

¢ A technique for regrouping geologic units on the
basis of their geotechnical properties and shear-
wave velocities for prediction of future shaking
levels (Fumal and Tinsley, p. 127).

e Why it is useful to predict seismic intensities,
how maps of predicted intensities are prepared
for postulated earthquakes, and how these tech-
niques can be applied to estimating future losses
from earthquakes (Evernden and Thomson,
p. 151).

¢ The quantitative prediction of ground-motion
values by applying newly developed equations
that link peak acceleration, peak velocity, and
response spectra to earthquake magnitude, geo-
logically determined fault slip rates, and site
geology (Joyner and Fumal, p. 203).

¢ The use of ground motions from nuclear explo-
sions in Nevada, recorded in the Los Angeles
region, combined with geologic information ob-
tained during the course of urban development,
to map the relative shaking response expected
for areas having different geologic characteris-
tics (Rogers and others, p. 221).

¢ The methods for simulating numerically the time-
history of ground motion at a site from a postu-
lated earthquake, information needed by struc-
tural engineers for the earthquake-resistant
design of special facilities such as large dams
and nuclear powerplants (Spudich and Hartzell,
p. 249).
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FIGURE 2.—The 1971 San Fernando earthquake demonstrated the vulnerability of a modern urban society to the damaging effects of a nearby
earthquake. A, Damage at the Veterans Administration Hospital resulted in 47 deaths. Collapsed buildings were constructed in 1926, before
earthquake-resistant design was required. The building at the left, constructed after 1933 and designed to resist strong shaking, did not sus-
tain significant structural damage. (Photograph copyright 1971 by The Los Angeles Times.) B, Collapsed highway overpasses and bridges at the
interchange of the Foothill and Golden State freeways. Because the earthquake occurred early in the morning, only three deaths resulted from
this damage. However, the principal highway link between northern and southern California was temporarily cut, and traffic had to be
rerouted for several months. (Photograph by R. E. Wallace, U.S. Geological Survey.) C, Overturned equipment at the Sylmar electrical con-
verter station. Power distribution to more than 600,000 customers in southern California was disrupted because of widespread damage to
electrical power facilities. (Photograph by T. L. Youd, U.S. Geological Survey.) D, The Lower Van Norman Dam, overlooking the heavily
populated San Fernando Valley, was damaged nearly to catastrophic failure when part of the hydraulic-fill embankment and the concrete lin-
ing slid into the reservoir. About 80,000 people living downstream from the dam had to be evacuated as a precautionary measure. (Photograph
by J. L. Ziony, U.S. Geological Survey.)
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Strong shaking from major earthquakes commonly
triggers secondary geologic processes that can result in
localized but severe effects. These effects are the topics
of chapters describing;

* A procedure for identifying the depositional and
hydrologic environments in the Los Angeles
region that have a potential for liquefaction, the

temporary transformation of earth materials
into a liquefied state that is the chief cause of
ground failure in areas of low relief during pro-
longed strong shaking (Tinsley and others, p. 263).

e The empirical and theoretical methods for
predicting the areal limits of earthquake-
triggered slope failures in upland areas (Wilson
and Keefer, p. 317).

The Continental Shelf offshore of the Los Angeles
region poses distinctive hazards that are important to
coastal development. These hazards are discussed in
two chapters describing:

¢ The methods for identifying both faults that
could offset the sea floor and potentially
unstable sea-floor slopes that might fail and the
general distribution of these potential hazards
{Clarke and others, p. 347).

¢ The character of tsunamis (seismic sea waves),
methods of predicting their occurrence and
severity, and an evaluation of their threat to the
southern California region (McCulloch, p. 375).

A summarizing chapter demonstrates how the preced-
ing techniques can be used to predict the diverse and
widespread geologic and seismologic effects of a poten-
tial earthquake along the northern part of the Newport-
Inglewood zone (Ziony and others, p. 415). Specific
predictions concern the location and severity of ground
shaking, surface faulting, liquefaction, and landsliding
associated with a moderate-sized earthquake.

The final chapter (Kockelman, p. 443) illustrates how
earth-science information is used to reduce earthquake
hazards. It gives examples of specific earthquake-
related problems faced by planners, engineers, and
decisionmakers in southern California and discusses the
geologic and seismologic information used, the actions
taken, and the impact of each action or decision.

OPPORTUNITIES FOR REDUCING
EARTHQUAKE HAZARDS

Although earthquake damage is inevitable in the Los
Angeles region, it can be reduced by adopting strategies

8 Earthquake Hazards in the Los Angeles Region

that avoid or accommodate the potential effects of
earthquakes. Some earthquake hazards, such as fault
offset of the land surface, have definite areal limits and
can be avoided by careful land-use planning and
development. Others, such as strong ground shaking,
generally cannot be avoided, and attempts must be
made to design and build structures that will accom-
modate distortion and minimize the possibility of life-
threatening failures. Whatever strategy is selected,
various levels of government, private groups, corpora-
tions, and quasi-public organizations can play important
roles in reducing earthquake hazard or damage.

An environment totally free of the risk of earthquake
losses cannot be created in an earthquake-prone region.
Choices must be made between known or perceived
risks and the expected costs of reducing them. The ac-
tions chosen for hazard reduction depend on judgments
of acceptable risk (that level of exposure to loss for
which no action is considered appropriate). Risks ac-
ceptable to individuals may not be considered accept-
able by society. In dealing with the earthquake threat to
the Los Angeles region, individual citizens must decide
where to purchase homes and what measures to take to
protect themselves against earthquake effects. Private
firms or corporations that site and operate facilities
must also make choices, as must governmental bodies
that set standards for the construction of facilities
important to the continuing function and safety of a
modern urban society. Whatever the decisions, they
should be based on an understanding of the likely
hazards and how they can be reduced.

A wide range of opportunities for reducing earth-
quake hazards is available to planners, engineers, and
decisionmakers, both public and private (see list, p. 10).
Techniques such as seismic-resistant design or the
strengthening of unsafe structures are well known in the
engineering profession. In the planning profession, an
effective technique is public acquisition of hazardous
areas; other planning techniques such as regulating
development or posting warnings in potentially hazard-
ous areas are obvious and practical but require consist-
ent enforcement. Other techniques successfully used in
reducing landslide, flood, windstorm, and soil hazards
could be applied to earthquakes. These techniques and
others listed on p. 10 may be used in a variety of com-
binations to help reduce earthquake hazards.

Preparing Development Studies

‘and Plans

Wise planning and development involve selecting the
best possible location, density, and arrangement of land



uses to minimize exposure to earthquake hazards and
thus reduce earthquake damage. Such planning may in-
clude project reviews, environmental assessments, and
appraisals of existing hazardous buildings, transporta-
tion networks, utility systems, and critical facilities and
their relation to zones of potential surface faulting or
ground failure. Land-use development based on sound
information about earthquake hazards and implemented
over an extended period of time can be among the most
effective measures for saving lives and minimizing
disruptions in case of an earthquake (U.S. Office of
Science and Technology Policy, 1978, p. 54). Respon-
sibility and authority for preparing and implementing
land use or development plans are usually assigned to
city and county governments, but State agencies and
private corporations have key responsibilities.

Designing and Building Safe Structures

Modern experience with earthquakes in urban areas
shows that properly designed and constructed facilities
can withstand nearby large earthquakes. Thus, one of
the most effective ways to reduce the loss of life and
property from earthquakes is to ensure that appropriate
engineering design and material standards are followed
when structures are erected. More restrictive design
standards generally result in a nominal increase in con-
struction costs; in many instances, however, a better
design of the building layout or configuration may be
achieved at no additional cost and in some situations
may actually save money (U.S. Office of Science and
Technology Policy, 1978, p. 37).

Careful supervision of construction is very important,
because the best earthquakeresistant design can be
compromised by poor construction practices. Some com-
plex forms of design and construction require special
training or expertise for local building officials.

Discouraging New or Removing
Existing Hazardous Development

Economical methods of reducing earthquake losses in-
clude discouraging development in potentially hazard-
ous areas by means of public-information programs,
posted warnings, public recording of the hazard, special
assessments, tax credits, lenders’ policies, public-
facility service-area policies, and disclosure to real-
estate buyers. Historically, financial institutions have
funded projects in areas known to be hazardous, devel-

opers have built on them, and people have occupied
them. Sometimes, rebuilding in the same manner and in
the same location will immediately follow a disaster, and
government loans or other subsidies may even be used.
Therefore, government funding incentives or disincen-
tives can be important techniques for discouraging such
development.

Removal of unsafe structures is sometimes the most
effective safety measure. According to the Executive Of-
fice of the President (1978, p. 12), “Most deaths and in-
juries in earthquakes have been caused by collapsing
buildings—generally older buildings and often those
made of unreinforced masonry, although some modern
buildings are also vulnerable. The public’s vulnerability
to earthquakes over the coming years will be dominated
by these existing hazardous structures.”

Regulating Development

It is costly and difficult to retrofit, strengthen,
remove, or convert existing structures, and it is
unrealistic to assume that all future development in ex-
ceptionally hazardous areas can be discouraged. Thus,
regulating development in areas susceptible to earth-
quake damage may be a more efficient and economical
way to avoid earthquake hazards and reduce damage.

Cities and counties have the authority to prepare and
implement land use and development plans in their juris-
dictions. The adoption and administration of city or
county zoning, subdivision, building, health, and safety
ordinances are authorized or, in some cases, required
by the California Legislature. The Field and Garrison
acts, for example, are statewide laws passed in 1933
and 1939, respectively, requiring earthquake-resistant
design, construction, and examination of certain public
school buildings. Numerous programs underway at the
local level include plans for strengthening or removing
existing unsafe buildings.

Preparing for and
Responding to Disasters

Preparedness and response planning for anticipated
emergencies enable an impacted area to better cope
with any disaster and hence to reduce hazards and
damage. Comprehensive plans for dealing with the ef-
fects of large earthquakes are particularly important
because such events are different from other disasters
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Some opportunities for using geologic and seismologic information to reduce

earthquake hazards

Preparing development studies and plans:

Circulation or transportation studies and plans
Community facility and utility inventories and plans
Environmental impact assessments and reports

Land use and open-space inventories and plans
Land-subdivision lot layouts

Multihazard risk analyses and reduction plans
Redevelopment plans (preearthquake and postearthquake)

Seismic- and public-safety plans
Designing and building safe structures:

Building strengthening or retrofitting

Critical facility siting and design

Engineering, geologic, and seismologic reports

Public-facility and utility reconstruction or relocation

Reconstruction after earthquakes
Repair of dams

Site-specific investigations and hazard evaluations
Discouraging new or removing existing hazardous development:

Capitaliimprovements expenditures

Costs of nonsubsidized insurance
Disclosure of hazards to real-estate buyers
Financial incentives and disincentives
Policies of private lenders

Posted warnings of potential hazards
Public acquisitions of hazardous areas

Public-facility- and utility-service area policies

Public information and education

Public records of hazards

Removal of unsafe structures

Special assessments and tax credits
Regulating development:

Building and grading ordinances

Design and construction regulations

Hazard-zone investigations

Land use zoning districts and setback requirements

Special hazard-reduction ordinances
Subdivision ordinances

Preparing for and responding to disasters:
Anticipating damage to critical facilities

Damage inspection, repair, and recovery procedures

Disaster training exercises
Earthquake prediction response plans
Earthquake preparedness plans
Emergency response plans |
Monitoring and warning systems
Personal preparedness actions

in that they are infrequent, usually unpredicted, and
potentially catastrophic. Planning currently being done
for the Los Angeles region under the Southern Califor-
nia Earthquake Preparedness Project is an excellent
example of the complex efforts necessary to set up an
earthquake preparedness and response system.

Personal preparedness applicable to the home,
school, and place of work is a very important phase of
what should be an unbroken chain of tasks extending
from long-term mitigation before an earthquake through
response during an earthquake to recovery and
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reconstruction after an earthquake {Kockelman, 1984).
The last chapter in this volume discusses several
techniques that may be used to reduce earthquake
hazards. Many of the opportunities presented in the list
on p. 10 have also been discussed by the U.S. Office
of Science and Technology Policy (1978, p. 20-67), the
California Legislature Joint Committee on Seismic Safety
(1974, p. 45-180) and Blair and Spangle (1979, p. 67-78).
Adequate geologic and seismologic information, similar
to that discussed in the following chapters, is a pre-
requisite for the effective use of these opportunities.



USERS OF INFORMATION FOR
REDUCING EARTHQUAKE
HAZARDS

Opportunities and responsibilities for reducing earth-
quake hazards reside in all segments of society. Actual
and potential users of earthquake-hazard information
such as that contained in this volume include many peo-
ple at community, State, and national levels, both public
and private. Some potential users are shown in the list
on p. 12 under various general headings. Users also
include scientists and engineers who use the informa-
tion to resolve scientific or technical questions, planners
and decisionmakers who must consider hazards in the
context of other land use and development criteria, and
interested citizens who must consider the likelihood of
future earthquakes before making personal decisions.

Various levels of government, business, industry, and
the services sector, voluntary organizations, profes-
sional societies, and special-interest groups play im-
portant roles in reducing earthquake hazards. Their
contributions have been discussed in reports prepared
by the U.S. Office of Science and Technology Policy
(1978) and the California Legislature Joint Committee
on Seismic Safety (1974). Blair and Spangle’s (1979)
report describing the governmental framework for
reducing earthquake risk places special emphasis on
California State agencies, programs, and mandates to
local government.

City, County, and
Areawide Government Users

City and county governments are empowered and
obligated to provide for the public health, safety, and
welfare of their citizens and are required by the Califor-
nia Legislature (1971) to prepare seismic-safety plans.
The adoption and administration of city and county zon-
ing, subdivision, building, grading, and safety or-
dinances are authorized or required by the California
Legislature under various sections of the California
Government and the Health and Safety codes. Because
the principal governmental resource at the site of a
disaster is usually the local government, local govern-
ment agencies will of necessity be heavily involved in
taking preventive actions as well as in coordinating on-
the-scene response to and recovery from disasters.
Local government will continue to be the primary agent
for direct action in resolving seismic-safety problems
(California Legislature Joint Committee on Seismic Safe-
ty, 1974, p. 31). Seismic safety can also be an integral
part of the functions, programs, and plans of areawide

agencies, such as the Southern California Association of
Governments, and the various public-utility and school
districts.

Federal Government Users

« The Federal Government plays a crucial role in
stimulating State and local governments to develop and
improve their seismic-safety policies. Many direct
Federal efforts to reduce risks have evolved from a na-
tional commitment to provide disaster relief to States
and localities devastated by earthquakes. Federal agen-
cies are also responsible for the seismic safety of their
own facilities. In addition, the U.S. Government, through
the Federal Emergency Management Agency {which
leads the National Earthquake Hazards Reduction Pro-
gram), formulates plans for national actions in response
to catastrophic earthquakes (Schnell and Herd, 1984).
These plans include large-scale preparedness for, re-
sponse to, and recovery from major damage or loss of
life and also may .include search, rescue, and evacua-
tion, provision for medical care, food, and shelter, police
protection, and other emergency help.

State Government Users

The State of California has the ultimate non-Federal
public responsibility for the health, safety, and welfare
of its people. State agencies incorporate their own
seismic-safety standards into their operations and also
work with local governments to encourage community
seismic-safety efforts. Officials in almost every Califor-
nia State government agency need to consider seismic
safety in carrying out their duties. Blair and Spangle
(1979, p. 24) note that the “location and construction of
public facilities, management of State lands, provision of
services, and delegation of powers and responsibilities
to local governments should all reflect an awareness
that damaging earthquakes are inevitable.”

The California Legislature has led the way in defining
and coordinating the State’s role in reducing seismic
risk. Passing the Field and Riley acts, creating the
Seismic Safety Commission, requiring a seismic-safety
plan for each city and county, and passing the Alquist-
Priolo Act requiring special studies in areas of potential
surface fault rupture are some examples of the Legisla-
ture’s seismic-safety actions.

Other National Users

Voluntary organizations (which provide aid to victims
of disasters), national institutes, and scientific and
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Some potential users of geologic and seismologic information for reducing
earthquake hazards in the Los Angeles region

City, county, and areawide government users:
Building, engineering, planning, and safety departments
County boards of supervisors
Mayors and city council members
Multicity and multicounty planning, development, and preparedness agencies
Offices of emergency services  »

Police, fire, and sheriff’s departments
Public works departments
School districts .
Southern California Association of Governments
Southern California Earthquake Preparedness Project
State government users:
Building Standards Commission
Coastal Commission
Department of General Services
Department of Housing and Community Development
Department of Insurance
Department of Real Estate
Department of Transportation
Department of Water Resources
Division of Mines and Geology
Earthquake Prediction Evaluation Council
Governor's earthquake safety councils and task forces
Legislature and legislative committees
Mining and Geology Board
National Guard
Office of Emergency Services
Office of Planning and Research
Office of the State Architect
Public Utilities Commission
Seismic Safety Commission
Federal Government users:
Army Corps of Engineers
Bureau of Land Management
Bureau of Reclamation
Congress and congressional staffs
Department of Housing and Urban Development
Department of Interior
Department of Transportation
Environmental Protection Agency
Farmers Home Administration
Federal Emergency Management Agency
Federal Housing Administration
Federal Insurance Administration
Federal Power Commission
Forest Service
General Services Administration
National Bureau of Standards
National Oceanic and Atmospheric Administration
Nuclear Regulatory Commission
Small Business Administration
Other national users:
Applied Technology Council
American Association of State Highway and Transportation Officials
American Public Works Association
American Red Cross
Association of Engineering Geologists
Association of State Geologists
Earthquake Engineering Research Institute
International Conference of Building Officials
National associations of cities, counties, and states
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Other national users—Continued

National Association of Insurance Commissioners

National Institute of Building Sciences

Natural Hazards Research and Applications Center
Professional and scientific societies {including geological, engineering, architectural, and

planning societies)
Private and quasi-public users:
Civic and voluntary groups

Communication and transportation industries

Concerned citizens
Construction companies

Consulting planners, geologists, architects, and engineers
Extractive, manufacturing, and processing industries

Financial and insurance institutions

Landowners, developers, and real-estate salespersons
Structural Engineers Association of California

Utility companies

University departments (including geology, civil engineering, architecture, urban and regional
planning, and environmental studies departments).

professional organizations make major and significant
contributions to seismic safety. Research workers from
many disciplines, including seismology, geology, earth-
quake engineering, and the social sciences, play a major
role in reducing earthquake hazards by helping local,
State, and Federal planners and decisionmakers formu-
late and evaluate their plans, programs, and pro-
cedures. Experts from the research community, for ex-
ample, provide technical advice to special advisory
groups that prepare model building codes. Scientific and
professional organizations are major contributors to the
worldwide exchange of information through publica-
tions and technical meetings.

Private and Quasi-Public Users

The private (including corporate) sector exercises
perhaps the strongest influence on engineering design
and land development in the United States. In choosing
where to locate and how to construct facilities, indus-
trial and commercial developers are sensitive to tax and
other incentives offered by State and local governments,
to favorable labor and retail markets, to transportation
networks, and to terrain and water-resource conditions.
Often, natural hazards are not weighted heavily in these
development considerations unless they are likely to af-
fect the facilities within their amortized lifetime or
period of ownership. According to the Executive Office
of the President (1978, p. 29):

Business, industry, and the services sector play
the lead roles in constructing new buildings and
in developing land. Seismic design provisions in
local codes ... are minimum standards.
Thoughtful businessmen interested in providing
a safe environment for their consumers and
employees, and in protecting their capital invest-

ment will want to give careful consideration to
earthquake hazards in planning, constructing
and maintaining their facilities . . . . In some
instances short-term profits may be reduced to
increase the longterm benefits of saving lives,
reducing property damage, and maintaining the
functioning of the economy in the face of a major
earthquake. Private financial institutions, in-
cluding lending agencies and insurance com-
panies, must continue their important role.

The effective use of geologic and seismologic informa-
tion to avoid damage or to reduce loss requires a con-
siderable effort on the part of both the producers and
the users of the information. Unless scientific and
engineering results are specifically tailored, the effec-
tive user community is limited to other geologists, seis-
mologists, and engineers. If users do not become profici-
ent in interpreting and applying technical information,
the information is likely to be misused or even neglected
in the decisionmaking process. Studies by Kockelman
(1975, 1976, 1979) on the use of earth-science informa-
tion by city, county, and regional planners and decision-
makers in the San Francisco Bay region showed that the
most effective use of hazard information was achieved
when maps that clearly depicted the location, suscep-
tibility, and severity of the hazards were provided. Fur-
thermore, hazard reduction was more likely when agen-
cies had geologists or engineers on their staffs. Their
skills permitted a broader use of the technical materials,
and agencies were able to make interpretations from the
information for their own purposes.

LOOKING TOWARD THE FUTURE

" The research results summarized in this volume
demonstrate the progress that earth scientists have
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made in predicting the location and severity of the
potentially destructive geologic and seismologic effects
of future earthquakes in the Los Angeles region. These
results, however, do not represent the final word in
characterizing such effects. Further improvements can
be expected as a more detailed earth-science data base
for the region is developed and as predictive methods
are tested and refined.

A comprehensive geologic data base is the most
crucial prerequisite for improving evaluations of earth-
quake hazard potential. Essential components of such a
data base would include (1) detailed geologic maps that
emphasize late Quaternary deposits, (2) measurements
of the geotechnical and hydrologic properties of those
deposits throughout the major alluvial basins, and (3) in-
formation on slope steepness and strength of geologic
materials in upland areas. These data at present are
variably incomplete for the Los Angeles region. The
hazard potential maps used in this volume are chiefly at
scales of 1:250,000 (1 in. =4 mi) or smaller. More de-
tailed characterizations—for example, at 1:24,000 scale
(1 in. =2,000 ft) — are desirable for many hazard reduc-
tion activities, but, for much of the Los Angeles region,
the basic geologic data have not yet been acquired in the
detail that permits mapping potentially hazardous con-
ditions at large scales. Furthermore, improved estimates
of fault slip rates, which are vital to assessing the earth-
quake potential, must await detailed analysis of geologic
relations along the numerous potentially active faults of
the region. Acquisition of geologic and geotechnical in-
formation such as that described here requires a sus-
tained effort over a considerable time.

Differing scientific opinions about the prediction of
earthquake ground motion also need to be resolved. The
influence of geologic conditions on ground shaking, in
particular, is incompletely understood (in this volume,
for example, compare the views of Evernden and Thom-
son with those of Rogers and others concerning the ef-
fect of water-saturated alluvium on expected levels of
shaking). A technical question deserving further in-
vestigation is what percentageloss factors are ap-
propriate in applying the intensity prediction method of
Evernden and Thomson to estimating future earthquake
losses. These topics are among the many scientific and
technical issues that need additional study before
estimates of the potential hazards and losses from
future earthquakes in the Los Angeles region can be im-
proved.
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Even though many of the results reported here
are preliminary and further research is still needed, the
methods described can be applied to evaluating and
mapping similar hazards in other earthquake-prone
regions of the United States. The challenge now is to en-
sure that these techniques are used where they are
needed, that the resulting scientific products are
disseminated to planners and engineers, and that deci-
sionmakers at all levels of government and in the private
sector take this information into account in selecting
ways to reduce earthquake hazards.
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GLOSSARY

[Terms set in bold type are defined elsewhere in the glossary]

Acceleration. The time rate of change of velocity of a reference point during an earthquake. Commonly
expressed in percentage of gravity (g, equal to 980 cm/s?). ‘

Accelerogram. The record from an accelerograph showing ground acceleration as a function of time.

Accelerograph. A compact, rugged, and relatively inexpensive instrument that records the signal from
an accelerometer. Film is the most common recording medium.

Accelerometer. A sensor whose output is almost directly proportional to ground acceleration. The con-
ventional strong motion accelerometer is a simple, nearly critically damped oscillator having a
natural frequency near 20 Hz.

Acoustic reflection profiling. Method using sound waves to map geologic features on and beneath the
sea floor. A pulse of sound is transmitted downward through the water from a ship-mounted or towed
acoustic source. The acoustic energy reflected from the sea floor and from the interfaces between
distinctive underlying geologic units is recorded by the survey vessel. Continuous profiles show a
cross section of acoustically distinct units plotted as a function of acoustic-wave traveltime beneath
the ocean surface and of distance along the survey track.

Active fault. A fault that is considered likely to undergo renewed movement within a period of concern to
humans.

Aftershocks. Secondary tremors that may follow the largest or main shock of an earthquake sequence.
Such tremors can extend over a period of weeks, months, or years.

Alluvium. Loosely compacted gravel, sand, silt, or clay deposited by streams.

Amplification. An increase in seismic signal amplitude within some range of frequency as waves propa-
gate through different Earth materials. The amplitude may be decreased in another frequency band.

Amplitude. Zero-to-peak value of any wavelike disturbance.

Angle of internal friction. A measure of the shear strength of rock or sediment related to the intrinsic
frictional resistance on a potential shear fracture.

Anticline. A upwardly convex fold in originally planar sedimentary rocks. Commonly adjacent to a
syncline, a fold that is downwardly convex.

Arias intensity. A ground-motion parameter derived from an accelerogram and proportional to the in-
tegral over time of the acceleration squared. Expressed in units of velocity (meters per second or cen-
timeters per second).

Artesian. Refers to ground water confined under pressure greater than that produced by water table
conditions.

Agquiclude. A body of relatively impermeable rock or sediment that impedes the flow of ground water.

Aquifer. A water-bearing body of porous and permeable rock or sediment.

Attenuation. A decrease in seismic signal amplitude as waves propagate from the seismic source. At-
tenuation is caused by geometrical spreading of seismic wave energy and by the absorption and scat-
tering of seismic energy in different Earth materials.

B horizon. Soil horizon characterized by the accumulation of clay minerals, iron compounds, and (or)
calcium carbonate. Commonly reddish colored.

Bandpass. Refers to a range (or band) of frequencies passed by a filtering operation that suppresses
other frequencies.

Basement. Igneous and metamorphic rocks that underlie the main sedimentary rock sequences of a
region and extend downward to the base of the crust.

Bedrock. Relatively hard, solid rock that commonly underlies softer rock, sediment, or soil.
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Body wave. Seismic wave propagated in the interior of the Earth. P and S waves are examples.

Bulk density. The weight of a material divided by its volume, including the volume of its pore spaces.

Clast. Fragment of rock produced by mechanical weathering of older materials.

Cluster analysis. A procedure for arranging data into homogeneous subgroups based on their mutual
similarities and hierarchical relations.

Coherent slides. Landslides that consist of a few relatively intact blocks of rock or soil that move
together. The basal failure surface of most such slides is several meters or tens of meters below the
land surface.

Cohesionless. Refers to a sediment whose shear strength depends only on friction, because there is no
bonding between the grains. Typical of clay-free sandy deposits.

Colluvium. Loose soil or rock fragments on or at the base of gentle slopes or hillsides. Deposited by or
moving under the influence of rainwash or downbhill creep.

Compressional wave. See P wave.

Convolution.A mathematical operation describing the interaction of two functions, such as a signal and a
filter, that may result in a change of wave shape.

Corner frequency. That frequency at which the curve representing the Fourier amplltude spectrum of a
recorded seismic signal abruptly changes slope.

Creep. Slow, more or less continuous movement that may occur either along faults owing to ongoing tec-
tonic deformation or along slopes owing to gravitational forces.

Critical acceleration (A.). The minimum value of ground acceleration required to overcome the resistance
of a particular slope to earthquake-induced sliding.

Critical displacement (U,). The minimum ground displacement required if a slope is to continue sliding
after seismic shaking stops. In this volume, the assigned values are 10 cm for coherent slides and
2 cm for disrupted slides and falls.

Critical facilities. Structures whose ongoing performance during an emergency is required or whose
failure could threaten many lives. May include (1) structures such as nuclear power reactors or large
dams whose failure might be catastrophic; (2) major communication, utility, and transportation
systems; (3) involuntary- or high-occupancy buildings such as prisons or schools; and (4) emergency
facilities such as hospitals, police and fire stations, and disaster-response centers.

Crust. The outermost major layer of the Earth, ranging from 10 to 65 km in thickness worldwide and
about 20 km thick in coastal California and characterized by P wave velocities less than about 8 km/s.

Damping. The reduction in amplitude of an escillation owing to absorption of energy within a material.
See also Geometrical attenuation.

Design earthquake. The postulated earthquake (commonly including a specification of the ground motion
at a site) that is used for evaluating the earthquake resistance of a particular structure.

Dip. Inclination of a planar geologic surface (for example, a fault or a bed) from the horizontal.

Directivity. An effect of a propagating fault rupture whereby earthquake ground motion in the direction
of propagation is more severe than that in other directions from the earthquake source.

Displacement. The difference between the initial position of a reference point and any later position. (1)
In seismology, displacement is usually calculated by integrating an accelerogram twice with respect
to time and is expressed in centimeters. (2) In geology, displacement is the permanent offset of a
geologic or manmade reference point along a fault or a landslide.

Disrupted slides and falls. Landslides that are broken during movement into chaotic masses of small
blocks, rock fragments, or individual grains. The basal failure surface of most such slides is within a
few meters of the land surface.

Earthquake hazard. Any physical phenomenon associated with an earthquake that may produce adverse
effects on human activities.

Effective stress. The average stress transmitted directly from particle to particle of a rock or sediment
mass that controls how the mass deforms. Effective stress perpendicular to an arbitrary surface in a
saturated porous material is the difference between the applied normal stress and the pore-water
pressure.
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Elastic dislocation theory. In seismology, a theoretical description of how an elastic Earth responds to
fault slip, as represented by a distribution of displacement discontinuities.

Epicenter. The point on the Earth’s surface vertically above the point (focus or hypocenter) in the crust
where a seismic rupture initiates.

Fault. A fracture along which there has been significant displacement of the two sides relative to each
other parallel to the fracture. Strike-slip faults are chiefly vertical fractures along which rock
masses have shifted horizontally. Dip-slip faults are chiefly inclined fractures along which rock
masses have shifted vertically. If the rock mass above an inclined fault is depressed, the fault is
termed normal slip, whereas the term reverse slip (or thrust) indicates that the side above the fault is
elevated. Oblique-slip faults have significant components of both strike and dip slip along them.

Fault-plane solution. An analysis to determine the attitude of the causative fault and its direction of slip
from the radiation pattern of seismic waves for an earthquake recorded at numerous stations. The
analysis most commonly uses the direction of first motion of P waves and yields two possible orienta-
tions for the fault rupture and the direction of seismogenic slip. From these data, inferences can be
made concerning the principal axes of stress in the region of the earthquake.

Fault scarp. Steplike linear landform coincident with a fault trace. Caused by geologically recent offset
of the land surface.

Fault trace. Intersection of a fault with the ground surface; also, the line commonly plotted on geologic
maps to represent a fault.

Filter. In seismology, a physical system or a mathematical operation that changes the waveform or
amplitude of a signal.

Filtering. Attenuation of certain frequency components of a seismic signal and the amplification of
others. For a recorded signal, the process can be accomplished electronically or numerically in a
digital computer. Filtering also can occur naturally as seismic energy passes through the Earth.

First motion. On a seismogram, the direction of ground motion as the P wave arrives at the seismometer.
Upward ground motion indicates an expansion in the source region; downward motion indicates a
contraction.

Focal-mechanism solution. See Fault-plane solution.
Focus. The point within the Earth where an earthquake rupture initiates. See also Hypocenter.

Fourier amplitude spectrum. The relative amplitude at different component frequencies as derived from
a time series by Fourier analysis.

Fourier transform. The mathematical operation that resolves a time series (for example, a recording of
ground motion) into functions showing the relative amplitude and phase components of the signal.

Free field. Refers to ground motion measurements that are not influenced by manmade structures.
Frequency. Number of cycles occurring in unit time. Hertz (Hz), the unit of frequency, is equal to the
number of cycles per second.

Fundamental period. The longest period for which a structure shows a maximum response. The
reciprocal of natural frequency.

Geodetic. Refers to the determination of the size and shape of the Earth and the precise location of points
on its surface.

Geometrical attenuation. That component of attenuation of seismic wave amplitudes owing to the radial
spreading of seismic energy with distance from a given source.

Geomorphology. The study of the character and origin of landforms.

Geotechnical. Refers to the use of scientific methods and engineering principles to acquire, interpret,
and apply knowledge of Earth materials for solving engineering problems.

Green’s function. A mathematical entity that, in reference to earthquake shaking, is used to represent
the ground motion caused by instantaneous slip on an individual part of a fault.

Ground motion. General term referring to the qualitative or quantitative aspects of shaking of the Earth’s
surface from earthquakes or explosions.
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Ground response. See Ground motion.

Halfspace. A mathematical model bounded by a planar surface but otherwise infinite. Properties within
the model are commonly assumed to be homogeneous and isotropic, unlike the Earth itself, which is
heterogeneous and anisotropic.

Hertz (Hz). A unit of frequency. Expressed in cycles per second.

Hydrostatic stress. The stress component in the Earth that is uniform in magnitude in all directions.

Hypocenter. The point within the Earth where an earthquake rupture initiates. See also Focus.

Intensity. A subjective numerical index describing the severity of an earthquake in terms of its effects on
the Earth’s surface and on humans and their structures. A condensed version of the Modified Mer-
calli intensity scale appears on the inside back cover of this volume.

Isoseismal. A line on a map bounding points of equal intensity for a particular earthquake.

Kinematic. Refers to the movement patterns that result in a particular deformation. '

Lateral spreads and flows. Landslides that commonly form on gentle slopes and that display rapid
fluidlike flow movement.

Least-squares fit. An approximation of a set of data having a curve such that the sum of the squares of
the differences between the observed points and the curve is a minimum.

Liquefaction. Process by which water-saturated sediment temporarily loses strength, usually because of
strong shaking, and behaves as a fluid.

Lithology. The description of rock composition and texture.

Lithosphere. The outer solid portion of the Earth, including the crust and uppermost mantle.

Love wave. A type of seismic surface wave having a horizontal motion that is transverse to the direction
of propagation. .

Magnetic polarity reversal. A change of the Earth’s magnetic field to the opposite polarity. Polarity
reversals in sequences of magnetized rocks are detected by analysis and, when compared with
standard polarity time scales, are used to estimate geologic ages.

Magnitude. A number that characterizes the size of an earthquake, based on measurement of the max-
imum motions recorded by a seismograph for earthquake waves of a particular frequency. Scales
most commonly used in the Western United States are (1) local magnitude (M) (commonly referred to
as “Richter magnitude”), (2) surface-wave magnitude (M), and (3) body-wave magnitude (my). None
of these scales satisfactorily measures the largest possible earthquakes because each relates to only
certain frequencies of seismic waves and because the spectrum of radiated seismic energy changes
with earthquake size. The recently devised moment magnitude (M) scale, based on the concept of
seismic moment, is uniformly applicable to all sizes of earthquakes.

Mantle. That part of the Earth’s interior between the metallic core and the crust.

Microzonation. Geographic delineation on a regional or local scale of areas having different potentials
for hazardous effects of earthquakes (including geologic effects such as surface faulting, strong
ground shaking, and ground failure).

Newmark analysis. A numerical technique that models a potential landslide as a rigid friction block
resting on a slope and uses a strong-motion record to calculate the expected displacement of the
block under earthquake shaking.

Natural frequency(ies). The discrete frequency(ies) at which a particular elastic system vibrates when it
is set in motion by a single impulse and not influenced by other external forces or by damping. The
reciprocal of fundamental period.

Normal stress. That stress component perpendicular to a given plane.

Orthogonals. In oceanography, map lines constructed perpendicular to known or predicted wave fronts.
Orthogonals are used to estimate the relative distribution of tsunami wave energy arriving at a coast
line. :

Oscillation. The alternating motion or vibration of a reference point.

Oscillator. A mass that undergoes alternating motion. In earthquake engineering, an idealized mass-
spring system that is used as a model of the response of a structure to earthquake ground motion.

P wave. A seismic body wave that involves particle motion (alternating compression and extension) in the
direction of propagation.

18 Earthquake Hazards in the Los Angeles Region



Peak value. Largest value of acceleration, velocity, or displacement recorded for a particular earth-
quake time-history.

Pedogenic. Pertaining to processes that add, transfer, transform, or remove soil constituents.

Perched ground water. Ground water separated from the underlying main body of ground water by an
unsaturated zone.

Period. The time interval required for one full cycle of a wave.

Period band. That range of periods being considered in an analysis of ground motion.

Permeability. A measure of the ability of fluid to pass through the pore spaces of a rock or sediment.

Phase. (1) A stage in periodic motion, such as oscillation, measured with respect to a given initial point
and expressed in angular measure. (2) A pulse of seismic energy arriving at a definite time.

Physiographic. Refers to the character and distribution of landforms.

Plate tectonics. A well-proven theory that considers the Earth’s crust and upper mantle to be composed
of a number of large, thin, relatively rigid plates that move relative to one another. Interaction along
their boundaries commonly results in earthquake and volcanic activity.

Poisson distribution. A probability distribution that characterizes discrete events occurring in-
dependently of one another in time.

Pore-water pressure. Stress transmitted by the water filling the voids of rock or sediment. )

Pseudoacceleration response. The product of the relative displacement response and the square of the
angular frequency of an oscillator.

Pseudovelocity response. The product of the relative displacement response and the angular frequency
of an oscillator.

Quasi-harmonic decomposition. Technique whereby the filtering of a seismogram results in a sequence
of narrow-band seismograms that are used to estimate the time pattern of individually arriving P
wave pulses.

Radiometric. Pertaining to the measurement of geologic time by the analysis of certain radioisotopes in
rocks and their known rates of decay.

Rayleigh wave. A seismic surface wave causing an elliptical motion of a particle at the free surface, with
no transverse motion.

Recurrence interval. The average time span between events (such as large earthquakes, ground shaking
exceeding a particular value, or liquefaction) at a particular site.

Reflection. The energy or wave from a seismic source that has been returned (reflected) from an inter-
face between materials of different elastic properties within the Earth.

Reflector. An interface between materials of different elastic properties that reflects seismic waves.

Refraction. (1) The deflection of the ray path of a seismic wave caused by its passage from one material
to another having different elastic properties. (2) Bending of a tsunami wave front owing to variations
in the water depth along a coast line.

Refraction diagram. Map of the time-dependent positions of known or predicted tsunami wave fronts.

Regression analysis. A statistical technique applied to data to determine, for predictive purposes, the
degree of correlation of a dependent variable with one or more independent variables.

Relaxation theory. Concept wherein radiated seismic waves of an earthquake result when stored strain
within the Earth is released at the time of slip along a fault; adjacent fault blocks reach new states of
equilibrium.

Rigidity. See Shear modulus.

Residual. The difference between the measured and the predicted values of some quantity.

Resonance. An increase in the amplitude of vibration in a body when the frequency(ies) of the shaking
force is close to the natural frequency(ies) of a shaking body.

Response. The motion in a system resulting from shaking under specified conditions.

Response spectrum. A curve showing the response of a series of simple harmonic oscillators of different
natural frequency(ies) subjected mathematically to a particular earthquake ground motion.
Response spectra, commonly plotted on tripartite logarithmic graph paper, show the variation of
spectral acceleration, displacement, and velocity of the oscillators as a function of vibration frequen-
cy and for various levels of damping.
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Return period. See Recurrence interval.

Root mean square. Square root of the mean square value of a random variable.

Rupture front. The instantaneous boundary between the slipping and unslipped parts of a fault during
an earthquake.

Rupture velocity. The speed at which a rupture front propagates during an earthquake.

S wave. A seismic body wave that involves a shearing motion in a direction perpendicular to the direc-
tion of propagation. When it is resolved into two orthogonal components in the plane perpendicular
to the direction of propagation, SH denotes the horizontal component and SV denotes the orthogonal
component. »

Sag pond. A small enclosed depression commonly filled with water; formed where recent faulting of the
land surface has impounded drainage.

Sand boil. Sand and water ejected to the ground surface as the result of liquefaction at shallow depth;
the conical sediment deposit that remains as evidence of liquefaction.

Saturation. (1) In seismology, the leveling off of ground-motion parameters with increasing earthquake
magnitude. (2) In hydrogeology, the degree to which the pores of a sediment or rock are filled with
water.

Seiche. Oscillation of the surface of an enclosed body of water owing to earthquake shaking.

Seismic hazard. See Earthquake hazard.

Seismic impedance. Seismic P wave velocity multiplied by the bulk density of a medium.

Seismic wave. An elastic wave generated by an impulse such as an earthquake or an explosion. Seismic
waves may propagate either along or near the Earth’s surface (for example, Rayleigh and Love
waves) or through the Earth'’s interior (P and S waves).

Seismicity. The geographic and historical distribution of earthquakes.

Seismic moment. A measure of the size of an earthquake based on the area of fault rupture, the average
amount of slip, and the shear modulus of the rocks offset by faulting. Seismic moment can be calcu-
lated from the amplitude of long-period seismic waves.

Seismic risk. The probability of social or economic consequences of an earthquake.

Seismic zonation. Geographic delineation of areas having different potentials for hazardous effects from
future earthquakes. Seismic zonation can be done at national, regional, and local scales. See also
Microzonation.

Seismogenic. Capable of generating earthquakes.

Seismogram. A record of ground motion or of vibrations of a structure caused by an earthquake or an
explosion.

Seismograph. An instrument system for amplifying and recording the signals from seismometers.

Seismometer. The sensor or instrument used to detect seismic wave energy and to transform it into an
electrical voltage.

Separation. The distance between any two parts of a reference plane (for example, a sedimentary bed or
a geomorphic surface) offset by a fault, measured in any plane. Separation is the apparent amount of
fault displacement and is nearly always less than the actual slip.

Shear modulus. The ratio of shear stress to shear strain of a material during simple shear.

Shear stress. That stress component giving rise to tangential force across a given plane.

Shear wave. See S wave.

Slip. The relative displacement of formerly adjacent points on opposite sides of a fault, measured in the
fault surface.

Slip model. A kinematic model that describes the amount, distribution, and timing of slip associated with
a real or postulated earthquake.

Slip rate. The average rate of displacement at a point along a fault as determined from geodetic
measurements, from offset manmade structures, or from offset geologic features whose age can be
estimated. It is measured parallel to the dominant slip direction or estimated from the vertical or
horizontal separation of geologic markers.
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Soil. (1) In engineering, all unconsolidated material above bedrock. (2) In soil science, naturally occurring
layers of mineral and {or) organic constituents that differ from the underlying parent material in
their physical, chemical, mineralogic, and morphologic character because of pedogenic processes.

Seil profile. The vertical arrangement of soil horizons down to the parent material. Commonly subdivided
into A, B, and C horizons.

Source. (1) The geologic structure that generates a particular earthquake. (2) The explosion used to
generate acoustic or seismic waves.

Spectral amplification. A measure of the relative shaking response of different geologic materials. The
ratio of the Fourier amplitude spectrum of a seismogram recorded on one material to that computed
from a seismogram recorded on another material for the same earthquake or explosion.

Spectral ratio. See Spectral amplification.

Spectrum. The distribution or range of values of a characteristic of a physical system. In seismology,
commonly a curve showing amplitude and phase as a function of frequency or period.

Standard deviation. The square root of the average of the squares of deviations about the mean of a set
of data. Standard deviation is a statistical measure of spread or variability.

Standard penetration resistance. A measure of relative density expressed by the number of blows (blow
count) needed to push a probe a standard distance into sediment. The “standard penetration test”
determines the number of blows required to drive a standard sampling spoon 1 ft into the sediment by
repeatedly dropping a 140-1b weight from a height of 30 in.

Station. A ground position at which a geophysical instrument is located for an observation.

Strain. The percentage of change in the length, shape, or volume of a body subjected to deformation.

Stratigraphy. The study of the character, form, and sequence of layered rocks.

Stress. Force per unit area acting on a surface within a body. Six values are required to characterize
completely the stress at a point: three normal components and three shear components.

Stress drop. The difference between the stress across a fault before and after an earthquake.

Strike. Trend or bearing, in relation to north, of the line defined by the intersection of a planar geologic
surface (for example, a fault or a bed) and a horizontal surface.

Strong motion. Ground motion of sufficient amplitude and duration to be potentially damaging to
engineered structures.

Subduction. In plate tectonics, the process whereby one plate of the lithosphere descends beneath
another.

Subsidence. Downward settling of the Earth’s surface with little or no horizontal motion. May be caused
by natural geologic processes (such as sediment compaction or tectonic activity) or by human activity
(such as mining or withdrawal of ground water or petroleum).

Surface faulting. Displacement that reaches the ground (or sea floor) surface during slip along a fault.
Commonly accompanying moderate and large earthquakes having focal depths to 20 “km, surface
faulting also may accompany aseismic tectonic creep or natural or man-induced subsidence.

Surface wave. Seismic wave that propagates along the Earth’s surface. Love and Rayleigh waves are
examples.

Tectonic. Refers to crustal rock-deforming processes that affect relatively large areas.

Thixotropic. Refers to the ability of certain colloidal materials, such as some clays, to weaken or change
structure when shaken but to regain strength with time.

Time-history. The sequence of values of any quantity (such as a ground-motion parameter) during the
time span of an event.

Time series. See Time-history,

Transform fault. A special variety of strikeslip fault along which the displacement changes form or
stops. Commonly connects oceanic spreading ridges and subduction zones.

Traveltime curve. A graph of arrival times of P or S waves recorded at different points as a function of
distance from the seismic source. Seismic velocities can be computed from the slopes of the resulting
curve,
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Tsunami. An impulsively generated sea wave of local or distant origin that results from large-scale sea-
floor displacements associated with large earthquakes, major sea-floor slides, or exploding volcanic
islands.

Tsunamigenic. Refers to those earthquake sources, usually along major subduction zone plate bound-
aries, such as those bordering the Pacific Ocean, that can generate tsunamis.

Tsunami magnitude (My). A number used to compare sizes of tsunamis generated by different earth-
guakes and calculated from the logarithm of the maximum amplitude of the tsunami wave measured
by a tide gauge distant from the tsunami source.

Velocity. The time rate of change of displacement of a reference point during an earthquake. Can be
calculated by integrating an acceleration record once with respect to time. Expressed in centimeters

per second.

Velocity structure. A generalized regional model of the Earth’s crust that represents crustal structure by
layers having different assumed seismic velocities.

Void ratio. The ratio of the volume of void space in a rock or sediment to the volume of solid material.

Water table. The upper surface of a body of unconfined ground water at which the water pressure is
equal to the atmospheric pressure.

Wavelength. The distance between successive points of equal amplitude and phase on a wave (for exam-
ple, crest to crest or trough to trough).
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FACTORS FOR CONVERTING METRIC UNITS TO

INCH-POUND UNITS

Most quantitative information in this volume is given in the International System of Units (SI or metric),
the measurement system commonly used by scientists. The inch-pound (English) units of measurement,
however, may be more familiar to many readers. The following conversion table is for the convenience of

those who prefer English units.

Multiply SI unit By To obtain inch-pound unit
Length
millimeter (mm) 0.0394 inch (in)
centimeter (cm) .394 inch (in)
meter (m) 3.28 foot (ft)
kilometer (km) .62 mile (mi) (land)
kilometer (km) .54 mile (mi) (nautical)
Area
square meter (m?) 10.76 square foot (ft2)
square kilometer (km?) .386 square mile (mi?)
Volume
cubic meter (m3) 35.31 cubic foot (ft3)
cubic kilometer (km3) .24 cubic mile (mi?)
Density
gram per cubic centimeter (g/cm?) 62.43 pound per cubic foot (Ib/ft3)

Conversion Table 23
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GEOLOGIC AND SEISMOLOGIC SETTING

By R. F. Yerkes

INTRODUCTION

This discussion of the geologic and seismologic setting
of the Los Angeles region shows why and where earth-
quakes occur in that area. The basic framework for the
discussion is the concept of plate tectonics, which
relates many of the Earth’s large-scale geologic proc-
esses to movement in marginal areas of relatively rigid
crustal or lithospheric “plates” that are in slow, con-
stant motion (5-10 cm/yr) relative to one another. One of
these margins, the San Andreas fault system, forms the
broad boundary between the Pacific (oceanic) and the
North American (continental) plates and passes oblique-
ly through coastal California. Because this boundary
transects or borders several of the State’s major metro-
politan centers, it is one of the most extensively urban-
ized tectonic plate boundaries on Earth.

We outline the evolution of coastal California in terms
of plate tectonics and show how the Los Angeles region
straddles the junction between two major active fault
systems—the northwest-trending San Andreas and the
east-trending Transverse Ranges—that are responding
to present plate motions. We also describe the types of
permanent deformation associated with movement
along these faults and document the spatial and tem-
poral distribution of historical damaging earthquakes
associated with those movements.

PLATE-TECTONIC EVOLUTION
OF CALIFORNIA

Plate tectonics, a global-scale process that has been
going on for millions of years, involves relative move-
ment of very large plates of the Earth’s lithosphere—
blocks averaging about 100 km thick and thousands of
kilometers across. Most seismic and volcanic activity is
concentrated along boundaries between these plates.
Three types of plate boundaries are recognized:
spreading ridges, where oceanic plates are formed and
spread laterally away from each other; transform
faults, where plates slide horizontally past each other

along strike-slip faults between spreading ridges; and
subduction zones, where one plate (oceanic) dives
beneath another. Tracing the history of the plates and
their boundaries is a major component of modern geo-
logic and seismologic studies (see, for example, Ernst
(1981)). ,

Figure 3 is an interpretive map of the California
region and its relation to both ancient and present tec-
tonic plates. The following general history is envisioned.
The inactive subduction zone off central California and
Baja California, Mexico, presumably was the boundary
between the once-continuous Farallon oceanic plate and
the North American continental plate (Dickinson, 1981).
About 29 m.y ago, a portion of the Farallon plate disap-
peared by subduction, and an ancestral segment of the
East Pacific Rise (a spreading ridge now bounding the
Farallon remnants) first contacted the subduction zone.
The complex interactions set up by this encounter led to
the development of the San Andreas system of trans-
form faults and subsequent attachment of the displaced
coastal terrane to the Pacific plate (see Dickinson and,
Snyder (1979) for details). Before 5 m.y. ago, transform
slip occurred on equivalent faults west of the modern
San Andreas, some of which are now offshore.

In plate-tectonic terms, all of California west of the
San Andreas fault consists of several pieces of crust
that have been transported in a relatively northwest-
ward direction along the boundary as part of the Pacific
plate. In the part of California considered here, the
latest phase of this process ended before late Miocene
time more than 5 m.y. ago (see geologic time-scale chart,
inside front cover). Since then, continuing deformation
has caused chiefly reorientation, folding, and faulting of
the many separate unrelated pieces or “miniplates”
that make up the region.

PRESENT PLATE-TECTONIC
SETTING

The present San Andreas system is the locus of
relative motion between the North American and Pacific

Geologic and Seismologic Setting 25
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FIGURE 3.—Inferred relationships between San Andreas transform fault (SAF), Transverse Ranges (TR), and the Pacific and North American
plates. Displacement on faults parallel to the long dimension of the map is parallel to the fault (strike slip); displacement on faults having other
trends, such as reverse faults of the Transverse Ranges, is chiefly vertical (dip slip). The large arrow shows the motion of the Pacific plate
relative to the North American plate (about 56 mm/yr averaged over last 5 m.y.). Vectors labeled “TR cont.” indicate the inferred maximum
contraction across the Transverse Ranges since the Gulf of California began opening about 5 m.y. B.P. Adapted from Atwater (1970), Dickin-

son and Snyder (1979), and Moore (1981).

plates. The overall motion between these plates con-
tinues, perhaps at an accelerated rate; the average over
the last 3 m.y. is at least 56 mm/yr in a right-lateral
sense (Moore, 1981). The most recent estimate for
average relative motion along the San Andreas zone
north of the Tranverse Ranges is at least 33 mml/yr
(Thatcher, 1979); the 23-mm/yr difference presumably
reflects both relative movement along other faults of the
San Andreas system and associated folding and faulting
within and along the boundaries of the Transverse
Ranges.

In southern California, the surface trace of the San
Andreas itself may not represent the plate boundary at
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depth. One hypothesis is that the subsurface plate
boundary is deflected more than 100 km northeast of the
surface trace opposite the Transverse Ranges (Yeats,
1981). The deflection of the San Andreas—called the
“big bend”—presumably is related to north-south con-
traction and east-west extension in the Transverse
Ranges—Mojave Desert region.

The techniques for dating geologic materials and
modeling geologic processes that have been developed
and applied over the last few decades show very clearly
that southern California west of the San Andreas fault is
geologically very young (although it locally contains very
old rocks derived from elsewhere) and is at the “leading
edge” of continent-forming processes.
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EFFECTS OF CONTINUING
DEFORMATION

The deformational processes now operating in
southern California are dominated by the intersection of
the San Andreas and the Transverse Ranges fault sys-
tems (fig. 4); the effects of this intersection are evident in
the local scenery, such as the spectacular southern face
of the San Gabriel Mountains overlooking the Los
Angeles-San Bernardino metropolitan area (fig. 5), or in
the occurrence of transitory events such as earth-
quakes. Although these fault systems are part of a long-
term continuing process now at least 5 m.y. old, they are
currently responding to strain related to motion of the
Pacific and North American plates either by horizontal
(right-lateral) slip (faulting and earthquakes) on faults of
the San Andreas system or by vertical (reverse) slip on
Transverse Ranges faults. The effects of this deforma-
tion include (1) mountain building caused by sporadic

Active spreading ridge

North American plate
Pacific plate

Remnant of Farallon
plate

o Mazatlan

displacement along reverse faults (for example, as much
as 2 m of absolute uplift during faulting that accom-
panied the 1971 San Fernando earthquake); (2) basinal
development exemplified by the extremely deep, long,
narrow east-trending Santa Barbara Channel-Ventura
basin, which is filled with young sediment and has
flanks overturned by reverse faulting; (3) widespread
deformation of late Quaternary marine and nonmarine
terrace deposits, locally rising relative to sea level at
long-term rates of 4 to 10 mm/yr or 4 to 10 km/m.y. (La-
joie and others, 1979); (4) generation of earthquakes in
the upper 15 km of the crust; and (5) widespread
regional uplift (Castle, 1978) and strain accumulation
(Savage and others, 1981) shown by analysis of horizon-
tal and vertical survey data.

The distribution of most of these effects is shown in
figure 6, which also shows epicenters of selected well-
located earthquakes for which fault-plane solutions
(analyses of instrumentally well recorded earthquakes
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FIGURE 4.—Present relative motions of crustal blocks. Blocks in the foreground move northwest with the Pacific plate and represent the Peninsular
Ranges; those representing the Transverse Ranges (shaded) generally are bounded by reverse faults and prominent scarps. Modified from

Anderson (1971).

for which the sense and orientation of the generating
fault displacement can be derived) are available. These
epicenters are distributed throughout the region, and,
although most represent earthquakes of local magnitude
(Mp)* 5 or less, they reflect the same strain field
reflected by several larger earthquakes for which solu-
tions are available-generally north-south compression.
The maximum measured long-term rates of uplift occur

"Magnitude is a measure of the size or strength of an earthquake based on seismograph
records and therefore dependent on wave path, site effects, and instrumental frequency
response. Local magnitude (M,) was devised for southern California earthquakes (Richter,
1935, 1958). A widely applicable measure independent of frequency and wave path, moment
magnitude (M) is numerically coincident with M, in the range 3 to 7 (Hanks and Kanamori,
1979). See Ziony and Yerkes (this volume) for more details.
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along the coast west of Ventura (Lajoie and others,
1979), in an area of intense seismicity and active folding
and reverse faulting. Although measured rates are
sparse for inland parts of the Transverse Ranges, those
areas are also characterized by geologically recent
reverse faulting, and estimated long-term rates of uplift
for those areas are comparable. Figure 6 also shows the
surface traces of major Quaternary faults, classified by
age of latest movement at the surface. Those faults or
fault segments that show geologic evidence of Holocene
rupture also generally are seismically active. Not shown
on the map are results of leveling surveys that indicate
local areas of very rapid historic uplift—for example,



FIGURE 5.—Aerial view west along the southern front of the eastern San Gabriel Mountains. The south-facing scarp at right center (right of
powerline) is the southernmost fault of the 1-km-wide Cucamonga segment of the Transverse Ranges frontal fault zone. The fault scarp is com-
pound (the result of at least eight successive ruptures), slopes as steeply as 30°, is as much as 16 m high, and is about 5 km long; the last rup-
ture occurred between 500 and 1,000 yr B.P. The scarp cuts late Pleistocene and Holocene fan deposits of Day Canyon but does not cut the
most recent deposits in active streams (right foreground). Mesozoic and older rocks of the mountain block have been thrust hundreds of meters
up and southward (left) over the fan deposits by recurrent movements on the north-dipping reverse faults at a long-term average rate of about
3 mm/yr (Matti and others, 1982). The young alluvial lowland at the left extends almost continuously for 85 km from San Bernardino (20 km
behind viewer) to Pasadena. (Photograph taken September 1960; copyrighted by J. S. Shelton. Used by permission.)
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FIGURE 6.—Major Quaternary faults, directions of inferred maximum compressive stress (P axes) derived from fault-plane solutions, and localities
of estimated long-term uplift rates (Lajoie and others, 1979). MC indicates Malibu Coast fault; Npt-Ingwd, Newport-Inglewood fault; PV, Palos
Verdes Hills fault; Ry, Raymond fault; RM, Red Mountain fault; SF, San Fernando fault; SM, Santa Monica fault. Epicenters represent selected
instrumentally located earthquakes from 1933 (event 26) to 1981 (event 66) for which well-constrained fault-plane solutions are available
(event numbers from tables 3 and 4).
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Point Conception during early years of this century
(Yerkes and others, 1981) and the more extensive, tran-
sitory southern California uplift which is centered over
the Mojave Desert but includes the Transverse Ranges
(Castle, 1978).

Another means of describing the continuing regional
deformation is to integrate all known slip rates of faults
into a kinematic model. On this basis, long-term horizon-
tal convergence rates across the Santa Barbara Chan-
nel-San Cayetano-Sierra Madre-Cucamonga zone may
exceed 10 mm/yr (Yeats, 1981), about 20 percent of the
Pacific-North American plate motion. Such rates are
consistent with other measured rates of deformation in
the Transverse Ranges and are the highest modeled for
any southern California fault west of the San Jacinto
Zone,

Thus, we see at several scales and through several in-

dependent lines of evidence the effects of north-south
crustal shortening throughout the Transverse Ranges,
effects generally associated with horizontal right-lateral
movement along the plate boundary (the San Andreas
and associated faults of coastal California). The com-
pressive effects of deformation so characteristic of the
Transverse Ranges have long been attributed to con-
vergence between the “big bend” of the San Andreas
fault and the Pacific plate, but this hypothesis does not
account for similar effects east of the “big bend,” nor is
the origin of the “big bend” itself well understood. It is
important to recognize that the Los Angeles region oc-
cupies the junction between two major intersecting
zones of active faults, that the deformational processes
probably are as active now as they have ever been (At-
water and Molnar, 1973}, and that these processes are
expected to continue at least at present rates.

PATTERN OF ACTIVE FAULTS

Figure 7 shows the pattern of major Quaternary
faults in the Los Angeles region and epicenters of well-
located earthquakes of M =3 for 1970 through 1981. The
lowland area of the region is  dominated by two seis-
mically active fault systems—the northwest-trending
right-lateral strike-slip San Andreas and its members
(from east to west, the San Jacinto, the Whittier-
Elsinore, and the Newport-Inglewood) and the west-
trending reverse faults of the Transverse Ranges, the
southernmost of which transects most members of the
San Andreas system but not the San Andreas itself (see
fig. 6). The lowland area also occupies the junction be-
tween two major physiographic provinces, the struc-
tural trends of which are controlled by the fault
systems—the Peninsular Ranges province east and
south of the Los Angeles basin, major elements of which
parallel the San Andreas system, and the Transverse
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Ranges province northwest, north, and northeast of the
basin, elements of which trend generally east-west,
transverse to the San Andreas system. The boundary be-
tween the two provinces is marked by a zone of west-
trending reverse faults, which forms, for example, the
steep southern slope of the San Gabriel Mountains (fig.
5). The damaging 1971 San Fernando earthquake oc-
curred in this zone.

The northwest-trending Newport-Inglewood zone of
faults and folds traverses the densely urbanized
western Los Angeles basin and, at its northern end, is
overridden by or merges with the east-trending Santa
Monica zone of reverse faults. The onshore segment is
about 60 km long from the Santa Monica zone at the
northwest to the Santa Ana River at the southeast,
beyond which the zone extends offshore toward San
Diego. At least three damaging earthquakes have oc-
curred along the onshore segment during historic time.
The Newport-Inglewood zone has a relatively high rate
of seismicity but a very low estimated long-term slip rate
{<1 mm/yr) (Woodward-Clyde Consultants, 1979).

PATTERN OF DAMAGING
EARTHQUAKES

Because of the strong correlation (in California) be-
tween damaging earthquakes (M = 5) (table 3) and geologi-
cally young faults mappable at the surface, the distribu-
tion of such earthquakes and faults in time and space is
the best available index to the location of future dam-
aging earthquakes. Figure 8 shows the epicenters and
isoseismal patterns of 42 known damaging (MM = VII)?
earthquakes, their relation to mapped Quaternary
faults, and urbanized areas. Most damaging onshore
earthquakes can be associated with known Quaternary
faults, as Allen and others (1965) recognized. These
faults also have been seismically active over the 11-yr
period from 1970 to 1981. Even allowing for location
errors for preinstrumental events, the map provides
strong evidence that most Quaternary faults are
seismically active. The lack of historical earthquakes on
fault segments such as the San Cayetano, the Sierra
Madre, and the Cucamonga in the Transverse Ranges
cannot be interpreted as evidence of less hazard there;
this lack is more likely to indicate earthquake recur-
rence intervals that exceed 180 yr, the time span since
the beginning of written history in southern California.

2MM = VII indicates a Modified Mercalli intensity equal to or greater than VII. Intensity is a
measure of the effects of an earthquake at a given place based on observation. Intensity varies
with magnitude but is highly dependent on the observer’s experience, the site geology, and the
distance from the earthquake source. MM VII is the lowest intensity at which damage to
masonry of ordinary workmanship and mortar (not reinforced or designed to resist lateral
forces) appears. Several intensity scales are in use; the Modified Mercalli scale of 1931 or its
successor (the 1956 version) is commonly used in the United States (Richter, 1958, p. 137). See
inside back cover for a complete description of scale.



An association between Holocene rupture and
seismicity furnishes strong presumption of fault activity,
but there have been prominent events in which one or
both of these criteria have been missing or not recog-
nized. For example, a major damaging earthquake
(event 5) (fig. 6, table 3) and extensive surface rupture
occurred in 1857 on a segment of the San Andreas fault
that has been relatively quiet since; yet Allen (1981) has
concluded that this segment still poses great seismic
hazard. Furthermore, the occurrence of the 1971 San
Fernando earthquake (event 39) (fig. 6, table 3) and sur-
face rupture on a reverse fault having a well-developed
young surface scarp but no recognized historical rup-
ture or seismicity indicates that such faults also may
generate damaging earthquakes.

The maps shown in figures 6, 7, and 8 identify six
major sources of historical damaging earthquakes in
southern California—the “big bend” segment of the San
Andreas fault, the San Jacinto fault zone, the Newport-
Inglewood zone, and the Santa Barbara Channel, San
Fernando, and Raymond(?) faults of the Transverse
Ranges. The San Andreas and White Wolf faults in the
“big bend” area have produced the two largest
southern California earthquakes of historic time (1857,
M 7.9; 1952, M 7.5).

In terms of numbers of damaging earthquakes, the
San Jacinto fault zone has been the most prolific in
historical time. At least 10 events have taken place
(1858-1980) over a fault length of about 200 km (table 3);
about half of these events have caused damage in the
San Bernardino-Riverside area.

The Newport-Inglewood zone and the Santa Barbara
Channel faults each have generated several damaging
earthquakes (table 3). As their reconstructed damage
patterns indicate (Toppozada and others, 1981), the
1812 earthquakes were by far the largest associated
with either zone.

In terms of exposure to damaging earthquakes, the
3,380 km? of urbanized Los Angeles basin constitute
about 5 percent of the onshore area mapped in figure 7,
but faults in the basin area have generated 10 (24 per-
cent) of the 42 historical damaging earthquakes. All of
the urbanized basin area has been shaken at MM = VII at
least once in the last 180 yr, about 91 percent has been
shaken twice or more, about 57 percent has been shaken
three times or more, about 27 percent has been shaken
four times or more, and about 9 percent has been
shaken five times or more.

PATTERN OF MODERN SEISMICITY

This section summarizes the distribution of instru-
mentally recorded seismicity and its relation to the

regional and local tectonic framework. Abundant evi-
dence shows that, in California, faults are the principal
loci of stress release at and above seismic depths (Allen,
1975), generally within 10 to 15 km of the surface. Ex-
posed fault traces represent roughly planar surfaces of
shear that result from opposing movements of adjoining
rock masses; along the plate boundary, this movement
results from widespread, generally north-south com-
pressive strain. The shearing is resisted by a frictionlike
process that permits either intermittent impulsive slip
(rupture), which causes earthquakes, or continuous slow
movement (creep), which occurs sometimes without
detectable earthquakes. Specific identification of
earthquake-generating fault movements requires the
ability to map earthquakes in three dimensions, espe-
cially where inclined fault surfaces are involved. Well-
located fault-plane solutions assist greatly in correlating
surface and seismic evidence about the type and at-
titude of fault rupture (table 4), especially on inclined
faults.

Figure 9 shows the relation of the Los Angeles region
to the rest of California in terms of the 1980 and 1981
record of M, >1.5 earthquake epicenters mapped by
seismograph networks that have been greatly aug-
mented since about 1970. In central California, most
earthquakes occur along mapped vertical faults of the
northwest-trending San Andreas system that have Holo-
cene right-lateral strike slip; dense alignments of small
events are concentrated along segments that are_known
to be creeping (Allen, 1981). South of the Transverse
Ranges in the Los Angeles region, similar alignments oc-
cur along the San Jacinto fault and, to a lesser degree,
along portions of the Elsinore and Newport-Inglewood
zones, which also are elements of the San Andreas
system. The pattern of epicenters north and south of the
Transverse Ranges thus reflects to a prominent degree
the distribution of right-lateral strike slip on vertical
faults that make up the active plate boundary. That this
boundary zone is about twice as wide south of the
Transverse Ranges as it is to the north perhaps reflects
east-west extension south of the Transverse Ranges.

In and near the Transverse Ranges, however, the pat-
tern of seismicity is much more diffuse (see also fig. 8).
Instead of prominent northwest-trending alignments
coincident with the traces of vertical faults, there are
short arcuate patterns, such as those northeast of Santa
Barbara Channel; tight clusters, such as those at San
Fernando just to the east; or short east-west trends,
such as those near the Anacapa fault. Fault-plane solu-
tions show that the seismicity is along reverse or
reverse-oblique north-dipping faults that can be mapped
at the surface. East of the San Jacinto zone, some
seismicity can be associated with reverse or reverse-
oblique displacement on the Banning and Mission Creek
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FIGURE 7.—Epicenters of 42 known damaging earthquakes (MM = VII) from 1800 to 1978, major Quaternary faults, and 1970 to 1981 record of well-
located epicenters of M, >3 earthquakes (in brown). MC indicates Malibu Coast fault; M Ck, Mission Creek fault; Npt-Ingwd, Newport-
Inglewood fault; OR, Oak Ridge fault; Pl, Pleito fault; PV, Palos Verdes Hills fault; Ry, Raymond fault; RM, Red Mountain fault; SF, San Fernan-
do fault; SM, Santa Monica fault; S Sn, Santa Susana fault; Vta, Ventura fault; WW, White Wolf fault. 1970 to 1981 seismicity furnished by
P. T. German, U.S. Geological Survey, Pasadena, Calif.; relative magnitude of event indicated by size of circle.
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TABLE 3.—Historical (1800-1980) damaging (MM intensity = VII) earthquakes

[Event numbers correspond to numbers used in fig. 6]

Maximum  Area of

Event Latitude, Longitude, intensity MM=z7, Fault or Remarks and
no Year Month Day Time? °N. °W. M (MM) in km? zone sources*
1-——— 1800 Nov. 22 21:30 33.0 117.3 6.5 VII 2,920 Rose Canyon(?) 1
2————— 1812 Dec. 8 15:00 33.7 118.12 6.9 Vi 8,500 Newport-Inglewood 1
3ommeee 1812 Dec. 21 19:00 34.2 1199 7.1 VIII 13,000 Santa Barbara One strong foreshock
Channel. and many strong
aftershocks; 1.
P 1855  July 11 04:15 34.1 118.1 6 VIII 775* Raymond(?) 1
5———me 1857 Jan. 9 16:00 353 119.8 7.9 IX+ 57,000 San Andreas > 360-km surface
rupture; 1, 2.
6-—-e- 1858 Dec. 16 10:00 34.0 117.32 6.5 IX 2,920° San Andreas- 1
San Jacinto.
6a—---- 1892 Feb. 24 07:20 32.6 115.7 6.8 IX+ 6,600 Laguna-Salada 1, 33
(Elsinore).
7= 1893 Apr. 4 19:40 34.3 118.72 5.5 VIII 205% Santa Susana(7), 1
Simi(?).
§—————— 1899 July 22 20:32 34.3 117.5 6.7 VIII 4,300 San Andreas(?) 1
Qe—mmee 1899 Dec. 25 12:25 33.8 117.0 6.8 X 4,700 San Jacinto 1,3
10--~--- 1902 July 28 06:57 34.72 1204 5.4 VIII 202 Los Alamos Two large
aftershocks in 4
days (4, 5, 6).
11---=-- 1907 Sep. 20 01:54 34.2 117.4 6 VII 770% San Jacinto(?) 3,4,6
12————— 1910 May 15 15:47 33.7 117.4 6 VII 7753 Elsinore(?) 4,6
13===mmn 1912 Dec. 14 34 119 5 VII 553 Offshore(?) 4,6
14===m= 1915 Jan. 12 04:31 34.73 120.23 5.8 VIII 540 Los Alamos 4,5, 6
15~==e=m 1916 Oct. 23 02:44 34.9 1189 5.6 VII 260 4, 5a, 6
16-====- 1918 Apr. 21 22:32 33.75 117.00 6.8 IX 7,000 San Jacinto 3,47
17 —————- 1919 Feb. 16 15:57 35 119 5 VII 553 White Wolf 4,6
18———-— 1920 June 22 02:48 33.97 118.37 4.7 VIII 34 Newport-Inglewood 4, 8, 9
19-———— 1923 July 23 07:30 34 117.25 6.0 VI 1,320° San Jacinto 3,4,6
20-=~=== 1925 June 29 14:42 34.3 119.8 6.8 IX 3,800 Santa Barbara Many strong
Channel. aftershocks; 4, 6,
10, 36, 37.
21-————— 1926 June 29 23:21 345 119.72 5.5 VII 200° Santa Ynez(?) 4, 6
22—————- 1927 Nov. 4 - 13:50 34.6 120.9 7.3 IX 2,200 Offshore Point 4, 6, 11, 12, 36
Arguello.
23————-—- 1929 July 8 16:46 339 118.04 4.7 VIII 40 Norwalk 4, 6,13
24 ~————u 1930 Aug. 5 11:25 34.3 119.5 5 vil 558 Santa Barbara 4,6
Channel.
25-=—--- 1930 Aug. 31 00:40 33.952 118.682 5.2 VII 95 Anacapa 4, 6, 14
26------ 1933 Mar. 11 01:54 33.62 117.97 6.2 X 2,835 Newport-Inglewood Twelve aftershocks
=M, 5 by Oct. 2;
6, 15, 16, 17,
34, 36.
27 e mmmm 1937 Mar. 25 16:49 33.41 116.26 6 Vil 775 San Jacinto 6, 15, 18
28--—-—- 1941 July 1 07:50 34.37 119.58 6.0 VIII 595° Santa Barbara Plus many strong
Channel. aftershocks; 6, 15.
29====== 1941 QOct. 22 06:57 33.8 118.2 4.9 VIl 40 Newport— 6, 15, 19
Inglewood(?).
30--=--- 1941 Nov. 14 08:41 33.78 118.25 5.4 VII+ 155° Newport— 6, 15
Inglewood(?).
31--=--- 1942 Oct. 21 16:22 32.97 116.0 6.6 Vil 2,920° San Jacinto 3,6, 15
32--=--- 1947 Apr. 10 15:58 34.98 116.55 6.5 vl 4,700 Unknown, probably 6, 15, 17, 35
not Manix.
33--——- 1948 Dec. 4 23:43 33.93 116.38 6.0 VII 5,000 Mission Creek 6, 15, 20
34-———— 1952 July 21 11:52 35.00 119.02 7.5 XI 30,000 White Wolf Eleven aftershocks in

4 days: 1 M, =6,
4 M, 2556M, =5

53-km surface

rupture (6, 15, 21).

y



TABLE 3.—Historical {(1800-1980) damaging (MM intensity = VII} earthquakes—Continued

Maximum Area of
Event Latitude, Longitude, intensity MM=z=7, Fault or Remarks and
no Year Month Day Time? °N. °W. M (MM) in km? zone sources*
35-——==- 1954 Jan. 12 23:33 35.0 119.02 5.9 VII+ 540 White Wolf 6, 15, 22
36---=~- 1968 Apr. [¢] 02:28 33.19 116.13 6.5 VII 1,330 Coyote Creek 6, 15, 23
- {San Jacinto).
37---—— 1969, Apr. 28 23:20 33.34 116.35 5.8 VII 420 San Jacinto 8, 15, 24
38-———=- 1970 Sep. 12 14:30 34.27 117.54 5.4 VII 175° North San Jacinto 6, 15, 31
39---—-- 1971 Feb. 9 14:00 34.41 118.40 6.6 IX 2,600 San Fernando Four aftershocks in
43 min: 2 M, =5.5;
15-km surface rup-
ture; 15, 25, 27.
40---——-- 1971 Mar. 31 14:52 34.29 118.52 51 VII 85 San Fernando 26, 27
41 -———-- 1973 Feb. 21 14:45 34.07 119.04 5.3 Vil 425 Anacapa 15, 28
42——==un 1978 Aug. 13 22:54 34.40 119.68 5.6 VII 330 Santa Barbara Plus many small
Channel. aftershocks; 29,
30, 32.
IGMT.
?Location modified.
3Estimated.
“Numbers refer to the following sources:
1. Toppozada and others (1981) 19. Bravinder (1942)
2. Agnew and Sieh (1978) 20. Richter and others (1958)
3. Thatcher and others (1975) 21. Neumann and Cloud (1955)
4. Toppozada and others (1978) 22. Murphy and Cloud (1956}
5. Beal (1915) 23. Cloud and Scott (1972)
5a. Branner (1917) 24. von Hake and Cloud (1971)
6. Coffman and von Hake (1973a) 25. Scott (1973)
7. Townley (1918) 26. Coffman and von Hake (1973b)
8. Taber (1920) 27. Whitcomb and others (1973)
9. Richter (1970) 28. Coffman and von Hake {1975)
10. Toppozada and Parke {1975) 29. Lee and others {1978)
11. Byerly (1930) 30. Stover and von Hake (1980}
12. Hanks {1979) 31. Coffman and von Hake (1972)
13. Wood and Richter (1931) 32. Corbett and Johnson (1982)
14. Gutenberg and others (1932) 33. Strand (1980)
15. Real and others (1978) 34. Rodgers (1973)
16. Richter (1935) 35. Beeby and Hill (1975), Lindh and others (1978)
17. Richter {1958) 36. Toppozada and Parke (1982)
18. Wood (1937) 37. Toppozada and Parke (1975)
faults. Reverse faulting along this entire east-west belt cidence of this alignment with the eastern boundary of

generally marks the southern margin of such mountain
ranges as the Santa Monica, the San Gabriel, and the
San Bernardino Mountains.

The “cloud” of seismicity in the San Benardino Moun-
tains is poorly understood. The few available fault-plane
solutions are compatible with right-lateral strike slip on
mapped vertical northwest-trending faults similar to
those in the Mojave Desert to the north; none correlate
with the south-dipping reverse faults that border the
mountains on the north. The presence of this seismicity,
as opposed to the relative lack in the adjoining San
Gabriel Mountains, presumably is related to contrasting
structure and shear resistance at depth.

The dense north-trending alignment of epicenters im-
mediately east of the San Bernardino Mountains in-
cludes three events associated with historical surface
rupture; the ruptures are aligned more nearly with the
zone of epicenters than they are with the regional trend
of faults in the Mojave Desert. The approximate coin-

seismicity, the eastward change in habit to normal
faulting, and the sharp eastward rise in heat flow
(Lachenbruch and others, 1978) suggest an association
with ongoing adjustments of the plate boundary.

SUMMARY

Metropolitan southern California lies along the broad
boundary between two of the Earth’s moving crustal
plates. - Continuing deformation along the boundary,
caused by generally north-south compression derived
from relative motion of the plates, is expressed chiefly
as right-lateral strike slip on vertical faults of the
northwest-trending San Andreas system both north and
south of the Transverse Ranges. In turn, this displace-
ment is expressed as prominent alignments of earth-
quake epicenters that coincide with and directly reflect
the fault traces and movemert on them. In the Trans-
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FIGURE 8.—Epicenters and isoseismal patterns of 42 known damaging (MM = VII) earthquakes from 1800 to 1978 in relation to urbanized areas
(in brown). Epicenters and patterns for preinstrumental events have been reconstructed, largely by Toppozada and others (1981), from con-
temporary records.
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TABLE 4.—Selected earthquakes having known fault-plane solutions
{Event numbers correspond to numbers used in fig. 6]

Event Latitude, Longitude, Fault or Remarks and
no. Year Month Day Time? °N. °W. My zone Type sources?
43-—=-—- 1959 Oct. 1 04:35 34.48 120.49 4.5 Point Conception Left-reverse oblique 1
area.
44-—--—- 1965 Oct. 17 09:45 33.98 116.78 4.9 Banning(?) Reverse 12
45-——--- 1969 Oct. 30 15:36 34.38 120.84 3.7  Off Point Left-reverse oblique 1
Conception
46----—— 1972 Jan. 17 05:49 34.30 120.26 2.7  Santa Barbara Reverse 2
: Channel.
47 —===== 1972 July 27 01:12 34.72 118.95 3.0 Unknown Thrust 2
48-—--—- 1972 Sep. 23 03:23 34.78 120.25 30 Alamos-Baseline Left-reverse oblique 1
49-————- 1973 Aug. 6 23:29 33.97 119.45 5.0 Santa Cruz Island  Left-reverse oblique 1
50-=~—— 1974 Dec. 6 1345 34.12 118.26 44  Santa Monica(?) Reverse 7
51-=—=—- 1975 Mar. 24 10:32 34.50 118.89 2.7  Unknown Reverse 2
52-~—-mv 1975 May 31 14:39 34.52 116.49 52  Galway Lake Right lateral 6.8-km surface
rupture; 13.
53-———=—- 1975 Nov. 5 34.13 117.34 3.0 San Jacinto Right lateral 6
54-————- 1976 Jan. 1 17:20 34.01 117.88 40 Unknown Right lateral 5
55 —mmm—m 1976 Oct. 15 15:56 33.75 118.02 28 Newport- Reverse 5
Inglewood(?).
56-—==== 1976 Nov. 30 16:18 34.08 118.12 25 Raymond Reverse 6
57 === 1977 Mar. 17 . 3446 117.98 3.0 San Andreas Right-reverse 6
oblique.
58—————— 1978 May 14 33.68 . 116.04 2.2 San Andreas Right lateral 12
59-————- 1977 June 27 20:59 34.11 117.95 29  Sierra Madre(?) Reverse 4
60~~===- 1978 June 19 34.81 117.77 3.0 Mirage Valley Reverse 6
61-~---~ 1978 Dec. 29 06:30 33.92 118.34 2.5 Newport-Inglewood Reverse 5
62-—==== 1979 Mar. 15 21:07 34.32 116.44 5.2 Homestead Valley  Right lateral 3-km surface
rupture; 8.
63-———-—- 1979 june 30 00:34 34.23 116.89 4.9  San Bernardino Strike slip 9
Mountains.
64-----= 1980 Feb. 25 33.52 116.55 56  San Jacinto Right lateral 10
65--=-——~ 1980 May 29 34.94 120.78 48 Hosgri Reverse 3
66-~——-= 1981 Sep. 4 15:50 33.68 119.10 5.3  North of Santa Right lateral 11
Barbara Island. )
IGMT.
“Numbers refer to the following sources:
1. Gawthrop (1975)

2. Lee and others (1979)
3. Cockerham and Eaton (1882)
4. C. H. Cramer and |. M. Harrington (written communication, 1978)
5. Teng (1979)
6. McNally and Pechmann (1981)
7. Buika and Teng (1879)
8. Pechmann and others (1980)
9, P. German (written communication, 1982)
10. Sanders and others (1981)
11. Corbett and Piper (1981)
12. Kanamori and McNally (1981)
13. Beeby and Hill (1975), Lindh and others (1978)

verse Ranges, however, the north-south compression is Angeles region (42 in 180 yr) and many smaller earth-
expressed by a large component of vertical deforma- quakes can be associated with recognized Quaternary
tion—folding and mountain building through reverse or faults that are seismically active today. Essentially all
reverse-oblique displacement on easttrending inclined urbanized areas of the region lie within range of one or
faults. The resulting patterns of seismicity can be more of these damaging earthquakes. We expect this
associated with specific faults only through correlation deformational process to continue at least at present
of surface geologic evidence with seismic evidence by rates; present evidence indicates that future damaging
means of well-located fault-plane solutions. Even so, earthquakes will occur on or near a recognized fault
nearly all historical damaging earthquakes in the Los that shows evidence of geologically recent activity.
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FIGURE 9.—Epicenter map of California. M; > 1.5 epicenters for 1980 and 1981 and explanation of symbols. Box shows area of figures 6, 7, and 8.
Map compiled and plotted by J. P. Eaton (U.S. Geological Survey, Menlo Park, Calif.) from unpublished data supplied by F. W. Lester (U.S.
Geological Survey, Menlo Park, Calif.), C. E. Johnson (U.S. Geological Survey, Pasadena, Calif.), L. K. Hutton (California Institute of Technology,

Pasadena, Calif.), A. S. Ryall (University of Nevada, Reno, Nev.), and A. M. Rogers (U.S. Geological Survey, Golden, Colo.).
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EVALUATING EARTHQUAKE AND SURFACE-FAULTING

POTENTIAL
By J. 1. Ziony and R. F. Yerkes

INTRODUCTION

The Los Angeles region of California has been .

dissected by a complex pattern of faults produced over
millions of years during markedly different episodes of
crustal deformation. Although many of these faults ap-
parently are no longer capable of movement, others are
responding to ongoing strain accumulation associated
with large-scale shifting of plates of the Earth’s crust.
As Yerkes (this volume) has discussed, current earth-
quake activity is associated with the northwest-trending
strike-slip faults of the San Andreas system and the
west-trending, dominantly reverseslip faults of the
Transverse Ranges. Several faults have undergone
movement in historical time and generated damaging
earthquakes; undoubtedly, they will slip again. Further-
more, the geologic or geophysical attributes of other
faults suggest that they, too, may be capable of
earthquake-generating movements within a time span of
concern to residents of the region.

To avoid or to accommodate the destructive effects of
earthquakes, planners and engineers need to know
which faults are likely to slip suddenly again and what
the likely results of such movement would be. The
specific information needed includes the distribution of
active faults, their relative activity, the likely size and
frequency of large earthquakes along them, and their
potential for rupture at the Earth's surface. This
chapter describes the potentially damaging geologic ef-
fects directly associated with movement along faults,
the techniques presently available for identifying and
evaluating those effects, and current knowledge about
the fault hazards of the Los Angeles region. Subsequent
chapters will address other geologic effects such as the
strong shaking and the resulting ground failure that are
indirect products of sudden fault slip.

POTENTIALLY ACTIVE FAULTS OF
THE REGION

Faults and Their Character

A fault is a fracture within the Earth’s crust along
which significant movement has occurred either sud-

denly during earthquakes or slowly during a process
called creep. Cumulative displacements of tens to hun-
dreds of kilometers can result if the fault continues to
slip over a long span of geologic time. Individual
episodes of movement, however, are small—generally
less than a few meters—and are commonly separated in
time by tens, hundreds, or thousands of years.

A fault on a local scale is a more or less planar sur-
face whose geometry can be characterized by strike
{trend or bearing of the intersection of the fault with the
Earth’s surface in relation to north) and dip (inclination
from the horizontal). Geologists classify faults according
to the primary type of movement along them—that is,
strike slip, dip slip, or oblique slip (fig. 10).

Strike-slip faults are chiefly vertical faults that have
shifted rocks on one side of the fault horizontally in rela-
tion to the opposite side. Depending on whether the rock
mass on the opposite side has shifted to the right or to
the left, the designation of right lateral or left lateral is
used. The San Andreas fault is the classic example of a
right-lateral strike-slip fault. Dip-slip faults have
changed the elevation of a rock mass on one side of the
fault relative to the opposite mass. These faults are
mostly inclined rather than vertical. If the side above
the fault is depressed, the fault is termed normal slip;
the term reverse slip is applied if the side above the fault
is elevated. Oblique-slip faults have significant com-
ponents of both strike and dip slip along them.

Active Faults

Active faults are those faults that are considered like-
ly to undergo renewed movement within a period of con-
cern to humans (Wallace, 1981). Faults that currently
are slipping, that display earthquake activity, or that
have had historical surface rupture clearly are active.

" Except in these limited cases, however, it is difficult to

differentiate with certainty between faults capable of
future movement and those that cannot move under the
state of stress existing in the Earth’s crust. Known ac-
tive faults display a wide range of behavior, and the dy-
namic processes that result in fault movement are
understood only partially.
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FIGURE 10.—Types of faulting common in the Los Angeles region,

characterized by the sense of displacement of the blocks on oppo-

site sides of the fault. Movement on oblique-slip faults has both
strike- and dip-slip components.

An approach that has proved useful in identifying ac-
tive faults is to determine the age of the most recent
movement along a fault. Designation of a fault as active
can be based on the assumption that the more recent the
faulting, the more likely any future movement. Because
different faults can lie dormant for different lengths of
time before they slip again, however, there is no univer-
sally applicable time span for evaluating fault activity
(see “Determining the Future Behavior of Faults”). Both
historical and geologic evidence suggests that some
faults may remain dormant for hundreds or thousands
of years between major displacements.

This chapter considers those faults that show
evidence of offset during late Quaternary time (approx-
imately the past 750,000 yr) (see inside front cover) as
candidates for future rupture in response to the present
tectonic stress field. We have three reasons for select-
ing the late Quaternary as the appropriate time span
within which to assess the potential activity of faults in
the Los Angeles region.

1. Time spans of a few tens of thousands of years or
less appear inadequate to judge fault activity,
because large historical earthquakes and sur-
face faulting have occurred worldwide along
some faults that lacked evidence of historical or
Holocene (the past 10,000 yr) activity.

2. The many late Quaternary deposits found in much of
the Los Angeles region contain widespread
datable markers for evaluating fault activity.
Coastal sequences of marine terrace deposits are
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reliably dated back to 120,000 yr ago, according
to various dating methods (Lajoie and others,
1979). In the Ventura basin, the ages of several
volcanic ash layers interspersed with the Pleisto-
cene sediments are accurately known (Sarna-
Wojcicki and others, 1984). Inland, nonmarine
alluvial deposits as old as about 750,000 yr local-
ly (Bull and others, 1979; Meisling, 1984) are ex-
posed extensively along the fault-bounded fronts
of the major upland areas.

3. Geologic evidence in and near the Transverse
Ranges suggests that major changes in the
tectonic stress field of the region took place dur-
ing early Pleistocene time, from about 1.7 m.y.
to about 750,000 yr ago. These changes were
marked by the accelerated uplift and subsidence
of major topographic elements of the Transverse
Ranges, the initiation of slip along some faults,
and the sharply accelerated rates of slip along
other faults (Yeats, 1977, 1983; Stein and That-
cher, 1981; Meisling and Weldon, 1982b). Thus,
many faults that were developed under earlier
stress conditions may not be able to slip in the
current stress field.

Distribution of Late Quaternary Faults
in the Los Angeles Region

Faults in the Los Angeles region that show evidence of
movement in late Quaternary time are shown in figure
11 and listed in table 5. Several of these faults have off-
set stratigraphic or physiographic features that suggest
surface movements within Holocene time. A few have
displaced the ground surface during historical time,
which, for southern California, begins with the Spanish
explorations in 1769.

As Yerkes (this volume) has pointed out, the present
tectonic regime of the Los Angeles region is marked by
interaction between two distinct systems of geologically
young faults—the San Andreas fault and related
northwest-trending faults, which have dominantly right-
lateral strike-slip movement, and the west-trending
faults of the Transverse Ranges, which have dominantly
reverse-slip displacements. Ninety-five late Quaternary
faults belonging to these systems have been identified in
the region. The details of their geologic and seismologic
character and sources of information about these faults
are summarized in table 5. A discussion of the major
faults, fault groups, or fault zones follows. Numbers in
parentheses refer to the individual faults as listed in
figure 11 and table 5.

San Andreas fault zone.—The San Andreas fault zone
is the dominant active fault in California. The main ele-



ment of the boundary between the Pacific and the North
American tectonic plates, it extends as a continuous sur-
face feature from Cape Mendocino in northern Califor-
nia for more than 1,000 km to east of San Bernardino in
southern California. Within the Los Angeles region, the
San Andreas fault zone (1) trends southeastward along
the margin of the Antelope Valley and extends through
Cajon Canyon to form part of the southern boundary of
the San Bernardino Mountains (fig. 12). Two great
historical earthquakes marked by extensive surface
faulting have occurred along this fault—the renowned
1906 San Francisco earthquake and the lesser known
but possibly more severe 1857 Fort Tejon earthquake.

San Jacinto fault zone.—Echelon segments {including
2-8) of the San Jacinto fault zone extend from near San
Bernardino southeastward more than 300 km through
the Imperial Valley and into northern Baja California,
Mexico. The zone at its northern end appears to merge
with the San Andreas fault. For the past century, the
San Jacinto fault zone has been the most active
earthquake-generating feature in southern California; it
has produced at least 10 earthquakes of about local
magnitude (M; ) 6.0 or greater since 1890.

Elsinore fault zone and related faults.—The
northwest-trending Elsinore fault zone (including 13-20)
extends nearly 200 km from the Mexican border to the
northern edge of the Santa Ana Mountains. Beyond the
city of Corona, the Chino fault (11) continues the trend of
this zone almost to Pomona. The Whittier fault (12),
which extends northwest from the Elsinore fault zone,
forms part of the eastern margin of the densely popu-
lated Los Angeles basin.

Newport-Inglewood fault zone.—The Newport-
Inglewood fault zone is a broad zone of discontinuous
faults (25-31) and folds striking southeastward from
near Santa Monica across the Los Angeles basin to
Newport Beach. Faults having similar trends and pro-
jections occur offshore of San Clemente and in San
Diego (the Rose Canyon and La Nacion faults). Alto-
gether, these various faults constitute a system more
than 240 km long that extends into Baja California, Mex-
ico. A near-shore segment of the Newport-Inglewood
fault zone was the source of the destructive 1933 Long
Beach earthquake; this zone thus represents a major
hazard to the densely populated Los Angeles basin.

Padlos Verdes Hills fault.—The Palos Verdes Hills are
separated from the rest of the Los Angeles basin by a
major southwest-dipping fault that elevates rocks on the
west. The Palos Verdes Hills fault (35) has an onshore
extent of about 15 km. It has, however, been mapped
northwestward into Santa Monica Bay, where it ap-
parently is truncated by or merges with west-trending
faults of the Transverse Ranges. Segments of the fault

also have been identified in San Pedro Bay nearly 30 km
south of Long Beach.

San Pedro Basin fault zone.—The San Pedro Basin
fault zone (38) is a poorly known offshore zone of
echelon northwest-trending faults that extends from
near Point Dume southeastward into the San Pedro
Channel east of Catalina Island.

Faults of the Santa Cruz-Catalina sea-floor escarp-
ment.—The faults of the Santa Cruz-Catalina sea-floor
escarpment (39) include a number of faults that general-
ly coincide with a prominent escarpment on the sea floor
that extends southeastward from the eastern end of
Santa Cruz Island. The character of these faults is less
well known because of incomplete data. The escarpment
bifurcates between Santa Barbara Island and Santa
Catalina Island. The occurrence of the M; 5.2 1981 San-
ta Barbara Island earthquake along this escarpment in-
dicates that these faults pose an earthquake hazard.

Faults of the Mojave Desert.—The strike of a series of
youthful faults occurring in the Mojave Desert is uni-
formly more northerly than that of the San Andreas
fault. Within the region addressed in this report, these
faults include the Mirage Valley (41), the Helendale (42),
and the Lenwood {43) faults.

Faults along the margins of the San Bernardino Moun-
tains.—The northern edge of the San Bernardino Moun-
tains is delineated by an arcuate group of discontinuous
faults (93) that have various trends and that generally
dip southward into the mountain mass. The distribution
and history of these faults are poorly understood and
are currently being investigated.

South of the San Bernardino Mountains, the Banning
fault zone (95), a complex band of north-dipping faults,
extends eastward for about 50 km. Although the Ban-
ning is shorter than many other faults, it is a key tec-
tonic element, because it appears to link segments of the
San Andreas fault to the northwest and the southeast.

Faults of the southern margin of the western Trans-
verse Ranges.—The southern-boundary of the western
Transverse Ranges is formed by an overlapping group of
west- to east-northeast-trending late Quaternary faults.
These faults, which dip steeply to moderately north-
ward, comprise an essentially continuous narrow belt
more than 300 km long that adjoins many of the major
urban centers of the Los Angeles region.

Offshore, the faults include the Santa Rosa Island
fault (76) and the Santa Cruz Island fault (77). The
Anacapa (Dume) fault (78), probably an offshore exten-
sion of the Santa Cruz Island fault, appears to link with
the Santa Monica fault (80). Onshore, the Santa Monica
fault and the Hollywood fault (81) are subparallel
elements along the northern margin of the Los Angeles
basin. The Raymond fault (82) follows the same general
trend and extends through Pasadena to intersect the
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FIGURE 11.—Faults that may generate damaging earthquakes or surface rupture in the Los Angeles region. The latest surface displacements on

these faults are known to have occurred either during historical time (since 1769 for southern California), during Holocene time, or during late
Quaternary time. Identification numbers are keyed to table 5, which lists the faults and summarizes their geologic and seismologic character.
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TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region
{For available geologic information on fault slip rates and recurrence intervals for major earthquakes, see tables 10 and 11, respectively. Evidence of faulting age: OS, offset stratigraphy; P, fault-
produced physiographic features; W, ground-water impediment within late Quaternary alluvial deposits. Type of faulting: R, reverse; N, normal; SR, right-lateral strike slip; SL, left-lateral strike slip;

RRO, reverse right oblique; RLO, reverse left oblique; NRQ, normal right oblique; NLO, normal left oblique]

Map number and fault Geometric aspects

Age and evidence
of latest
surface faulting

Seismicity

Sources of information

1 San Andreas fault zone--~--------- Numerous subparallel faults of
varied length in zone
generally 0.3-1.5 km wide (as
wide as 4 km near Palmdale
and Lake Hughes). Zone
strikes N. 65°-70° W. but
near Banning strikes N. 40°
W. Most faults are approx-
imately vertical, although SE.
from Cajon Pass generally
dip 55°-80° NE. The most
recently active element
within zone typically com-
posed of linear segments 0.5
to 11 km long arranged in
echelon manner in belt as
wide as 100 m. Scattered
splay faults locally diverge
from trend of main zone.
Subsidiary south-dipping
faults common on southern
side of zone adjacent to
Antelope Valley. Fault zone
extends as continuous sur-
face feature from near Ban-
ning NW. more than 1,000
km to Cape Mendocino.
Connected by Banning fault
(95) to Indio segment of San
Andreas fault NE. of Im-
perial Valley.

San Jacinto fault zone:
2 Glen Helen------———-——————-| Single strand. Strikes
N. 40°-60° W. Presumed ver-
tical dip. Length at least
8 km.

3 San Jacinto-—---————-——————~ Several strands in zone as wide
as 0.3 km. Strikes N. 40°-60°
NW. Dips 35° NE. to ver-
tical. Length approximately

25 km.

4 Lytle Creek--—-————————~ouoq Single strand. Strikes N. 45°
W. Dips 65° SW. Length at
least 12 km.

5 Claremont~——~~----occcmco—— Single strand composed of

closely overlapping breaks.
Strikes N. 40°-55° W. Dip
vertical or steeply NE.
Length approximately 65 km.

Historical (1857) SE. to Wright-
wood. Holocene (OS, P) from
Wrightwood to near Ban-
ning. Splay and subsidiary
faults chiefly late Quaternary
(08, P).

Holocene (P, W)

Late Quaternary (OS}

Late Quaternary (OS, W)

Holocene (OS, P, W); historical
creep near Hemet possibly
related to subsidence due to
ground-water withdrawal.
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Source of 1857 Fort Tejon
earthquake (estimated M
7.9), whose epicenter prob-
ably was in the
Parkfield-Cholame area of
central California. Possible
source of July 22, 1899,
earthquake (estimated M
6.5) near San Bernardino.
Diffuse belt of scattered
small earthquakes
associated with fault zone.

Closely associated small
earthquakes. Geometrically
compatible fault-plane
solutions. Possible source
for two damaging earth-
quakes of M, =6 (1899,
1907).

Numerous small earthquakes

near fault trace.
Geometrically compatible
fault-plane solutions.

Numerous small earthquakes
near fault trace.
Geometrically compatible
fault-plane solutions.

Scattered small earthquakes
near fault trace. Possible
source for four damaging
earthquakes of M, =6
(1890, 1899, 1918, 1923).

Mapping, Quail
Lake-Wrightwood:
Barrows and others (1985)

Mapping, Quail
Lake-Palmdale:

Beeby (1979)

Kahle (1979)

Kahle and others (1977)
Kahle and Barrows (1980)

Mapping,
Palmdale-Wrightwood:
Barrows and others (1976)
Barrows (1979, 1980}
Schubert and Crowell

(1980).

Mapping,
Wrightwood-Banning:

]. C. Matti (unpublished
data, 1983).

Miller (1979)

Morton and Miller (1975)

Ross (1969)

Slip/recurrence:

Davis and Duebendorfer
(1982).

Rasmussen (1982a)

Rust (1982)

Sieh (19784, ¢, 1984)

Weldon and Sieh (1981)

Seismicity:

Green (1983)

Hileman and Hanks (1975)

C. E. Johnson (unpublished
data, 1982).

Cramer and Harrington
{1984, in press).

Pechmann (in press)

Sharp (1972)

Thatcher and others (1975)

Cramer and Harrington
{1984, in press).

C. E. Johnson (unpublished
data, 1982).

Morton (1975, 1976)

Cramer and Harrington
{1984, in press).

C. E. Johnson (unpublished
data, 1982).

Mezger and Weldon (1983)

Morton {1975, 1976)

Fett (1967)

Given (1981)

Green (1983)

C. E. Johnson (unpublished
data, 1982).

Morton (1978)

Sharp (1972)

Thatcher and others (1975)



TABLE 5.—Geologic and seismologic- characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault Geometric aspects

Age and evidence
of latest
surface faulting

Sources of information

San Jacinto fault zone—Continued:

6 Casa Loma----------=--—-~- Several closely overlapping
echelon strands. Strikes N.
35°-40° W. Dips 50°-70°
NE. Length approximately
18 km.

7 Hot Springs-=-=======-==a-—wuu Single strand. Strikes east-west

to N. 45° W. Dips steeply
NE. Length approximately
29 ki,

8 Clark Single strand composed of
closely overlapping breaks.
Strikes N. 50°~60° W. Dips
vertically to 60° NE. Length

at least 85 km.

9 RialtoColton--~——-—--——-—c—eo - Two echelon strands.
Strikes N. 45°-55° W.
Presumed vertical dip.
Total length 26 km.

10 Central Avenue------——————-—~—— Presumed single strand.
Strikes N. 35° W.
Dip unknown.
Length at least 8 km.

Single strand.
Strikes N. 35°-50° W.
Dips 60°—65° SW.
Length at least 18 km.

11 Chino

One to three subparallel
strands in zone as wide as
1.2 km. Strikes

N. 65°-80° NE. Dips
65°-80° NE. Length at least
40 km.

12 Whittier

Elsinore fault zone:
13 Main Street----~—--o---o—~- Several overlapping strands.
Strikes N. 60°-80° W,

Presumed to dip steeply SW.

Length approximately 7 km.

14 Fresno-Eagle-~—--———————-——- Single strand. Strikes N.
55°-85° W. Dips
15°-50° SW. Length at least
16 km.

15 Tin Mine:

Single strand.

Strikes N. 50° W.

Vertical dip. Length approx-
imately 5 km.

Holocene {OS, P, W}; creep
movement since at least

1939, possibly related to sub-

sidence due to ground-water
withdrawal.

Probably late Quaternary (P)

Holocene (0S, P)

Late Quaternary (W); no sur-
face expression.

Late Quaternary (W); no sur-
face expression.

Late Quaternary (OS, P, W)

Late Quaternary (OS, P)
NW. of Brea Canyon;
Holocene (OS) SE. to near
Santa Ana River.

Prabably Holocene (P)

Late Quaternary {P)

Late Quaternary (P)

Type of
late
Quaternary

offset Seismicity

N or NRO Scattered small earthquakes
near fault trace.

R or RRO Scattered small earthquakes
at southern end of fault
trace.

SR and RRO Numerous closely associated
small earthquakes along
northern and southern sec-
tors. Geometrically com-
patible fault-plane solution.
Possible source for M; 6
earthquake in 1937.

SR Numerous small earthquakes
nearby.

?

RRO Scattered small earthquakes
SW. of fault trace.

RRO Numerous small earthquakes
closely assaciated with
fault.

R or RRO

RorRRO
SR

Given (1981)

Fett (1967)

Morton (1978)

Proctor (1962, 1974)

Rasmussen (1981, 1982b)

C. E. Johnson (unpublished
data, 1982).

Given (1981)
Sharp (1967)

Given (1981)

Sanders and Kanamori {1984)
Sharp (1967, 1972, 1981a)
Thatcher and others {1975)

California Department of
Water Resources (1970),
C. E. Johnson (unpublished

data, 1982).

Morton {1976)
Ziony and others {1974)

Durham and Yerkes (1964)

Heath and others {1982)

C. E. Johnson {unpublished
data, 1982).

Weber (1977)

Durham and Yerkes (1964)

Hannan and others (1979)

C. E. Johnson (unpublished
data, 1982).

Lamar (1972, 1973)

Morton and others (1973)

Yerkes (1972)

Hart and others {1979}
Weber (1877)

Weber (1977)

Weber (1977)
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TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault

Geometric aspects

Age and evidence
of latest
surface faulting

Sources of information

Elsinore fault zone—Continued:

16 Glen lvy North-------—-

17 Glen Ivy South-~~------

18 Wildomar ~-———--—-————

19 Willard === oo mmmmm

20 Wolf Valley—--------—--

21 Murietta

------ Single strand of closely aver-

lapping breaks. Strikes N.
40°-55° W. Dips 70° SW.
except for vertical to steeply
NE. dip near Lake Elsinore.
Length at least 28 km.

------ Single strand. Strikes N.

35°-65° W. Dips
45°-50° SW. Length 7 km.

----- One to five subparallel strands

in zone locally 0.7 km wide.
Strikes N. 45°-65° W. Dips

steeply SW. Length at least

40 km.

----- Several discontinuous echelon

strands. Strikes N. 50°-55°
W. Presumed to dip steeply
NE. Total length at least 35
km.

----- Single strand. Strikes

N. 55°-75° W. Presumed ver-
tical dip. Length 6 km.

Hot Springs.

22 Norwalk

Several overlapping strands.
Strikes N. 80° E. to N. 70°
W. Dips 80°-85° S. Length
at least 12 km.

23 Faults in:

Presumed single strand.
Strikes N. 65°-85° W.
Dips steeply NE.
Length at least 14 km.

West Coyote
Hills.

24 Peralta Hills

Four subparallel faults in zone
2.0 ki wide. Strikes N.
10°—45° W. Dips 70° SW. to
55° NE. Lengths from 1 to
1.5 km.

Single strand.
Strikes N. 80° W. to N. 80°
E. Dips 0°-60° N. Length at
least 8 km.

Holocene {OS, P)

Holocene (P)

Holocene (OS, P)

Late Quaternary (OS, P)

Late Quaternary (OS. P, W)

Late Quaternary (OS, P, W)

Possibly late Quaternary (P)

Late Quaternary (OS); historical
(1968} surface rupture along
westernmost fault probably
related to withdrawal of oil
and gas.

Late Quaternary (OS, P)

50 Earthquake Hazards in the Los Angeles Region

Type of
late
Quaternary
offset Seismicity
NRO Numerous closely associated
amall earthquakes at
northern end. Possible
source of M, 6 earthquake
in 1910.
RRO Numerous closely associated
small earthquakes.
NRO Scattered small earthquakes
nearby.
NRO Scattered small earthquakes
nearby.
SR Numerous closely associated
small earthquakes.
N
R() Scattered small earthquakes
NE. of fault trace. Possible
source for damaging 1929
earthquake [ML 4.7).
RLL
R Numerous small earthquakes

nearby.

C. E. Johnson (unpublished
data, 1982).

Langenkamp and Combs
(1974).

Millman (1985)

Rockwell and others {1985)

Weber {1977)

C. E. Johnson (unpublished
data, 1982).

Langenkamp and Combs
(1974).

Millman (1985)

Weber (1977)

C. E. Johnson (unpublished
data, 1982).

Kennedy (1977)

Lamar and Swanson (1981)

Langenkamp and Combs
(1974),

Weber (1977)

C. E. Johnson (unpublished
data, 1982).

Hart and others (1979)

Langenkamp and Combs
(1974).

Kennedy (1977)

Weber (1977)

Hart and others (1979)

C. E. Johnson (unpublished
data, 1982).

Kennedy (1977)

Kennedy (1977)

Lamar (1973)

C. E. Johnson (unpublished
data, 1982).

Richter (1958)

Yerkes (1972)

Morton and others {(1973)
Yerkes (1972)

Bryant and Fife (1982)

Fife and others (1980)

C. E. Johnson (unpublished
data, 1982).

Morton and others (1973)

Schoellhamer and others
(1981).



TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault Geometric aspects

Age and evidence
of latest
surface faulting

Type of
late
Quaternary
offset

Seismicity

Sources of information

Newport-Inglewood fault zone:
25 Inglewood--—--====r--mmmu e Single strand locally offset by
short north- and
NE.-trending faults. Strikes
N. 5°-30° W. Dips 70° W.
Length at least 13 k.

26 Potrero --—--—--c--——mwmeoeo Single strand. Strikes N. 25°
W. Dips 77° W. at surface,
82° W. at depth. Length
7 km.

27 Avalon-Compton----~~-----—- Single strand.
Strikes N. 20°-30° W.
Presumed vertical.
Length at least 4 km.

28 Cherry-Hill -—--——~=======-—- Single strand.
Strikes N. 39°-50° W.
Dips 80° E.
Length at least 9 km.

29 Reservoir Hill- -----cceeeo- Single strand.
Seal Beach. Strikes N. 59° W.
Dips near vertical.
Length at least 12 km.

30 Newport-Inglewood ---------- One to three closely spaced
{North Branch). strands. Strikes N. 40°~60°
W. Dips steeply SW. Length
at least 18 km.

31 Newport-Inglewood---------- Single strand. Strikes N. 45°
(South Branch). W. Dips steeply SW. Length
at least 10 km and possibly
joins similarly oriented fault
offshore Dana Point.

32 Faults offshore of--—----~--~-~~—~ Two echelon strands. Strikes
San Clemente. N. 45°-55° W. Dip
unknown. Length of each
fault at least 25 km.

33 Pelican Hill-------——————ccmee Several strands.
Strikes N. 15°-35° W.
Dips 75° W. at surface but
45° W. at depth.

Late Quaternary (OS, P); sur-
face faulting since 1957
locally along north-trending
faults in response to
withdrawal of oil and gas.

Late Quaternary (P, W)

Late Quaternary (P, W);
historical (1941, 1944)

faulting within 1.5 km of sur-

face along subsidiary south-
dipping reverse faults.

Late Quaternary (OS, P, W)

Late Quaternary (OS, P, W)

Holocene (OS, W); possible
historical surface faulting
(1933) at Newport Mesa.

Late Quaternary (P)

Late Quaternary (OS, P)

Late Quaternary (OS) along
subsidiary fault.

N or NRO

N or NRO

R or RRO

NRO or SR

SR

SR

SR()

N or NRO

Numerous small earthquakes
nearby. Geometrically
compatible fault-plane
solution. Possible source
of 1920 earthquake ™M,
4.9).

Numerous small earthquakes
nearby.

Scattered small earthquak

Barrows (1974)

Buika and Teng (1979)

Castle and Yerkes {1976)

Poland and others (1959)

J. C. Tinsley (unpublished
data, 1983).

Barrows (1974)
Buika and Teng (1979)
Poland and others (1959)

Bravinder (1942)

nearby. Epicenters of 1941
(M, 4.9) and 1944 ™M 4.5)
lie SW. of fault trace.

Numerous small earthquakes
lie east of trace. Fault
overlies aftershock zone of
1933 Long Beach earth-
quake (M 6.2). 1941 Tor-
rance-Gardena earthquake
M, 54) located SW. of
fault trace.

Numerous small earthquakes
near trace. Fault overlies
aftershock zone of 1933
Long Beach earthquake (M
6.2).

Scattered small earthquakes
near trace. Fault is adja-
cent to aftershock zone of
1933 Long Beach earth-
quake (M 6.2).

Scattered small earthquakes
near trace. Fault is adja-
cent to aftershock zone of
1933 Long Beach earth-
quake (M 6.2).

Concentrations of small
earthquakes locally along
traces.

Sc d small earthquak
west of trace.

Buika and Teng {1979)
Martner (1948)
Poland and others (1959}

Hileman and others (1973)

C. E. Johnson (unpublished
data, 1982).

K. R. Lajoie (unpublished
data, 1983).

Poland and Piper (1956}

Yerkes and others (1965)

Hileman and others (1973)

C. E. Johnson (unpublished
data, 1982).

Poland and Piper (1956)

California Department of
Water Resources (1966,
1968).

Guptill and Heath (1981)

Hileman and others (1973)

C. E. Johnson (unpublished
data, 1982).

California Department of
‘Water Resources (1968)

Hileman and others (1973(

C. E. Johnson (unpublished
data, 1982).

Poland and Piper (1956)

Clarke and others (this
volume).

C. E. johnson {unpublished
data, 1982).

Castle {1966)

Morton and others (1973)

J. E. Slosson (personal com-
munication, 1973).
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TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault

Geometric aspects

Age and evidence
of latest
surface faulting

Seismicity

Sources of information

34 Chamock and-------------~

Overland Avenue.

35 Palos Verdes Hills—~—-------—-

36 Redondo Canyon-----------~

37 Cabrillo

38 San Pedro Basin------------

fault zone.

39 Faults of th
Santa Cruz~
Catalina sea-floor
escarpment.

Faults of Mojave Desert region:

40 Llano:

41 Mirage Valley----~------

42 Helendal

Two fault strands.
Strikes N. 35° W.
Presumed vertical dip.
Length at least 10 k.

Several echelon strands locally

in a zone as wide as 2 k.
Strikes N. 20°-60° W. On-
shore segment generally not
exposed. Dip 70° SW. in
subsurface of Palos Verdes
Hills, although exposed sub-
sidiary fault dips 75° NE.
Total length at least 80 km.

Presumed single strand. Strikes
N. 80°-85° E. Dip unknown.
Length approximately 13 km.

Several echelon strands.
Strikes N. 20°-50° W.
Dips 50°-75° onshore.

Length approximately 18 km.

Series of separate, left-stepping
echelon strands in zone
locally as wide as 5 km.
Strikes N. 35°-50° W.
Presumed vertical dip.
Length of individual strands
4-12 km; length of entire
zone at least 70 km.

Echelon strands in zone locally

4 km wide. Strikes N.
50°-60° W. Length of in-
dividual strands 5 to 40 km;
length of entire zone at least
120 km.

Single strand. Strikes N. 65°
W. Presumed dip to SW.
Length at least 6 km.

Several echelon strands, each
1-7 km long, locally in zone
3 km across. Strike N.
40°-50° W. Presumed ver-
tical dip. Total length of
zone approximately 30 km.

Numerous echelon strands, 1
to 4 km long, forming nar-
row linear zone as wide as 1
km. Strands strike N.
45°-50° W, Presumed ver-
tical dips. Total length of
zone at least 90 km.

Late Quaternary (OS); no sur-
face expression.

Holocene (OS) in San Pedro

Bay. Late Quaternary (OS, P)

onshore and probably
overlain by Holocene
alluvium. Inferred late
Quaternary (OS) in Santa
Monica Bay.

Holocene (P)

Holocene {OS) offshore

Late Quaternary (OS}

Possibly late Quaternary (P)

Holocene (P) monoclinal
folding.

Late Quaternary; overlain by
unfaulted Holocene alluvial
fan deposits.

Holocene (P)
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Numerous small earthquakes
nearby. Geometrically
compatible fault-plane
solutions.

Numerous small earthquakes
near and west of fault
trace. Geometrically com-
patible fault-plane solution
in Santa Monica Bay.

Scattered small earthquakes
near trace.

Scattered small earthquakes
near fault trace.

Numerous small earthquakes
near and east of fault
traces. Geometrically com-
patible fault-plane solu-
tions.

Source of 1981 Santa Bar-
bara Island earthquake
(M, 5.2) and aftershotks.

Closely associated small
earthquakes.

Buika and Teng (1979)
Poland and others (1959)

Buika and Teng (1979}
Clarke and others (this
volume).
Hileman and others (1973)
Junger and Wagner (1977)
Nardin and Henyey (1978)
Poland and others (1959)
Woodring and others (1946)
Yerkes and others (1965)

Nardin and Henyey {1978}
Yerkes and others (1967)

Clarke and others (this
volume).

Darrow and Fischer (1983)

Hileman and others (1973)

LaJoie and others (1979)

Woodring and others (1946)

Hileman and others {1973)

Junger and Wagner (1977)

Nardin (1981)

Yerkes and Lee (19793, b)

C. E. Johnson (unpublished
data, 1982).

Corbett and Piper (1981)

C. E. Johnson (unpublished
data, 1982).

Junger and Wagner {1977)

Yerkes and Lee (1979a, b)

Guptill and others (1979)
Ponti and Burke (1980)

Ponti and Burke (1980)

G. S. Fuis {unpublished data,
1983).

C. E. Johnson (unpublished
data, 1982).

Miller and Morton (1980)

Morton and others (1980)



TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault

Geometric aspects

Age and evidence
of latest
surface faulting

Seismicity

Sources of information

Faults of Mojave Desert region (Continued):

N

43 Lenwood

Faults within Transverse Ranges:
44 Santa Ynez—-----—---==-——

45 San Jose (A)-=---—--—==muu

46 Mission Ridge- ---------

Arroyo Parida.

47 More Ranch-------------

48 Mesa-Rincon Creek-------

49 Lavigia ~=====--——————-~--

50 Shepard Mesa------------

51 Carpinteria —====—-~——-—-—~

} ous closely overlapping
echelon strands, 1-5 km
long, forming continuous
narrow zone. Strands strike
N. 25°40° W. Presumed
vertical dips. Totat length of
zone at least 65 km.

---One to seven strands in zone

as wide as 0.3 km. Strikes N.
80° W. to N. 85° E. Dips
45°-80° S., generally
steepens eastward. Total
length 130 km; late Quater-
nary length approximately 80
km.

-—-One to two strands. Strikes N.

60° W. Dip unknown.
Length approximately 13 km.

---Single strand. Strikes N. 80° E.

to N. 85° W. Dips steeply S.
near Santa Barbara but dips
60°-80° N. further east.
Length approximately 40 km.

---One to two strands.

Strikes N. 80° W. to N. 80°
E. Dips 75°-85° S. Length at
least 14 km.

---Single strand. Strikes N. 60°

W. to east-west. Dips
65°-35° S. near surface;
probably vertical at depth.
Length approximately 37 km.

One to two strands. Strikes N.
50°-75° W. Dips 45° SW.
Length at least 7 km.

~—-Single strand.

Strikes N. 60°-70° W.
Dips 70° S. Length 6 km.

--- Single strand.

Strikes N. 75° W.
Dips 40° S.
Length 4 km.

Late Quaternary {P). Possible
historical fault creep at
northern end.

Possibly Holocene (OS) along
one strand near Lake
Cachuma. Late Quaternary
(OS, P) as far east as near
Wheeler Springs

Late Quaternary {OS)

Late Quaternary (OS, P); ap-
parently overlain by un-
faulted Holocene alluvium.

Late Quaternary (OS, P)

Late Quaternary (OS, P)

Late Quaternary (0S)

Late Quaternary (OS, P)

Late Quaternary (OS)

Closely associated small
earthquakes.

Scattered small earthquakes
near trace. Mission Ridge
fault possible source of
1978 earthquake (ML 5.1).

Scattered small earthquakes
near trace.

Scattered small earthquakes
near trace.

Scattered small earthquakes

near trace.

Church and others (1974)

G. S. Fuis (unpublished data,
1983).

C. E. Johnson (unpublished
data, 1982).

Miller and Morton (1980)

Morton and others (1980)

Darrow and Sylvester (1983)

Dibblee (1966)

Keaton (1978)

Yerkes and Lee {1979a, b)

J. L. Ziony {unpublished data,
1981).

R. E. Troutman (unpublished
data, 1984).

Dibblee (1966)
Olson (1982)

Dibblee (1966)
Jackson and Yeats (1982)
Yerkes and Lee (1979a, b)
Rockwell (1983)

Rockwell and others (1984)
Yeats and Olson (1984)

Dibblee (1966)

K. R. Lajoie (unpublished
data, 1983).

Upson (1951)

Yerkes and Lee (1979a, b)

Dibblee (1966)
Jackson and Yeats (1982)
Yerkes and Lee (1979a, b)

Dibblee (1966)
Olson (1982)

Jackson and Yeats {1982)

Jackson and Yeats (1982)

K. R. Lajoie (unpublished
data, 1983).

A. M. Sarna-Wojcicki (un-
published data, 1982).
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TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Type of
Age and evidence late
of latest Quaternary
Map number and fault Geometric aspects surface faulting offset Seismicity Sources of information

Faults within Transverse Ranges—Continued:

52 Red Moun Several strands in zone Late Quaternary (OS, P) RLO Numerous closely associated Jackson and Yeats (1982)
1 km wide. Strikes N. 85° W. southern branch overlain by small earthquakes. K. R. Lajoie (unpublished
to N. 60° E. Dips 55°-65° N. unfaulted Holocene marine Geometrically compatible data, 1983).
near surface; 70°-75° N. at terrace deposits (2,000-6,000 fault-plane solutions. A. M. Sarna-Woijcicki (un-
depth; 85° N. at western yr B.P). published data, 1982).
end. Length approximately Yeats and others (1981, in
38 km. press).

Yerkes and Lee {1979a, b)

53 Fault Y-—————~cmemmmmoooem Probably several strands. Holocene (P) R() Scattered small earthquakes Crippen and others (1982)
Strikes east-west to N. 80° E. near trace. Yerkes and Lee {1979a, b)
Dip unknown. Length Yerkes and others (1981)
approximately 33 km.

54 Javon Single strand. Holocene (OS) R A. M. Sarna-Woijcicki and
Strikes N. 80° W. others (in press).

Dips 68° S.
Length at least 4 km.

55 Pitas Point-Ventura---------- Presumed single strand. Holocene (0S, P) RLO Closely associated small Corbett and Johnson {1982)
Strikes N. 70° W. to east- earthquakes near eastern Greene and others (1978)
west. Dips steeply north. end. Geometrically com- Lee and others (1978, 1979)
Length at least 50 k. patible fault-plane solu- A. M. Sarna-Wojcicki (un-

tions. Possible source of published data, 1976).
1941 Santa Barbara earth- Yerkes and Lee (1979a, b)
quakes (M 6.0). Alternate

possible source for 1978

Santa Barbara earthquake

[ML 5.1).

56 Santa Ana Two strands at western end. Late Quaternary (P, W) R(?) Keller and others (1980)
Strikes east-west. Dip infer- Rockwell and others (1984)
red steeply south. Length
13 km.

57 Faults near--------~-—-—==oo Five separate strands. Holocene (0S, P) R Keller and others {1982}

Oak View. Strikes N. 60° E. Dips Rockwell (1983)
30°-60° SE. May become Rockwell and others (1984)
bedding-plane faults at Yeats and others (1981)
depth. Length from 1to 3
km.

58 Lion Canyon---—--————————— Single strand. Late Quaternary (OS, P) R Schleuter (1976)

Strikes N. 80° E. Keller and others (1980)
Dips 30°-50° S.
Length approximately 15 km.

59 San Cayetano------~-------- Two strands about 0.5 km Holocene (OS, P) R Scattered nearby small earth- Cemen (1977)
apart west from Sespe Creek; quakes. Geometrically Keller and others (1982)
single strand to east. Strikes compatible fault-plane Rockwell (1982, 1983)

N. 60° W. to N. 70° E. Dips solution. Schlueter (1976)

5°-35° N. near surface, Yerkes and Lee {1979a, b)
§5°-70° N. at depth. Length

approximately 40 km.

60 Faults of Orcutt-—~-—----~~——- Eight separate strands. Late Quaternary (OS, P) R Keller and others (1980)
and Timber Strikes N. 80° E. Rockwell (1983)
Canyons. Dip 55°-70° N. near surface. Yeats and others (1@81}»

May become shallow
bedding-plane faults at
depth. Lengths from 2 to 6
km.

54 Earthquake Hazards in the Los Angeles Region



TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault

Geometric aspects

Age and evidence
of latest
surface faulting

Sources of information

Faults within Transverse Ranges—Continued:

61 Holser-----—-----omcmeeu——- Several closely spaced strands.

Strikes N. 80° E. to N. 70°
W. Dips 60°-70° S. Length
approximately 12 km.

62 Clearwater ——-—————————————= One to two strands. Strikes N.

80° W. to east-west. General-
1y dips 70°-80° N. but local-
ly 25°—40° N. Late Quater-
nary length approximately 14
km.

63 San Gabriel-—-—----——ceemu-- Several echelon strands in zone

(central portion).

0.5 km wide. Strikes N.
45°-65° W. Dips 50°-80° N.
Late Quaternary length at
least 32 km.

64 Oak Ridge---------———————— One to three strands in zone as

66 Camarillo ~--------=~====~——

67 Simi

much as 0.5 km wide.
Strikes N. 60° W. to N. 50°
E. Generally dips 65°-80° S.
but south of Fillmore dips
5°-30° S. near surface.
Length approximately 100
km.

Two strands in zone about 0.6
km wide. Strikes N. 65°-75°
E. Dips 55°-80° N. Length
about 9 km.

Single strand.
Strikes east-west.
Presumed vertical dip.
Length at least 6 m.

Single strand that bifurcates at
western end. Strikes N.
70°-80° E. Dips 60°-75° N.

Length approximately 31 km.

68 Santa Susana---------=------- Several strands in zone as

69 San Fernando------=--=-occov

much as 1 km wide. Strikes
N. 75° W. to N. 50° E. Dips
0°-30° N. near surface;
55°-60° N. at depth. Length
28 km.

Five major echelon strands.
Strikes N. 75° E. to N. 70°
W. Dips 15°-50° N. near
surface, 35° N. at depth.
Total length at least 15 km.

Late Quaternary (OS, P)

Late Quaternary (OS) near San
Francisquito Canyon but
overlain by unfaulted late
Quaternary river terrace
deposits elsewhere.

Holocene {OS, W) near Castaic.
Late Quaternary (OS, P) be-
tween Newhall and Big
Tujunga Canyon.

Late Quétemary w, p);
possibly Holocene south of
Fillmore (P) and offshore.

Late Quaternary {P, W)

Late Quaternary (P, W)

Late Quaternary (OS, P);
overlain by unfaulted
Holocene alluvium {about
4,000 yr B.P.).

Late Quaternary (OS); overlain
by unfaulted Holocene
stream terrace deposits (ap-
proximately 10,000 yr B.P.).
Locally at northeastern end,
historical surface faulting ac-
companied 1971 San Fernan-
do earthquake.

Surface faulting accompanied
1971 San Fernando earth-
quake.

Type of
late
Quaternary
offset Seismicity
R
R(?)
N or NRO

R Numerous closely associated
small earthquakes near
western end. Geometrical-
ly compatible fault-plane
solution south of Santa
Paula. Western end possi-
ble source of 1925 Santa
Barbara earthquake (M
6.8).

R

R(9

R Closely associated small

earthquakes, including ML
3.1 event in 1969.

RLO Scattered associated small
earthquakes, including ML
4.6 event near Gillibrand
Canyon in 1978,
Geometrically compatible
fault-plane solutions.

RLO Source of 1971 San Fernan-

do earthquake (M 6.6) and
aftershocks. Geometrically
compatible fault-plane
solutions.

Cemen (1977)
Stitt (1983)
Weber (1978, 1982)

Los Angeles County
Engineer, unpublished
data, 1965).

Stanley (1966)

Cotton and others (1983}

Nelligan (1978)

Stitt (1983)

‘Weber (1978, 1982; un-
published data, 1984).

Ricketts and Whaley (1975)
Rieser (1976)

Weber and Kiesling (1975)
Yeats and others (1881, 1982)
Yerkes and Lee (1979a, b)

Jakes {1978)

Gardner (1982}

Jakes (1979)

Jakes (1979)

C. E. Johnson {(unpublished
data, 1982).

Hanson {1981)

Weber and Kiesling (1975)

Leighton and others (1977)
Lung and Weick (1978)
Simila and others (1982}
Weber (1975}

Yeats and others {1977)
Yerkes and Lee (1979a, b)

Allen and others (1975)

Barrows (1975)

Bonilla (1973)

Kahle (1975)

Sharp (1975)

U.S. Geological Survey Staff
(1971},

Weber (1975)
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TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

zone as wide as 0.5 km.
Strikes east-west and dips
45°-80° N. Length at least
27 km.
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Type of
Age and evidence late
of latest Quaternary
Map number and fault Geometric aspects surface faulting offset Seismicity Sources of information
Faults within Transverse Ranges—Continued:
70 Mission Hills P d single strand. Late Quaternary or Holocene R(}) Kowalewsky (1978)
Strikes N. 80° E. to east-west. (OS, P, W). Saul (1975)
Dips 80° N. near surface, Shields (1978)
45° N. at depth. Length at
least 10 km.
71 Northridge ~-~=~--—-=-==-~-~ Several echelon strands in zone  Late Quaternary or Holocene R? Several aftershocks of 1971 Barnhart and Slosson (1973)
0.7 kan wide. Strikes N. (P, W). San Fernando earthquake Shields (1978)
70°-80° W. Dips 35° N. near are closely associated with Weber (1980)
surface, 80° N. at depth. fault.
Length approximately 15 km.
72 Verdugo ---——-====-=====--= Presumed multiple strands in Holocene (OS, P, W) R(7) Scattered small earthquakes C. E. Johnson (unpublished
zone 0.5-1.0 kin wide. near trace. data, 1982).
Strikes N. 50°-70° W. Infer- ‘Weber (1980)
red to dip 45°-60° NE.
Length at least 20 km.
73 Eagle Rock-------==-==-~-u- Single strand. Strikes N. 60° Possibly late Quaternary {OS, R(®) Weber (1980)
W. to east-west. Dips P).
15°-30° N. at western end.
Length at least 5 km.
74 San Rafael----=-~-=---cceu— Echelon strands. Possibly late Quaternary (P} ? Weber (1980)
Strikes N. 60°~70° W.
Presumed near-vertical dip.
Tatal length approximately
6km.
75 Possible fault----------~————- Presumed single strand. Possibly Holocene (P) ? Weber (1980)
in North Strikes N. 80° E.
Hollywood. Presumed vertical dip.
Length approximately 2 km.
Faults along southern margin of
Transverse Ranges:
76 Santa Rosa Island--~~-——----~ Single strand. Regionally ar- Late Quaternary (OS, P) RLO Probable source of April 1, Hileman and others (1973)
cuate, striking N. 50° W. at 1945, earthquake (ML 5.4). Junger (1976, 1979)
western end and N. 60° E. at Kew (1927)
eastern end. Dip unknown.
Length at least 72 km.
77 Santa Cruz Island----------~- One to three echelon strands in Late Quaternary (OS, P) RLO Generally lacks small earth- Junger (1976, 1979)
zone as wide as 0.5 km. quakes. Possible source of Patterson (1979)
Strikes N. 70°-80° W. Dips M, 5.0 earthquake near Yerkes and Lee (1979a, b)
70°-75° N. Length at least Anacapa Island in 1973.
68 km.
78 Anacapa (Dume}------———---- Presumed single strand in Probably late Quaternary (P) R Source of 1973 Point Mugu Junger and Wagner (1977)
west; multiple strands in earthquake (M 5.3} and Lee and others (1979)
east. Strikes N. 80° W. to N. aftershacks. Geometrically Yerkes and Lee (1979a, b)
60° E. Inferred to dip compatible fault-plane
moderately north. Length at solution.
least 45 km.
Numerous small earthquakes K. R. Lajoie (unpublished
79 Malibu Coast--------————-——- Several subparallel strands in Late Quaternary (OS) R nearby. data, 1983).

Yerkes and Wentworth
(1965).

C. E. Johnson (unpublished
data, 1982).



TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Type of
Age and evidence late
of latest Quaternary
Map number and fault Geometric aspects surface faulling offset Seismicity Sources of information
Faults along southern margin of Transverse Ranges—Continued:
80 Santa Monica~-===-=—a==mun One or more strands. Late Quaternary {OS, P, W) RLO Small earthquakes closely Buika and Teng (1979)
Geometry poorly known. associated with eastern Crook and others (1983)
Strikes N. 60°-80° E. end. Geometrically com- Hill (1979)
Presumed to dip 45°-65° patible(?) fault-plane solu- Hill and others (1979)
NW. at depth; some near- tion. McGill (1981, 1982)
surface traces are vertical. Real (in press)
Length at least 40 km.
81 Hollywood -~—-————————————- Presumed single strand. Possibly Holocene (P) R or RLO Some small earthquakes Crook and others {1983)
Geometry poorly known. associated with eastern Hill and others (1979)
Strikes N. 80° W. to N. 60° end. Weber (1980)
E. Inferred to dip about 60°
N. Length approximately 17
km.
82 Raymond --—————-—=-——————~ One to three strands locally in Holocene (OS, P, W). Overlain R or RLO Scattered small earthquakes Bryant (1878)
zone 0.4 km wide. Strikes N. by unfaulted soil (1,600 yr lie north of fault trace. Crook and others {in press)
80° W. to N. 70° E. Dips B.P.). Possible source of 1855 Real {in press)
50°-55° N. Length 22 k. Los Angeles earthquake Weber (1980)
(Modified Mercalli intensi- Yerkes (this volume)
ty VIII). Geometrically
compatible fault-plane
solution.
83 Sierra Madre--——--—-—--==-~- One to five anastomosing Holocene (OS, P) between Big R Few and scattered small Crook and others (in press)
strands in zone as wide as 1 Tujunga and Dunsmore earthquakes. Pechmann (in press)
km. Four distinct salients. Canyons. Elsewhere, late
Strikes N. 55° W. to east- Quaternary (OS, P, W). Over-
west. Dips 15°-50° NE. and lain by unfaulted Holocene
north. Total length approx- alluvium in several places.
imately 65 km.
84 Duart One to two subparallel strands Late Quaternary (W); possibly R Crook and others (in press)
locally in zone 1.5 km wide. Holocene (P, W) along north-
Strikes N. 60° W. to N. 70° ern strand near Azusa.
E. Presumed to dip steeply
NE. Length approximately
14 km.
85 Clamshell - Several subparallel strands in Late Quaternary (OS} R Morton (1973)
Sawpit Zone. zone as wide as 1 k. Crook and others (in press)
Strikes N. 60° E. Dips
35°-70° NW. Length approx-
imately 16 km.
86 Cucamonga------=-~=-=~-----= Twa to three subparallel Holocene (OS, P) along R Numerous small earth- Matti and others (1982, in
strands in zone as wide as 1 southern strands. Late quakes. Geometrically press)
km. Strikes N. 70° E. to east- Quaternary (OS) along north- compatible fault-plane Morton and Matti (in press)
west. Dips moderately to ern strand. solutions. Morton and others (1882)
steeply north. Length at least Pechmann (in press)
25 km.
87 Indian Hill--—-—= == momemme Presumed single strand. Late Quaternary (P, W) SL(%) Scattered small earthquakes California Department of
Strikes east-west nearby. Water Resources (1970).

Dip presumed steeply north.
Length approximately 9 km.

Cramer and Harrington
(1984, in press).

C. E. Johnson (unpublished
data, 1982).
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TABLE 5.—Geologic and seismologic characteristics of late Quaternary faults in the Los Angeles region—Continued

Map number and fault Geometric aspects

Seismicity

Sources of information

Faults along southern margin of Transverse Ranges—Continued:

88 San Jose (B)-------—————--—-- Single strand.
Strike N. 45°-80° E.
Dip presumed steeply north.
Length approximately 22 km.

89 Red Hill----~-mmmmmmmmmmeeee Presumed single strand.
Strikes N. 20° W. to N. 70°
E. Dip inferred steeply north.
Length approximately 13 km.

90 “Barrier |"----<esmmmmmeeamae Presumed single strand.
Strikes N. 45° E.
Dip unknown.
Length at least 5 km.

91 Inferred fault-—---~-—--——---~ Presumed single strand.
Inferred from seismicity to
strike N. 45° E. Dip
unknown. Length at least 8
km.

near Fontana.

Faults along margins of San
Bernardino Mountains:
92 Cleghorn-----—---~emmmmmumm Single strand. Strikes N. 60°
W. ta N. 75° E. Dip near ver-
tical. Length at least 23 km.

us discontinuous ar-
cuate strands averaging 2—4

93 North Frontal N
Fault Zone of

San,Bernardino km long, locally in a zone as

Mountains. wide as 6 km. Strikes N. 10°
E. to N. 50° W. Dips from
10°-70° SE. or SW. One
5km-long NW striking seg-
ment is vertical. Total length
of zone at least 50 km.

94 Faults of the-——————wece-c-o—- Several arcuate echelon
Crafton Hills strands, each 2-8 km long.
{Crafton, Chicken Strikes N. 50°-80° E.

Hill, and Casa
Blanca faults).
95 Banni Two to three strands in zone

locally 4 km wide. Northern
strand strikes N. 70° W. to
N. 85° W. and dips 35°-70°
N. Southern strands are
complex, arcuate segments
3-10 km long that strike N.
65° W. to N. 50° E. and
presumably dip moderately
north. Total length of zone at
least 45 km.

Type of
Age and evidence late
of latest Quaternary
surface faulting offset
Late Quaternary (W); overlain SL(%)
by unfaulted Holocene
alluvium.
Late Quaternary (P, W) except SL(Y)
Holocene (P) at eastern end.
Late Quaternary (W); no sur- SL()
face expression.
Possibly late Quaternary; no SL()
surface expression.
Probably Holocene (P) SL
Late Quaternary (OS, P); R {except
overlain by unfaulted active vertical
Holocene alluvial fans. (NW.-striking
strand may
be SR)
Late Quaternary (OS, P) N
Holocene (OS, P, W) R (except
NW.-striking
segments
probably SR).

Scattered small earthquakes
nearby. Geometrically
compatible fault-plane
solutions.

Scattered small earthquakes
nearby. Geometrically
compatible fault-plane
solutions.

Numerous closely associated
small earthquakes.

Numerous closely aligned
small earthquakes, Com-
posite fault-plane solutions
suggest left-lateral strike-
slip faulting.

Numerous small earthquakes
near eastern end of trace.

Numerous closely associated
small earthquakes near
eastern part of zone.

Numerous closely associated
small earthquakes.
Geometrically compati-
ble(?) fault-plane solutions.

California Department of
Water Resources (1970).

Cramer and Harrington
{1984, in press).

C. E. Johnson {unpublished
data, 1982).

California Department of
Water Resources (1970).

Cramer and Harrington
(1984, in press).

Hadley and Combs (1974)

C. E. johnson (unpublished
data, 1982).

Morton (1976)

California Department of
Water Resources (1970).

Cramer and Harrington
{1984, in press).

Hadley and Combs (1974)

C. E. Johnson {unpublished
data, 1982).

Morton (1976)

Cramer and Harrington
{1984, in press)

Hadley and Combs (1974)

Morton (1976)

C. E. Johnson (unpublished
data, 1982).

Meisling and Weldon (1982a,
b).

Meisling {1984)

C. E. johnson (unpublished
data, 1982),

Meisling (1984)

Miller {in press)

Green (1983)

J. C. Matti (unpublished
data, 1983).

Morton (1976}

Allen (1957)

Green (1983)

Matti and Morton (1982)

Yerkes {this volume)

C. E. Johnson {unpublished
data, 1982).
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FIGURE 12.—Vertical aerial photograph of the northwestern San Bernardino Valley showing urbanization across the surface traces of the San
Andreas fault zone, which here marks the southern boundary of the San Bernardino Mountains. Arrows point to the most recently active trace
of the fault, the trace that offsets deposits and landforms of Holocene age. Future large earthquakes, accompanied by surface faulting and
deformation, can be expected along this trace. (From U.S. Geological Survey photograph VDOB-2-48, scale approximately 1:80,000; taken in

September 1975.)

Sierra Madre fault zone. The densely populated San
Gabriel Valley is separated on the north from the San
Gabriel Mountains by the geometrically complex zones
of the Sierra Madre (83), Duarte (84), and Cucamonga
(86) faults.

Several isolated late Quaternary faults that probably
are Transverse Ranges structures lie south of the main
mountain front. These faults include principally the San
Jose B (88) and the Red Hill (89) faults, which extend
through the Pomona area.

Faults within the western Transverse Ranges.—A
broad band of late Quaternary faults traverses the in-
terior of the western Transverse Ranges from beyond
Santa Barbara eastward to Pasadena, where it merges
with the southern boundary of the Transverse Ranges.
The faults comprising the band are discrete arcuate
elements that chiefly dip northward. Segments of this
band were responsible for several historical damaging

earthquakes near Santa Barbara and for the 1971 San
Fernando earthquake.

The faults in the area around Santa Barbara, Ven-
tura, and the Oxnard Plain have east to northeast
trends. The major faults that have been active in late
Quaternary time include the Santa Ynez (44), More
Ranch (47), Mission Ridge-Arroyo Parida (46), Red
Mountain (52), and Pitas Point-Ventura (55) faults. East
of these faults are the San Cayetano (59), Oak Ridge (64),
and Simi (67) faults.

The band of faults within and adjacent to the San Fer-
nando Valley mostly strikes west-northwest. From west
to east, these faults include the Santa Susana (68), San
Fernando (69), and Sierra Madre (83) fault zones, which
are closely linked segments of the same system. The cen-
tral part of the San Fernando Valley is transected by the
Northridge fault (71), which may merge eastward with
the northwest-trending Verdugo fault (72) adjacent to
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Burbank. North of the valley, several segments of the
San Gabriel fault (63) locally offset late Quaternary
deposits, although other segments of this long fault
apparently do not.

Although nearly 100 faults having late Quaternary
offsets have been identified, others that may have rup-
tured as recently probably exist but are not now
recognizable as geologically youthful. Unrecognized
faults that have the potential to cause damaging earth-
quakes may underlie many of the areas covered by
Quaternary alluvial deposits. Other such faults un-
doubtedly exist along the sea floor offshore of southern
California, especially in the Santa Barbara Channel.
Thus, we emphasize that figure 11 is not a final and com-
plete accounting of the potentially active faults of the
region. Indeed, it is expected that, as additional geologic
and seismologic research is conducted, other active
faults will be identified.

HAZARDS FROM ACTIVE FAULTS

Slip along a fault may result in one or more geologic
effects that can damage or destroy structures and injure
their inhabitants. Ground shaking and surface faulting
are the effects of principal concern when rupture oc-
curs along faults in the Los Angeles region. A related
effect—the possible generation of tsunami waves by
earthquakes beneath the sea—may be of concern to
coastal parts of the region. For certain structures like
pipelines, canals, and coastal facilities, the regional-
scale uplift and subsidence that accompany some large
earthquakes may pose a minor hazard.

Earthquake Generation

Sudden slip along all or part of a fault surface within
the Earth’s crust releases elastic strain energy that has
accumulated within the nearby rocks and radiates that
energy in the form of earthquake waves. Figure 13 is an
idealized model of an earthquake source typical of the
Transverse Ranges. Vibrational waves are propagated
large distances in all directions away from the fault. As
they pass through an area, they produce the shaking ef-
fects that are the predominant cause of earthquake
damage. The severity of ground shaking at any point
depends upon (1) the size of the earthquake, (2) the
distance to the ruptured part of the fault plane, and
(3) the local geologic conditions that either amplify or at-
tenuate (reduce) the earthquake waves. Methods for
predicting the severity of shaking and the effects of local
geologic conditions on that shaking are discussed in
subsequent chapters of this volume. Here we consider
only the energy release associated with earthquakes.
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FAULT PLANE

* FIGURE 13.—Model of typical earthquake source (modified from Boore,

1977). Rupture first begins at a point within the Earth’s crust,
termed the focus or hypocenter, and spreads across part of the ex-
isting fault plane. Surface faulting occurs when the rupture propa-
gates to the Earth’s surface; the surface rupture does not
necessarily coincide with the epicenter, the point on the Earth’s
surface directly above the hypocenter. The fault illustrated here is
a reverse obliquesslip fault whose orientation is specified by its
angles of strike and dip. The dimensions of an earthquake source
at depth can usually be estimated from the distribution of carefully
located aftershocks, the smaller earthquakes that commonly follow
the main shock. In southern California, earthquake hypocenters
generally are less than 15 ki deep. The intersection of the fault
with the ground surface, called the fault trace, is the line observed
by geologists and plotted on maps (for example, fig. 11). If a signifi-
cant component of vertical movement occurs along the fault, a low
step, or scarp, may be formed along the fault trace. Fault scarps
are the most obvious expression of active faults at the Earth’s
surface.

The most common expression of the size of an earth-
quake is magnitude, which is a number based on meas-
urement of the maximum motions recorded by a seismo-
graph for earthquake waves of a particular frequency.
The concept of magnitude was introduced by Richter
(1935), who defined it as the logarithm of the maximum
recorded amplitude written by a seismograph of speci-
fied sensitivity 100 km from the earthquake (observa-
tions at distances other than 100 km are corrected to the
standard distance by using empirical curves). The local
magnitude scale, termed M;, was originally devised for
southern California earthquakes, which are generally
less than 15 km deep. Later, other magnitude scales
were developed for more distant and deeper earth-
quakes: Mg estimates the strength of distant shallow-
focus earthquakes from long-period seismic waves that
propagate near the surface of the Earth, and m,



TABLE 6.—Seismic moments, magnitudes, and likely fault sources for larger earthquakes in southern

California since 1857

{Moments and magnitudes are chiefly from Hanks and others (1975), Hanks and Kanamori {1979), and Kanamori and Regan (1982]]

Moment,

Date x 1025 dyne-cm M Mg

Magnitude

M Probable fault source

Jan. 9, 1857 ===~—===~ 900

Dec. 25, 1899 —--~-—- 15

Apr. 21, 1918 —-—-—-- 15 6.8
July 23, 1923 -=-=~~~- 1 6%
June 29, 1925 -—-~--- 20 6%
Nov. 4, 1927 ----=--- 100 7.3
Mar. 11, 1933 -—-—-—- 2 63 6%
May 19, 1940 ----——- 30 64 6.7
July 1, 1941 —=~-=---~~ 9 58 59
Oct. 21, 1942 —~———-——- 9 8.5 6%
Apr. 10, 1947 ——————- 7 62 64
Dec. 4, 1948 —~—————- 1 65 6.5+
July 21, 1952 ~—-——-—- 200 7.2 7.7
Mar. 19, 1954 ------- 4 6.2

Apr. 9, 1968 ———-—-—- 6 64 6.7
Feb. 9, 1971 -~-————- 10 64 66
Feb. 21, 1973 ~=~=~=-= 1 59 52
Oct. 15, 1979 -==~=—-- 7 6.6

7.9 San Andreas

6.8 Claremont (San Jacinto zone}
6.8 Claremont (San Jacinto zone)
6.0 Claremont {San Jacinto zone)
6.8 In Santa Barbara Channel

7.3  Offshore Point Arguello

6.2 Newport-Inglewood zone [offshore)
7.0 Imperial (San Jacinto zone)

6.0 In Santa Barbara Channel

6.6  Coyote Creek (San Jacinto zone)
6.5 In Mojave Desert

6.0 Mission Creek

7.5  White Wolf

6.4 Coyote Creek (San Jacinto zone)
6.5 Coyote Creek (San Jacinto zone)
6.6  San Fernando

5.3 Anacapa

6.5 Imperial (San Jacinto zone)

estimates the strength of distant earthquakes of any
focal depth from seismic waves that penetrate deep
within the Earth. Each scale has limitations; none
satisfactorily measures the very largest earthquakes
because each relates to only certain frequencies of
seismic waves and because the spectrum of radiated
seismic energy changes with earthquake size. Other
limitations on seismogram-derived magnitudes include
uncertainties with regard to the attenuation character-
istics of the Earth’s interior through which the earth-
quake waves pass and the effect of geologic conditions
near the instrument on recorded amplitudes. The dif-
ferent magnitude scales have been discussed in greater
detail by Lee and Stewart (1981), Chung and Bernreuter
(1981), and Nuttli and Hermann (1982).

A more fundamental measure of the size of an earth-
quake is seismic moment, which relates the strength of
an earthquake directly to the physical attributes of the
fault slip generating the event. Seismic moment is de-
fined as the product of the area of the rupture, the aver-
age amount of slip, and the shear modulus (or strength)
of the rocks involved. Seismic moment can be estimated
from geologic information obtained after an earthquake
(for example, the length of surface faulting or aftershock
zone and the measured amounts of slip) or from analysis
of seismograph recordings; it can also be estimated from
the dimensions of shaking intensity patterns observed
from an earthquake. Hanks and others (1975) have dis-
cussed seismic moment in greater detail.

A new magnitude scale based on the concept of
seismic moment was recently devised (Hanks and
Kanamori, 1979). Termed the moment magnitude (M)

scale, it is uniformly applicable to all sizes of earth-
quakes. The M scale is approximated by M, in the
magnitude range 3 to 7 and by Mg in the magnitude
range 5 to 7%. Because the M scale avoids many of the
limitations of traditional instrumental magnitude scales
and still relates well to other scales in the appropriate
magnitude ranges, seismologists and geologists are
using it more frequently to express earthquake size or
strength. Other advantages are that the rate of occur-
rence of earthquakes having different M values can be
related directly to the slip rate on faults (Molnar, 1979)
and that the moment magnitude for both past and future
earthquakes can be estimated directly from the as-
sumed dimensions of fault rupture (Wallace, 1982).

Because M is a newly developed quantity, it has been
determined only for some of the most important past
earthquakes. Table 6 compares the seismic moments
and magnitudes of the larger earthquakes in southern
California since 1857. This chapter will use M values,
where they have been computed, to express the size of
earthquakes being discussed.

Like other magnitude scales, M uses small numbers to
express vast differences in earthquake size. In absolute
terms of radiation of seismic energy, energy release in-
creases about 32 times with each increase in magnitude
unit (table 7). Because the amount of energy radiation
reflected in the various magnitude scales increases
geometrically, small differences in magnitude are much
more significant at the higher ends of the scales than
they are at the lower ends. The difference in radiated
energy between earthquakes of M 7.9 and M 8.0, for
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TABLE 7.—Comparison of differences in magnitude and radiated
energy for any two earthquakes
[Modified from a table by K. R. Lajoie (Blair and Spangle, 1979)]

Difference in
radiated energy

Difference in
magnitude

32,000,000
- 1,000,000
32,000
1,000
32 (31.6)
1 1.4

=N W kg

example, is about one million times larger than the dif-
ference between earthquakes of M 3.9 and M 4.0.
Although wider areas may be damaged by larger earth-
quakes, however, damage is not proportional to the
radiated energy.

Regardless of the method used to express the strength
of an earthquake, a fundamental relation that holds for
all magnitude scales has been observed—the amount of
earthquake energy released is related to the size of the
fault area that has slipped and to the amount of the
displacement. Figure 14 shows that larger areas of fault
rupture generally result in larger earthquakes.

Surface Faulting and Related
Permanent Ground Deformation

When slip along a fault plane extends to the Earth’s
surface, the effects can have profound significance for
buildings, dams, pipelines, and other structures that
straddle or cross the fault trace. These effects include
rupture and offset of the land surface, local warping
and tilting of the ground near the fault trace, and, less
commonly, uplift or subsidence of adjoining areas.
These permanent ground deformations, although they
affect smaller areas than the shaking effects of an
earthquake affect, can damage or even destroy struc-
tures. Examples of structural damage caused by surface
faulting and distortion that accompanied a modern
earthquake in an urban area are shown in figure 15.

Whether slip along a fault during an earthquake
reaches the ground surface depends on the size, depth,
and orientation of the earthquake rupture surface.
Large shallow earthquakes in California commonly are
accompanied by surface faulting or deformation. Gener-
ally, surface faulting is associated with earthquakes
having hypocenters shallower than 15 km and magni-
tudes of M 5.5 or greater. Under special circumstances,
surface rupture has occurred in association with earth-
quakes as small as M 2.5 (Yerkes and others, 1983); off-
sets for such shocks, however, are typically small.
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Comparison of worldwide data on historical surface
faulting indicates that larger magnitude earthquakes
are associated with longer surface faults and greater
displacements (Bonilla and Buchanan, 1970; Slemmons,
1977; Mark and Bonilla, 1977; Scholz, 1982). About 444
km of the surface trace of the San Andreas fault in
northern California, for example, ruptured during the
1906 San Francisco earthquake (M 7.7). In California,
surface rupture has accompanied many of the moderate
to large historical earthquakes. Maximum values of
historical surface rupture length and surface displace-
ment are presented in table 8 for the major types of
faulting that have occurred in California.

Surface faulting is rarely confined to a simple narrow
line. More commonly, a complex fault pattern results
where the main fault zone is complicated by branching
and secondary faults. Occasionally, secondary faults
may be as far as 70 km from the main fault zone. The
pattern of surface rupture commonly reflects the mode
of faulting, the pattern of the dip-slip surface faults
being more complex than that of the strike-slip surface
faults.

The amount of surface displacement along historical
ruptures has varied greatly in short distances. Common-
ly, the displacement is not symmetrical along the fault
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FIGURE 15.—Examples of surface displacement that accompanied the
1971 San Fernando earthquake. A, Damage to sidewalk and pave-
ment along Foothill Boulevard about 1 km east of the San Fernando
airport. The scarp, which is about 1 m high, resulted from reverse
left-oblique fault slip. View looks northwest along Foothill
Boulevard. (Photograph by ]. I. Ziony, U.S. Geological Survey.) B,
Damage to house, sidewalk, and pavement near Pacoima Wash.
View looks westward. The concrete floor slab was offset and
tilted, and the house had to be razed (Youd and others, 1978, fig.
4A). C, Simplified cross section illustrating faulting and damage
(Youd and others, 1978, fig. 4B).

trace but may reach a maximum near one end of the
fault and may show several high points in offset along
the fault trace (fig. 16).

Surface faulting commonly is accompanied by perma-
nent horizontal or vertical distortion within a few
meters to several hundred meters of the main fault.
Usually, the distortion, which can tilt the ground sur-
face, is minor in comparison with the amount of fault off-
set. Sometimes, however, the distortion is a substantial
proportion of or even exceeds the fault offset. The ratio
of vertical distortion to vertical fault offset, for example,
was two to one along the part of the Coyote Creek fault
that was activated by the 1968 Borrego Mountain earth-
quake in Imperial Valley (Clark and others, 1972).

Not all surface displacements along faults occur sud-
denly in direct association with earthquakes. Fault
creep is slow, differential movement caused chiefly by
aseismic tectonic processes. It also can be artificially
induced by human activity, such as the withdrawal of
fluids from shallow parts of the Earth’s crust.

Tectonic creep has been recognized along faults in
several parts of California, particularly in central
California (Herd, 1979; Wesson and others, 1975) and in
the Salton Trough region. The most notable example oc-
curs along the San Andreas fault south of the San Fran-
cisco Bay region, where creep accounts for as much as
32 mm/yr of contemporary right-lateral slip (Burford
and Harsh, 1980). Monitoring studies there have shown
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that tectonic creep occurs either as discrete small in-
crements of slip within intervals of hours or days or as
nearly uniform motion. Commonly, the creep rate along
a fault shows variations both with position along the
fault and with time.

Short-term tectonic creep, termed afterslip, occa-
sionally is associated with surface faulting. The amount
of such slip may approach the amount of sudden slip

TABLE 8.—Maximum values of length of surface rupture and amount
of surface displacement from historical earthquakes in California

[Derived from Bonilla and others (1984, table 3) and Slemmons (1977, table 16). Moment mag-
nitude estimates from Hanks and Kanamori (1979). Rupture length and displacement maximums
for a given fault type are not necessarily from the same earthquake]

Length of Maximum surface
Fault type surface rupture, in km displacement, in m
Normal slip--—---==-==--- 91 0.6!
Normal oblique slip------ 1102 6.42
Reverse oblique slip------- 523 2.15
Strike slip-========="m-~ 4444 9.4°

11950 Fort Sage Mountain earthquake (M, 5.6).
21872 Owens Valley earthquake (M 7.8).

31952 Kern County earthquake (M 7.5).

41906 San Francisco earthquake (M 7.7).

51971 San Fernando earthquake (M 6.6).

81857 Fort Tejon earthquake (M 7.9).
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FIGURE 16.—Horizontal component of surface offset measured along the rupture trace of the Imperial fault following the October 15, 1979,
Imperial Valley earthquake (modified from Sharp and others, 1982, fig. 101). The 1979 surface rupture was about 30 km long and overlapped
the northern half of the surface rupture associated with the 1940 Imperial Valley earthquake. The amount of displacement is distributed
asymmetrically along the rupture and is greatest near its southeastern end. Significant creep occurred after the main shock. One hundred and
sixty days following the earthquake, the location of maximum right slip was shifted slightly northwestward, and postearthquake creep ac-

counted for a significant proportion of the total surface displacement.

directly associated with the main ground rupture event.
For example, average horizontal displacement along the
Imperial fault increased from about 27 to 31 cm just
after the October 15, 1979, Imperial Valley earthquake
to 41 to 45 cm 6 months later (Sharp and others, 1982).

Tectonic creep has not yet been observed in the Los
Angeles region, although creep from other causes has
been recognized along several faults. Surficial displace-
ments of as much as 18 cm have occurred during the
past three decades in the Baldwin Hills, near the north-
ern end of the Newport-Inglewood fault zone, along a
series of north- to northeasttrending short normal
faults. Although these faults probably originated as tec-
tonic features, their contemporary displacements are
attributed to differential subsidence caused by with-
drawal of petroleum and gas from an underlying oilfield
(Castle and Yerkes, 1976).

Creep also has been observed along the Casa Loma
and Claremont strands of the San Jacinto fault zone
north of Hemet (Fett and others, 1967; Proctor, 1962).
The dominantly dip-slip movement probably results
chiefly from compaction of sediments caused by with-
drawal of ground water from a narrow alluvial basin
bounded by the faults; maximum subsidence of this
basin has averaged 3.5 to 4.0 cm/yr since 1939 (Morton,
1978). Evidence that subsidence has occurred at rates of
about 2 to 6 mm/yr for the past 15,000 to 42,000 yr
(Lofgren, 1976), however, suggests that tectonic proc-
esses may contribute to the contemporary fault slip.
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Tsunami Generation

Large earthquakes that originate beneath or near the
sea sometimes are accompanied by tsunamis. A
tsunami—an ocean wave generated by rapid displace-
ment of a large volume of sea water—results either from
vertical faulting or warping of the sea floor or from
large-scale submarine landsliding. Waves of destructive
size and force may strike nearby coasts or may travel
thousands of miles across the open ocean to hit distant
shorelines. As a tsunami enters shallow waters, its
velocity diminishes, but the wave heights increase (occa-
sionally to several tens of meters), the result being
potentially destructive effects.

Within the Pacific basin, damaging tsunamis are most
common along the margins of coastal Alaska, the Japa-
nese islands, and the islands of the mid-Pacific Ocean.
Coastal California also has experienced destructive
tsunamis. The harbor in Crescent City in northern Cali-
fornia, for example, was badly damaged and 11 people
were drowned when the distant 1964 Alaska earth-
quake generated a train of sea waves.

As McCulloch (this volume) discusses in greater
detail, small tsunamis of local origin have struck coastal
southern California sporadically. The Santa Barbara
Channel earthquake of December 21, 1812, reportedly
caused waves that inundated the lower reaches of the
coast between Santa Barbara and Goleta. Other small
tsunamis have occurred near the Los Angeles region,



perhaps the best documented being a 2-m-high wave
generated by the 1927 Point Arguello earthquake.

Regional Tectonic Deformation

Uplift and subsidence on a regional scale accompany
some large earthquakes, especially those associated
with large components of dip-slip displacement. Al-
though the amounts of uplift or subsidence rarely ex-
ceed a few meters, vertical deformation can have
adverse effects on facilities along coast lines and on
pipelines and canals inland.

The area of uplift or subsidence is determined by fault
dimensions and displacement and can extend over tens
of square kilometers to hundreds of thousands of square
kilometers. The great Alaska earthquake of 1964, for ex-
ample, which resulted from reverse-slip motion along a
low-angle fault of regional extent, was accompanied by
vertical uplift and subsidence of an area of more than
285,000 km?; local changes in elevation exceeded 11 m.
In the Los Angeles region, tectonic deformation on a
much smaller scale has been documented for the 1971
San Fernando earthquake (Savage and others, 1975)
and suggested as likely for the 1933 Long Beach earth-
quake (Gilluly and Grant, 1949).

EXAMPLES OF SURFACE
FAULTING AND RELATED
EFFECTS FROM SOUTHERN
CALIFORNIA EARTHQUAKES

The range of surface faulting effects likely to be
associated with future major earthquakes in the Los
Angeles region can best be illustrated by considering
three historical southern California earthquakes that
ruptured the land surface. The 1857 Fort Tejon earth-
quake is representative of the largest event likely to
occur along the San Andreas fault; the 1968 Borrego
Mountain earthquake was a moderate-sized event

within the Peninsular Ranges along the dominantly

strike-slip San Jacinto fault zone; the 1971 San Fernando
earthquake is an example of a destructive earthquake
along one of the dominantly dip-slip faults within the
Transverse Ranges.

1857 Fort Tejon Earthquake

The 1857 Fort Tejon earthquake is the largest event
known to have affected the Los Angeles region since ex-
ploration of the area by the Spanish in 1769. Although
this earthquake occurred before the advent of seismo-
graph recordings, a comparison of the amount of fault
slip that it generated with that generated by the instru-
mentally measured 1906 San Francisco earthquake (Mg

8%, equivalent to M 7.7) indicates that the Fort Tejon
event was clearly larger (Sieh, 1978a); Hanks and
Kanamori (1979) assign it M 7.9.

Although the 1857 event was named for Fort Tejon,
which is located south of Bakersfield, historical ac-
counts of foreshock activity strongly suggest that the
epicenter was actually located along the central part of
the San Andreas fault near Cholame, northeast of San
Luis Obispo, and that the earthquake rupture surface
propagated several hundred kilometers southeastward
into the Los Angeles region (Sieh, 1978b).

No systematic observations of the earthquake effects
were made immediately after the event. Contemporary
accounts, however, indicate that surface faulting
accompanied by strikeslip offsets of several meters ex-
tended along the San Andreas fault from Cholame at
least to Lake Elizabeth near Palmdale, a distance of
about 230 km. A modern geomorphic analysis of offset
stream channels crossing the fault has documented that
surface ruptures apparently extended southeastward to
near Wrightwood (Sieh, 1978a). The total length of sur-
face faulting thus probably exceeded 360 km (fig. 17).

Detailed character of the rupture trace can only be in-
ferred, because no fault mapping was done at the time
of the earthquake. The 1857 break is believed to be
restricted to the geomorphically most prominent trace in
the San Andreas fault zone, although it is likely that sub-
sidiary faulting occurred along some parallel strands
within a kilometer or so of the main trace. Geomorphic
expression of several subsidiary faults adjacent to the
San Andreas near Palmdale, for example, is fresh
enough to suggest that these fault elements also slipped
in 1857 (Barrows and others, 1976).

Estimates of the style and amount of slip have been
made by analysis of displaced small drainage features
that cross the main fault trace (Sieh, 1978a). Stream
channels are offset systematically in a right-lateral
sense; there is little or no vertical component. Slip along
the fault apparently reached a maximum of about 9.5 m
in the Carrizo Plain west of Bakersfield and diminished
rapidly toward the southeast. Along the margin of the
Antelope Valley, slip is estimated to have been between
3 and 4.5 m.

Locally, dip-slip components of displacement probably
accompanied the earthquake. Fresh-looking meter-high
scarps across alluvial fans, for example, may record
subsidiary faulting along the southwest-dipping Elkhorn
thrust, which lies about 3 km northeast of the San
Andreas fault in the southern Carrizo Plain.

1968 Borrego Mountain Earthquake

The M 6.5 Borrego Mountain earthquake of April 9,
1968, was generated by sudden slip on the northwest-

Earthquake and Surface-Faulting Potential 65



SAN FRANCISCO

MONTEREY ®* FRESNO

CHOLAME
VALLEY

SAN LUIS OBISPO\ e

50 100 MILES
| |

50 100" KILOMETERS

e BAKERSFIELD

WRIGHTWOOD
2 SAN BERNARDINO

COS/VANGELES\
/
4 N

\

FIGURE 17.—Extent of surface fault rupture (heavy line) along the San Andreas fault associated with the 1857 Fort Tejon
earthquake (modified from Sieh, 1978a, fig. 2). Right-lateral surface offset reached a maximum of about 9.5 m in the
Carrizo Plain and was about 2 to 4 m between Lake Elizabeth and Wrightwood.

striking Coyote Creek fault, an element of the San Ja-
cinto fault zone about 100 km southeast of Hemet

outside the Los Angeles region. The main shock was ap-

proximately midway along a broad, complex zone of
aftershocks about 60 km long. Surfacefaulting and
deformation effects of this earthquake were intensively
studied (Allen and others, 1972; Burford, 1972; Clark,
1972; Clark and others, 1972; Sharp and Clark, 1972)
and are summarized below.

Surface faulting occurred along 31 km of the Coyote
Creek fault in three distinct bands of echelon fractures
trending approximately N. 30°-50° W. (fig. 18A). Most of
the ground displacement took place within 20 m of the
trace, although some occurred as much as 500 m away.
Isolated evidence of faulting was observed as much as
3 km from the main trace.
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Offsets along the main trace were chiefly right later-
al, and the maximum measured strike slip was 38 cm. In
contrast, outlying surface ruptures that diverged from
the trend of the main fault had large vertical com-
ponents of offset, locally as great as 23 cm. Compression
and distortion, which produced locally complex patterns
of surface deformation, characterized the areas at the
ends of the echelon fault segments (fig. 18B). Studies of
the patterns of the 1968 faulting and earlier movements
recorded by offset of preexisting physiographic features
showed that the 1968 displacements in every case
matched the sense of earlier slip events along the Coyote
Creek fault.

Aseismic creep continued for several years after the
earthquake and was concentrated mainly along the cen-
tral and southern sectors of the fault, which had ex-
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FIGURE 18A

FIGURE 18.—Surface faulting associated with the Borrego Mountain earthquake of April 9, 1968. A, Major surface ruptures along the Coyote
Creek fault (generalized from Clark, 1972, pl. 1). B, Surface faulting along the northern segment of the 1968 rupture (portion from Clark, 1972,
pl. 1). Note the left-stepping echelon pattern of many of the breaks. C, Relation of the Coyote Creek fault, which was the source of the 1968
earthquake, to the three distant faults—the San Andreas, the Superstition Hills, and the Imperial—along which minor surface offsets were
triggered at distances as great as 70 km from the epicenter (modified from Allen and others, 1972, fig. 52).

perienced the least amount of coseismic slip. Locally,
postearthquake creep was as much as 18 cm.
Interestingly, the Borrego Mountain earthquake trig-
gered small (1-2.5 cm) right-lateral surface displace-
ments along three subparallel faults at distances of as

much as 70 km from the main shock (fig. 18C). The faults
that ruptured sympathetically were the Imperial fault
(for 22 km), the Superstition Hills fault (for 23 km), and
the southern San Andreas fault north of the Salton Sea
(for 30 km).
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1971 San Fernando Earthquake

Tectonic surface rupturing that caused extensive
damage to parts of the heavily populated San Fernando
Valley accompanied the M 6.6 1971 San Fernando earth-
quake. The surface-faulting effects have been docu-
mented in detail (U.S. Geological Survey Staff, 1971;
Kamb and others, 1971; Barrows, 1975; Kahle, 1975;
Weber, 1975; Sharp, 1975, 1981a; Youd and others,
1978).

The zone of surface ruptures was about 15 km long,
extending from the western side of San Fernando to Big
Tujunga Canyon. Displacements were the result of
reverse left-oblique slip of as much as 2.1 m along the
San Fernando fault zone, which dips north about 55°.
Detailed mapping showed that five separate segments of
this fault zone were activated at the surface during the
earthquake. Nearly all of the tectonic surface offsets
were restricted mostly to the upper block, or hanging
wall, of the fault zone. The zone of surface faulting coin-
cided with a buried ground-water barrier formed by
pre-1971 faulting in the Holocene alluvial deposits of the
valley and was aligned with fault-produced geomorphic
features of late Quaternary age.

The character of ground deformation varied along
each segment. The distal parts of the fault zone were
marked by relatively simple rupture zones less than
about 5 m wide. In contrast, fractures comprising the
west-central segment that traverses the alluviated San
Fernando Valley were much more complex (fig. 19). This
segment consisted of a main belt of thrusting about 75 to
200 m wide and bordered on the north by a broad (1-1.5

km wide) zone of discontinuous, mostly normal-slip
faults having small offsets (several millimeters).

Subsidiary faulting along short faults in the foothills
occurred at distances of as much as 2 km from the main
trace. Some of these offsets indicated as much as 1 m of
reverse left-oblique slip.

Secondary faulting accompanied by small amounts of
left-lateral and reverse slip was observed along about
450 m of the Santa Susana fault northwest of the pri-
mary faulting (Weber, 1975). Similar rupturing may
have occurred along a short segment of the Buck Can-
yon-Watt fault near its junction with the San Gabriel
fault 8 km northeast of San Fernando.

The earthquake was also accompanied by permanent
ground distortion, including uplift (fig. 20) and horizontal
displacements. Comparison of precise leveling surveys
made before (1968-70) and after the earthquake shows
that changes in elevation formed an east-west arch that
affected much of the northern San Fernando Valley
(Savage and others, 1975; Yerkes and others, 1974). The
greatest changes were in the foothills east of the valley,
where maximum uplift was about 2 m. Because max-
imums in the patterns of uplift coincide with topo-
graphic highs, such deformation probably was the most
recent result of ongoing (but sporadic) geologic proc-
esses. Horizontal displacements, locally of more than
2 m and occurring over a broad area, showed an abrupt
discontinuity along the zone of surface faulting in the
pattern and amount of horizontal distortion (Yerkes and
others, 1974).

The preceding three examples illustrate some of the
kinds of surface faulting and deformation that might ac-
company future major earthquakes in the Los Angeles
region. The faults that produced these effects could slip
again in the near future and perhaps duplicate their
historical surface offsets. Other faults within the region
have attributes similar to those discussed, and major
earthquakes along these faults could produce com-
parable patterns of surface rupture and distortion. The
next section addresses ways of identifying which faults
might be the source of future seismic events and
estimating the likely character of future earthquakes
and tectonic surface deformation along those faults.

PREDICTING THE FUTURE
BEHAVIOR OF FAULTS

Identifying Active Faults

Geologists and seismologists use various criteria
based on current manifestations or the history of a fault
to infer its potential for future rupture. These criteria in-
clude historical surface faulting or creep, historical and
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FIGURE 19.—Western segments of tectonic surface ruptures produced by dominantly reverse left-oblique faulting associated with the 1971 San
Fernando earthquake (U.S. Geological Survey Staff, 1971, fig. 2). Note the complexity of the Sylmar segment, which traverses the alluvium of
the San Fernando Valley, in comparison with the relatively simple traces of the Tujunga segment that separates bedrock foothills from

alluvium.
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contemporary seismicity, contemporary accumulation of
strain as revealed by repeated geodetic surveying
across faults, episodes of slip in the recent geologic past
as deduced from displaced rock or soil units of known
age, and physiographic features that record geologically
young movements at the ground surface.

Although our understanding of the behavior of faults
is incomplete, enough is known to show that the manner
and frequency of movements along these faults can vary
greatly. Some faults can be dormant for thousands of
years and then slip suddenly tens of meters, whereas
other faults release strain through frequent small earth-
quakes or by more or less continuous creep. Because the
range in fault behavior is great, earth scientists do not
currently agree as to what criteria differentiate with
certainty between an active fault and one that will re-
main inactive.

An approach commonly used to designate active
faults is to consider how recently displacements have
occurred along them (Ziony and others, 1973). Geologic
evidence along a fault is evaluated to determine the age
of the youngest faulted material or the age of the
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youngest landforms produced by faulting. A fault then
can be assigned to the age class (for example, historical,
Holocene, or late Quaternary) that most closely brackets
the time span containing its youngest slip event.
Systematic regional evaluations of faults have been
made by Wentworth and others (1970) for the Los
Angeles basin, by Ziony and others (1974) for coastal
southern California, by Buchanan-Banks and others
(1978) for coastal central California, and by Pampeyan
(1979) for the San Francisco Bay region.

Which time span is chosen to designate a fault as
active depends on the likely consequences of renewed
faulting. In evaluating the locations of structures in-
tended for human occupancy, for example, the State of
California uses evidence of offset during Holocene time
(approximately the past 10,000 yr) to designate a fault
as active (Hart, 1980). Longer spans of geologic time are
used for types of construction whose possible failure
would pose high risks to the public. Thus, for the siting
of large dams, the U.S. Bureau of Reclamation considers
a fault active if it has experienced slip during the past
100,000 yr. The U.S. Nuclear Regulatory Commission,



which is responsible for approving the siting and design
of nuclear power facilities, considers faults that have
slipped several times during the last 500,000 yr as
active.

A complication in identifying potentially active faults
is that, although most such faults in California displace
young alluvial deposits or topographic features, active
faults in certain tectonic settings do not reach the
Earth’s surface. The M| 6.7 1983 Coalinga earthquake
in central California demonstrated that damaging
seismogenic slip can occur on a concealed fault that is
manifested at the surface only by recurrently active
young folds (Stein and King, 1984). The earthquake was
generated by thrusting in basement rocks along a low-
angle active fault that does not completely penetrate the
overlying Cretaceous and late Cenozoic sedimentary
rocks (Yerkes and others, 1984).

Faults in the Los Angeles region that show evidence of
movement at or near the Earth’s surface within the past
approximately 750,000 yr are indicated in figure 11.
Although additional studies along other faults in the
region may subsequently reveal evidence for geological-
ly recent activity, we are reasonably confident that the
suite of historical, Holocene, and late Quaternary faults
identified in this chapter contains those faults that are
most likely to cause damaging earthquakes. Table 5
summarizes what is known about the physical char-
acteristics of each fault, our current appraisal of the
age of the most recent displacement, the type of geolog-
ically recent slip, and the evidence for associated
earthquakes.

Evaluating Relative Activity

Simply designating a fault as active does not ade-
quidtely predict its future behavior. Significant dif-
ferences between the degrees of activity of active faults
may exist and must be considered. Two faults that have
both been active in Holocene time, for example, may
have vastly different intervals and amounts of recurrent
movement. Geologists and seismologists now recognize
that the slip rate, the size and recurrence intervals of
earthquakes, and the amount of slip per movement event
provide a more precise and useful characterization of
fault activity than the age of the latest offset alone
provides.

Analysis of the slip rates of faults provides one means
for assessing degrees of activity. Rates can be obtained
directly from observed or geodetically measured his-
torical offsets along faults that are currently creeping.
For most active faults, however, slip rates must be
deduced from the displacement of geologically young
markers. The average rate of slip for a length of geologic

time is calculated by dividing the cumulative net dis-
placement of a stratigraphic or physiographic marker
by the amount of time elapsed since the marker was first
displaced by the fault. Most commonly, this time span is
assumed to be the age of the displaced marker as
measured by radiometric dating techniques, as esti-
mated from stratigraphic relations, or as inferred from
physiographic expression.

Geologically determined slip rates provide a measure
of only the longterm average displacement rate along
the fault. Faults, however, do not necessarily move at
constant rates of slip. Although the inferred average slip
rate along part of the San Jacinto fault zone, for exam-
ple, during the past 730,000 yr B.P. is about 8 to more
than 12 mm/yr, comparison of measured offsets from dif-
ferent segments of that-time-span ‘indicates that the slip
rate fluctuated, dropping as low as 1 to 2 mm/yr for
parts of that period (Sharp, 1981b). Fluctuating rates of
slip during the past 2 m.y. also have been documented
for the Oak Ridge fault (Yeats, 1977). Most commonly,
however, the average slip rate is the only estimate that
can be obtained, because data are insufficient to show
changes in the slip rate of an individual fault.

Comparison of the average rates of slip for different
active faults in a region can provide a quantitative
measure of their relative activity. Provisional classifica-
tions of faults according to rates of long-term average
slip have been proposed by Matsuda (1975, 1977), Slem-
mons (1977), Cluff (1978), and Knuepfer and others
(1981). Table 9 is an example of such a classification. An
assessment of the degree of activity, based on this
classification, has been completed for the faults of Japan’
{Research Group for Active Faults of Japan, 1980).

Geologic slip rates have been estimated for many of
the major faults in the Los Angeles region (Lamar and
others, 1973; Anderson, 1979). The estimates for dif-
ferent faults, however, have been computed by using
measured offsets representing widely different spans of
geologic time; in some cases, offset geologic features as
old as 6 to 17 m.y. provide the basis for estimating the

TABLE 9.—Degree of fault activity from long-term slip rates during late
Quaternary time
{From Matsuda (1977) and Slemmons (1977)]

Average slip rate,

Class Degree of activity in mm/yr Comments
AA--—- Very high 10-100 Restricted to major
plate boundaries.
A-——--- High 1.0-10 Generally well-
developed
physiographic
evidence
of recent faulting.
B---—- Moderately high .1-1.0
C--—- Moderate 01-0.1
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TABLE 10.—Late Quaternary slip rates estimated for some faults of the Los Angeles region

[Data chiefly from compilation by Clark and others (1984) listing sources of information for each fault. Data for Cleghorn and Ord Moun-
tain faults from Meisling (1984). Rates reported are those without major uncertainties. --, no preferred rate|

Slip rate, in mm/yr

Fault (map number} Minimum Maximum Preferred Component?
San Andreas (1)-==—====-======-= 20.0 30.0 25.0 H
San Jacinto zone, Clark (8)---—----- 8.0 >12.0 - H
Chino (11) -—— .02 .06 - \Y
Newport-Inglewood zone:

Inglewood (25)--=--=-——-———-—— 12 6 - \Y

North Branch (30)}------~------ A1 1.2 - \Y
Palos Verdes Hills (35)-~-—--——-——- .02 3 - A%
Santa Ynez (44)------=-==~-—————— 15 10.1 1.0 T
Arroyo Parida (46)-------~---—-— .35 4 - \% o
More Ranch (47)--—~--===~~==--- 2 >.3 >.3 \%
Red Mountain (52)-~-~~====——--== 4 1.5 . -— D
Javon Canyon (54)-------~=====—= 7 2.5 - T
Ventura {55) - 8 24 - D
Faults near Qak View (67)---~----- 27 1.34 -- T
San Cayetano (59)-----~-—=====-~ .88 29 - T
Faults of Orcutt and -------——---- .05 2.36 - T

Timber Canyons (60).
Santa Cruz Island {77)-—-——-~----- 2 >.56 - A
Santa Cruz Island (77)---~—~-—---- .86 -— - H
Malibu Coast (79)-—----===~-———~ .04 .09 - T
Santa Monica (80)—--——-=~==-==~=~~ 27 .39 - A%
Raymond (82)-------~——--—————- 1 22 13 \%
Sierra Madre (83)~-----==~——————- .36 4.0 - \Y
Cucamonga (86) 2.9 6.4 - T
Cleghorn (92) 2.0 16.0 3.3 H
Ord Mountain (93)=~~-=======acmv 04 7 01 \%

LT, true slip rate; H, horizontal component of slip rate; V, vertical component of slip rate; D, dip component of slip rate.

longterm slip rate. It is highly doubtful whether rates
averaged over more than a few million years are repre-
sentative of slip rates associated with the current tec-
tonic stress field.

Comparison of rates of offset for only late Quaternary
time provides a more reliable basis for characterizing
the present relative activity of faults in the Los Angeles
region. Marine and nonmarine deposits of late Quater-
nary age, which are widespread in the region, serve as
markers for fault displacements and can be dated local-
ly with reasonable precision by using various absolute
and relative dating techniques. Measured offsets of late
Quaternary deposits or of physiographic features that
can be related to these deposits are known for about
half of the faults listed in table 5. Most of the measure-
ments, however, are of a component of the displacement
(for example, the vertical separation or throw) rather
than of true slip; therefore, the computed rates in many
cases are less than the actual slip rates. Furthermore,
the ages of offset deposits or geomorphic features can
be reliably estimated for less than half of the localities
where offsets (either separation or slip) have been
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measured. Thus, rates of displacement can be estimated
for less than 25 percent of the potentially active faults of
the region.

Known late Quaternary slip rates are summarized for
the Los Angeles region in table 10. These values may
change as new information about the ages of the offset
features or the amounts of offset comes to light.
Although true slip rates can be calculated for a few
faults, most data are for either the horizontal compo-
nent, the vertical component, or the dip component (and
thus give less than the true rate) The most common
parameter available for comparing the relative activ-
ities of different faults is the vertical component of the
slip rate. Although component rates are less than true
slip rates, they can be useful if the ratio of vertical slip
to horizontal slip along a fault is known. Thus, horizontal
component rates computed for the dominantly strike-slip
San Andreas, San Jacinto, and Cleghorn faults closely
approximate their true rates, because these faults have
large ratios of horizontal to vertical slip. Similarly, rates
of vertical separation can be used to estimate true rates
for faults known to be dominantly dip slip. Even where
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slip ratios are uncertain, comparing component rates
for individual faults having similar trends provides a
gross estimate of their relative activity.

Vertical component rates for the chiefly reverse-slip
faults of the Transverse Ranges, for example, approx-
imate their true slip rates, if it is assumed that vertical
separations measured across these faults are equiva-
lent to the vertical components of slip. That this assump-
tion is not strictly correct is shown by oblique-slip
historical surface offset along the San Fernando fault
and by a dominant slip vector for the province that
plunges 55° NE., determined from earthquake fault-
plane solutions (Yerkes and Lee, 1979b, fig. 3). This
assumption is, however, a reasonable working hypoth-
esis that can be tested against variations in assumed
fault dip and slip-vector orientation. Geometric analysis,
for example, shows that the vertical component rate for
a pure reverse-slip fault dipping 70° will be about 94

percent of the true slip rate, whereas the vertical com-
ponent rate for an oblique-slip fault of similar dip would
be about 67 percent of the true slip rate. For shallower
faults, of course, vertical separation is a much less ac-
curate measure of slip. Nevertheless, vertical compo-
nent rates can estimate true slip rates within a factor of
two for the faults of the Transverse Ranges.

Integrating the sparse and mostly incomplete data
from table 10 into a provisional slip-rate map for the
region (fig. 21), we have assigned faults to one of four
categories representing estimated ranges in true slip
rate by taking into account available slip-rate data,
probable styles of fault displacement, and possible con-
nections with other faults of known rate. We have also
compared known vertical component rates and relative
geomorphic expressions of faults having similar tectonic
settings. Systematic areal differences in estimated slip
rates are shown on the provisional map—the San An-
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dreas and San Jacinto faults have slip rates measured in
tens of millimeters per year, from 2 to 30 times greater
than those of other active faults in the region. The next
most active system is the belt of faults that extends
diagonally across the Transverse Ranges from near San-
ta Barbara to San Bernardino. Individual faults in this
system have rates that range from 1 to 6 mmlyr, the
higher rates occurring where the belt is narrow and
composed of only a few faults (for example, along the
southern boundary of the Transverse Ranges eastward
from Pasadena). In contrast, rates for the southern
boundary faults of the Transverse Ranges west from
Pasadena appear to be less than 1 mm/yr. Although few
data are available for the northwest-trending fault
systems that lie west of the San Jacinto fault, estimates
of about 1 mm/yr for each appear consistent with what
is known. '

Reliable geologic data with which to closely estimate
a late Quaternary slip rate for the Elsinore fault zone in
the Los Angeles region are not yet available. Proposed
slip rates range widely—from about 0.8 mm/yr (Lamar
and Swanson, 1981) to about 7 mm/yr (Kennedy, 1977)—
and are based on apparent horizontal separations of
sedimentary facies boundaries rather than on unam-
biguous measurements of slip. We provisionally assign a
rate of about 1 mm/yr to the fault zone. Studies in prog-
ress southeast of Corona (Millman, 1985), however, sug-
gest that a higher rate could be appropriate on the basis
of apparent lateral offets of presumed middle to late
Pleistocene alluvial fan deposits. Pinault and Rockwell
(1984) have proposed a Holocene slip rate of about
4 mm/yr for the southern Elsinore fault zone about
20 km north of the California border with Mexico.

Closely constrained late Quaternary slip rates have
not yet been determined for the Newport-Inglewood and
the Palos Verdes Hills fault zones, which pose a major
earthquake threat to the densely populated Los Angeles
basin. For the Newport-Inglewood zone, Woodward-
Clyde Consultants (1979) estimate an average slip rate
of 0.5 mm/yr since late Miocene time on the basis of in-
ferred right-lateral displacements of geologic markers 3
to 5 m.y. old; this value may not be representative of the
offset rate during the past several hundred thousand
years, however. Late Quaternary rates of vertical sepa-
ration of 0.6 and 0.3 mm/yr have been calculated locally
for the Newport-Inglewood and Palos Verdes Hills fault
zones, respectively. Because the geometry of the zones
suggests dominantly right-lateral displacement, the ver-
tical components of the offset rate probably are a frac-
tion of the actual slip rate. Displaced late Pleistocene
marine-terrace shoreline angles-near San Diego (Kern,
1977) suggest a slip rate of 1.2 to 1.4 mm/yr for the Rose
Canyon fault, a probable southern extension of the
Newport-Inglewood zone. Thus, we can reasonably
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assign provisional slip rates of about 1 mm/yr to each of
these fault zones.

New methods of seismic risk analysis that use geolog-
ically determined slip rates to estimate the average rate
of seismic moment release on a fault have been pro-
posed recently (for example, Anderson, 1979; Wesnou-
sky and others, 1982; Joyner and Fumal, this volume).
The spatial and size distributions of future earthquakes
in Japan, for instance, have been predicted from Quater-
nary sliprate data (Wesnousky and others, 1984).
Although these promising methods can be used to esti-
mate seismic hazard for the Los Angeles region on the
basis of existing slip-rate information, more reliable esti-
mates will require considerable improvement in the
knowledge of slip rates for the entire suite of late
Quaternary faults.

Determining Earthquake Potential

A fault can generate earthquakes when it is suitably
oriented to slip within the tectonic stress field of the
Earth’s crust and when it lies within rocks strong
enough to store large amounts of strain energy for sud-
den release. How can we decide which active faults will
generate future damaging earthquakes, and what will
be the likely size and frequency of occurrence of these
earthquakes?

Instrumentally recorded seismicity, although it in-
dicates only the short-term patterns of release of earth-
quake energy, is a key tool for assessing the ability of a
fault to produce earthquakes. The seismogenic nature of
a fault is established where there is a close spatial rela-
tion between fault geometry and earthquakes. Com-
parison of faulttrace maps (fig. 11) with earthquake
epicenter maps for the region is a first step in identify-
ing seismogenic faults; this approach is severely limited,
however, where faults are inclined rather than vertical,
as they are in the Transverse Ranges, or where they are
closely spaced. The earthquake-generating ability of a
fault is established with greater certainty where geo-
logic and seismologic information is detailed enough to
accurately map earthquake hypocenters and to asso-
ciate them with a specific fault at depth (for example,
the Red Mountain fault) (fig. 22). The strongest evidence
that a fault is seismogenic is found in cases where earth-
quakes are aligned along a fault in three dimensions and
where focal mechanism solutions agree with the orienta-
tion and sense of movement from geologic data.

Absence of seismicity along a fault alone, however,
does not imply a lack of potential for future damaging
events. For the Los Angeles area, there are only about
50 yr of reasonably good instrumental recordings of
seismicity and only about 200 yr of written history with
which to compare earthquake occurrences and the dis-
tribution of geologically youthful faults. Experience both
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FIGURE 22.—North-south cross section through the Red Mountain fault
northwest of Ventura showing closely associated small earth-
quakes from 1970 to 1975 (modified from Yeats and others, 1981,
fig. 8). Hypocenters (small solid circles) are projected from nearby
points onto the plane of the cross section; vertical and horizontal
bars around hypocenters give error limits in the original locations
of the earthquakes. The position of the Red Mountain fault to
depths of about 4 km (solid line) is accurately defined by numerous
oil wells (approximately vertical lines) that intersect it at points
shown by large solid circles. Several fault-plane solutions are in
agreement with the geologic evidence that the fault movement is
predominantly reverse and has a minor left-slip component (Yerkes
and Lee, 1979b). Contacts between geologic units are dashed
where approximately located.

locally and worldwide has shown that these spans of
time are much too short for appraising the long-term
seismic behavior of faults. Large earthquakes often oc-
cur along faults that have little or no previous record of
seismicity. Furthermore, the reconstruction of earth-
quake history for those parts of the world having the
longest historical records (for example, Turkey, China,
and Japan) indicates that there are large long-term tem-
poral and spatial variations in earthquake activity
(Allen, 1975). Because of these inherent difficulties in
using instrumental or historical seismicity, scientists
have increasingly relied on the late Quaternary geologic
history of faulting as a guide to estimating the
seismogenic nature of faults.

A complication in assessing earthquake potential is
that not all active faults are capable of causing damag-
ing earthquakes. The dimensions of some faults may be
too small in terms of potential rupture surface to pro-
duce significant earthquakes. Furthermore, a few faults
release all their elastic energy by aseismic creep.
Others may be shallow features that are not deep
enough to penetrate high-shear-strength rocks that can

store large amounts of elastic strain energy. In the Ven-
tura area, for example, several active faults that offset
late Quaternary deposits are postulated to result from
flexural-slip folding that involves only shallow strata
(Yeats and others, 1981; Yeats, 1982). Consequently,
these particular faults may pose no earthquake hazard,
although movements along them may rupture the ground
surface.

Estimating the maximum earthquake for a fault.—
Modern engineering practice for the design of important
structures such as dams, large buildings, and nuclear
power reactors includes the calculation of expectable
ground-motion values based chiefly on estimates of the
maximum sizes of earthquakes that could be generated
by nearby or distant faults. Methods used to estimate
the size of future earthquakes include (1) analysis of the
regional earthquake history to determine the largest
event associated with a particular fault, (2) comparison
of the earthquake history of a particular fault with the
histories of other faults in analogous structural or
tectonic settings (for example, fig. 23), and (3) use of em-
pirically determined magnitude-fault length relations.
Each approach has limitations and problems that in-
troduce large uncertainties into the estimation of max-
imum magnitude.

Seismologists and geologists have recognized for
several decades that the size of an earthquake generally
increases as the dimensions of the activated fault sur-
face increase. Empirical relations between dimensions
of faulting and earthquake magnitude have been de-
rived from studies of historical large earthquakes
worldwide. Correlations have been made between mag-
nitude and fault length and between magnitude and
maximum displacement (Bonilla and Buchanan, 1970;
Mark and Bonilla, 1977; Slemmons, 1977; Bonilla and
others, 1984). Figure 24, for example, shows one cor-
relation between earthquake magnitude and length of
surface rupture.

These kinds of correlations are widely used by
engineers for estimating the maximum earthquake likely
for a particular fault and a particular length of future
rupture. A common approach is to base estimates on the
assumption that half the total fault length can rupture in
any single earthquake (for example, Wesson and others,
1975). There is much uncertainty, however, about what
proportion of a fault will rupture in a single event.
Historical data indicate that major earthquakes have
resulted from rupture of anywhere from a small fraction
to nearly 100 percent of a preexisting fault surface. Fur-
thermore, because faults commonly have discontinuous
and complex patterns and are locally concealed by
young deposits or by bodies of water, there are inherent
difficulties in accurately determining the length of a
fault.
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Because of these uncertainties and difficulties, any
estimate of future earthquake size based on these em-
pirical correlations must be viewed with great caution.
Even though estimates of the maximum earthquake com-
monly are expressed as numbers (sometimes to tenths of
an integer), such estimates are crude approximations
only.

Although studies of fault hazards in other regions (for
example, Wesson and others, 1975) have estimated max-
imum magnitudes for individual faults on the basis of
empirical relations between fault length and magnitude,
we do not consider the application of this procedure ap-
propriate for the faults of the Los Angeles region. First,
many of the Los Angeles faults are overlapping echelon
segments of longer zones, and knowledge of their con-
figuration and possible linkage at depth is insufficient to
define with reasonable certainty their effective lengths
for possible earthquake generation. Second, the basic
data for magnitude—fault length relations are sparse,
especially for reverse faults, and show a wide scatter,
which implies considerable uncertainty in those
relations.

General constraints on the size of future earthquakes
likely to occur in the Los Angeles region are, however,
provided by considering the historical record of large
earthquakes, the 15- to 20-km limiting depth for in-
strumentally recorded seismicity in the region, and the
range in dimensions of the late Quaternary faults.
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Table 6 lists the magnitudes and seismic moments for
the larger earthquakes in southern California since
1857. By far the largest event was the 1857 earthquake
(M 7.9, corresponding to an estimated moment of 9 x 102
dyne-cm), which was more than 4 times greater in mo-
ment than the next largest event and 10 to 100 times
greater than the other listed events.

The 1857 event, which was associated with more than
360 km of surface rupture along the south-central San
Andreas fault as far south as Wrightwood, probably ap-
proaches being the largest earthquake that might occur
on that fault. A somewhat greater event might occur if a
future San Andreas earthquake caused rupture along
the entire south-central trace, including the San Bernar-
dino area. Raleigh and others (1982) have suggested that
the entire San Andreas fault in southern California, in-
cluding that segment east of Indio, could rupture in a
single great earthquake event; such throughgoing rup-
ture, however, may not be mechanically feasible in light
of the apparent truncation of the Holocene surface trace
of the south-central San Andreas by the west-trending
Banning fault.

As table 6 shows, the most prolific source in terms of
numbers of major earthquakes is the San Jacinto fault
zone, which has generated 8 of the 18 listed events.
These earthquakes have been as large as M 7 (moment of
3x10% dynecm). Although the fault zone extends for
more than 300 km, individual fault segments are about
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85 km or less in length and, in contrast to the San
Andreas fault zone, are discrete echelon segments
whose end points are 5 to 10 km apart. These spatial
characteristics, together with the fact that each his-
torical event has involved only one fault segment of the
zone, suggest that M 7 is probably the maximum earth-
quake size for the San Jacinto fault zone. This value
probably is a reasonable upper bound for the other
major northwest-trending zones in the region—the
Newport-Inglewood and Elsinore fault zones—which
are similar in overall length but have generally shorter
fault segments.

Estimating the maximum earthquake for faults of the
Transverse Ranges is especially difficult. Individual late
Quaternary faults are as long as 80 km, and many of
them appear to link, the suggestion being that two or
more adjoining faults might rupture simultaneously to
generate much larger earthquakes. The occurrences of
the 1927 Point Arguello earthquake (M 7.3) offshore from
the western Transverse Ranges and of the 1952 Kern
County earthquake (M 7.5) along a reverse fault just

north of the Transverse Ranges suggest that events of
comparable magnitude may be possible within the prov-
ince. Wesson and others (1974) have concluded that a
M;, 7% to 7% (equivalent to M 7.5) event is a reasonable
maximum magnitude to expect along the Sierra Madre—
San Fernando-Santa Susana fault system on the basis of
the regional seismic history, the analogous tectonic set-
tings of the 1952 Kern County and 1971 San Fernando
earthquakes (fig. 23), and the combined lengths of those
faults. Similar arguments can be applied to the Santa
Cruz Island-Anacapa-Santa Monica-Hollywood-
Raymond fault system and to comparable belts of late
Quaternary faults in the Ventura-Santa Barbara Chan-
nel area.

In summary, an upper limit of about M 8 (seismic mo-
ment of about 1022 dyne-cm) for earthquakes in the Los
Angeles region is compatible with the historical data
and with what is known about the geometry of the faults;
future earthquakes approaching this size probably will
be restricted to the San Andreas fault zone. The largest
earthquake likely along the other northwest-trending

Earthquake and Surface-Faulting Potential 79



zones of the San Andreas system is estimated to be M 7
(seismic moment of 3 x 1026 dynecm). An upper bound of
about M 7.5 appears appropriate for the major reverse-
slip fault systems within the Transverse Ranges.

Estimating likely earthquake size for ordinary plan-
ning and design purposes.—Although maximum-
magnitude events are important to the seismic design of
critical structures, such earthquakes imply rupture
along most of the area of a fault plane and thus general-
ly can be expected to recur only rarely. More significant
for ordinary planning and design purposes, therefore, is
the likely size of an earthquake that has a reasonable
probability of occurring during the lifetime of most
structures (about 50 to 100 yr).

The concept that individual active faults repeatedly
generate major earthquakes of the same size (termed
characteristic earthquakes) was recently proposed by
Schwartz and Coppersmith (1984). They suggest that
long fault zones do not break along their entire length
during surface-faulting earthquakes but, instead, rup-
ture along the same discrete segments. The distribution
of slip associated with major earthquakes along each
segment would be expected to be repeated during suc-
cessive large events. If this assumption is correct, the
characteristic earthquake model implies that the most
likely earthquake size for particular faults could be
determined from the geologic attributes that influence
segmentation of a fault zone.

A growing body of geologic evidence suggests that the
south-central segment of the San Andreas fault, which
includes that portion in the Los Angeles region, is rup-
tured repeatedly by a characteristic large event such as
the 1857 earthquake (Sieh, 1981; Schwartz and Copper-
smith, 1984). The evidence for this conclusion is (1)
marked differences in long-term slip rates (33-64 mm/yr
at Wallace Creek, west of Bakersfield, in comparison
with 20-30 mm/yr at Cajon Canyon near San Bernar-
dino) that are consistent with a model of repeated
1857-type events having maximum displacement in the
sector west of Bakersfield and (2) geologic data on
recurrence at scattered sites along the south-central
segment suggesting that large events of about the same
size occur repeatedly along this segment of the San An-
dreas fault (see “Estimating the Likely Frequency of
Damaging Earthquakes”). Since the 1857 earthquake,
this part of the fault appears to be locked and displays a
low rate of seismicity. On the basis of what is known
about the Holocene displacement history of the San An-
dreas fault, the probability of occurrence of 1857-type
earthquakes along the fault is currently estimated to be
about 1 percent/yr but about 40 percent within the next
30 yr (Lindh, 1983). Thus, an earthquake of about M 8
appears credible for ordinary planning and design
purposes.
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Possible guides to selecting design earthquakes for
noncritical structures for the other strike-slip faults of
the region are their historical seismicity and their in-
ferred lengths of Holocene surface rupture. The Clare-
mont and Clark faults (highly seismic elements of the
San Jacinto fault zone), for example, have Holocene
lengths of about 65 and 85 km, respectively; the former
is the probable source for three major historical earth-
quakes, two of which were M 6.8. A M 7 event thus seems
reasonable for either of these two faults. In contrast,
current levels of seismicity along the Palos Verdes Hills,
Newport-Inglewood, Whittier, Elsinore, and similar
northwest-trending fault zones are much lower, and
their Holocene traces are mostly less than 20 km long
{the implication being that, within the past few thousand
years, these faults probably did not generate earth-
quakes whose associated rupture surfaces exceeded a
few tens of kilometers in length). Thus, M 6.5 design
earthquakes are reasonable for these faults.

Considerable uncertainty exists about the design
earthquakes for noncritical structures to be applied to
the dominantly reverse-slip faults of the Transverse
Ranges. Many of these faults appear to link into systems
100 km or more long (fig. 11). The segments having
demonstrated Holocene offset, however, are discontinu-
ous and range from a few kilometers to a few tens of
kilometers in length, the suggestion being that the
associated earthquakes have not been greater than
about M 7. Segmentation into separate fault elements of
20 to 30 km is especially evident for the systems of faults
that form the southern boundary of the Transverse
Ranges, possibly because of mechanical interaction with
the northwest-trending strike-slip faults that character-
ize the region farther south.

Data on surface faulting from the 1971 San Fernando
earthquake (Sharp, 1975, 1981) and from ancient seis-
mic events deciphered from the geologic record along
several faults (Bonilla, 1973; Matti and others, 1982;
Crook and others, in press; Sarna-Wojcicki and others,
in press) indicate that Transverse Ranges reverse faults
typically produce about 0.5 to 2 m of vertical separation
during a major earthquake event. On the basis of all the
foregoing evidence, we conclude that M 6.5 to 7 events
are appropriate design earthquakes for such faults
when noncritical structures are considered.

In summary, our current judgment, based largely on
the segmented character of faulting during Holocene
time, is that credible earthquakes for ordinary planning
and design purposes are San Andreas fault, M 8; San
Jacinto fault zone, M 7; other northwest-trending late
Quaternary faults, M 6.5; and late Quaternary reverse
faults of the Transverse Ranges, M 6.5 to 7. These
estimates will be highly speculative until considerably



more information becomes available on the recurrence
of major faulting events along individual faults.

Estimating the Likely Frequency
of Damaging Earthquakes

An approximate measure of the historical frequency
of damaging earthquakes in the Los Angeles region is
provided by the record since 1800 (Yerkes, this volume,
table 3), which indicates that some part of the area has
been shaken by a moderate or large event on the aver-
age of about once every 4 yr. How often, however, can a
specific fault be expected to generate a damaging earth-
quake? This question, of particular significance to plan-
ning and engineering design decisions, can be answered
satisfactorily at present for only a few faults in the
region. '

With the exception of the San Jacinto fault zone,
which has generated at least 10 major earthquakes
since 1890, the historical seismic record of southern
California is inadequate to reliably estimate the fre-
quency of potentially damaging events for a particular
fault or fault zone. Evidence of ancient earthquakes
locally preserved in the geologic record along some of
the late Quaternary faults can, however, be used to
demonstrate the ability of such faults to produce signifi-
cant earthquakes and to estimate the time intervals be-

tween such events.
The study of prehistoric earthquakes has emerged as

a powerful technique in evaluating the recurrence inter-
vals of major earthquakes along faults (Clark and
others, 1972; Sieh, 1981; Wallace, 1981; Sieh and Jahns,
1984). Because moderate and large seismic events com-
monly are accompanied by surface faulting and related
deformation or by secondary effects of shaking such as
liquefaction-produced sand boils (see Tinsley and
others, this volume), careful analysis of deposits or
physiographic features along a fault may reveal discrete
episodes of past earthquakeinduced deformation. The
historical seismic record for many faults worldwide that
- generate large earthquakes suggests that events of ap-
proximately the same size are repeated through time
along individual faults. The concept of an average
recurrence interval for a specific fault may be appli-
cable to many faults (Sieh, 1981). Although the time
intervals between events may range from tens to hun-
dreds of years, they are commonly more or less regu-
larly spaced over periods of several hundred to a thou-
sand or so years.

To reconstruct the prehistoric earthquake history of a
fault, geologists search within Holocene or late Pleisto-
cene deposits near the fault for evidence of repeatedly
offset stratigraphic or physiographic features (see Sieh

and Jahns (1984) for a well-documented study at a site
along the San Andreas fault in central California), for
sediments whose character suggests derivation from
local fault scarps (fig. 25), or for sedimentary features

indicative of past liquefaction events. These studies

generally require three-dimensional exposures of geo-
logic relations, so that subtle features can be observed
and documented in great detail; usually, excavation by
trenching has been required to expose critical strati-
graphic relations and datable materials that can pro-
vide time constraints on the inferred events.

The number of discrete seismic events identified at a
site along a fault depends both on preservation of the
geologic evidence for each event and on the geologist’s
ability to discern the relevant evidence. Because some
major earthquakes that have produced small surface-
faulting displacements may go unrecognized, geologic
estimates of earthquake recurrence will always repre-
sent the maximum time intervals between major earth-
quakes and the minimum number of events.

If discrete episodes of past earthquakes cannot be
clearly discerned from the geologic record preserved
along a fault, an average recurrence interval for major
events can be estimated approximately by dividing the
amount of slip for a particular time period by the
displacement or slip for a single event inferred to be
characteristic of that fault. Matti and others (1982, in
press), for example, have observed that fault scarps
developed in alluvial deposits formed during the past
13,000 yr along strands of the Cucamonga fault west of
San Bernardino show systematic increments in height of
about 2 m; applying 2 m as an average value for fault
slip accompanying a surface-faulting earthquake event,
they have inferred 18 episodes of ground displacement
and estimated a recurrence interval of about 700 yr for
the Cucamonga fault. The slip-rate method presumes,
however, that the slip events are essentially equal in
size and that all slip is seismic. If the assumed value of
the single-event displacement is not representative of
the long-term behavior of that particular fault or if a
substantial part of the total slip is due to creep move-
ment, estimates of average recurrence interval using
this method can be grossly inaccurate.

Recurrence intervals of major earthquakes have been
estimated so far for only a handful of faults in the Los
Angeles region (table 11). The sparse data that have
been obtained suggest that the San Jacinto and San An-
dreas faults have generated potentially damaging earth-
quakes in intervals of several tens to a few hundred
years (for any particular fault segment). In contrast, the
other potentially active faults in the region have esti-
mated recurrence intervals of many hundreds to several
thousands of years.
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FIGURE 25.—Geologic relations on canyon wall exposing the Javon Canyon fault near Pitas Point about 10 km northwest of Ventura (modified from
Sarna-Wojcicki and others, in press). The reverse-slip fault offsets by approximately 4 m a stream-terrace platform estimated to be about
3,500 yr old and thus implies a long-term average slip rate of about 1.1 mm/yr. The small fault (1) and the superposed aprons of angular rock
fragments (2, 3, 4, 5) immediately adjacent to the Javon fault are interpreted to represent discrete slip events on the fault and to record
separate vertical displacements ranging from 0.5 to 1.3 m. These geologic relations have been used to infer that four or five moderate-sized
prehistoric earthquakes occurred about 350 to 1,000 yr apart, the average recurrence interval being approximately 700 yr.

The best geologic information on earthquake recur-
rence in the Los Angeles region is for the San Andreas
fault (fig. 26). At Pallett Creek, about 30 km southeast of
Palmdale, the most complete record of prehistoric earth-
quakes known for a single fault anywhere in the world
has been deciphered by detailed stratigraphic analysis
of deposits of a late Holocene marsh exposed by trench-
ing (Sieh, 1978c, 1984). The depositional environment of
the ancient marsh was ideal for rapid burial and preser-
vation of earthquake-induced deformation that occurred
during its 2,000-yr history. Reasonably precise time con-
straints on individual earthquake episodes are possible,
because the sedimentary sequence contains abundant
carbonaceous layers that have been dated by the C
method. Evidence for distinct earthquake episodes in-
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cludes sand-boil deposits and other features induced by
liquefaction; buried fault scarps and fissures; and
lateral offsets of some horizons. The initial study of the
Pallett Creek site (Sieh, 1978c) identified nine large
earthquakes (including the 1857 event) since about 500
A.D., for a suggested average recurrence interval of
about 160 yr; more recent investigations (Sieh, 1984)
have extended the record back to about 0 A.D. and have
postulated the occurrence of 12 significant earthquakes
since about 260 A.D., for an average recurrence inter-
val of about 145 yr.

Prehistoric events also have been reconstructed from
trenched Holocene deposits along the San Andreas fault
near Three Points, about 45 km northwest of Palmdale,
and at San Emigdio Creek, about 25 km west of Gorman



TABLE 11.—Geologically determined estimates of the recurrence intervals of major earthquakes for a given point along some late Quaternary

faults of the Los Angeles region

Recurrence interval,!

Fault (map no.) in yr Remarks

References

San Andreas (1)---
San Jacinto--~~---
fault zone
(2-8).
San Fernando (69)-
Cucamonga (86!—-—

65-270
30-150 ARI (SM}

100-300

700 ARI (SM)
within past 13,000 yr.

350-1,000

300-2,000 ARI (SM)

Javon Canyon (54)--
Elsinore fault
zone (13-20):

displacements (0.3-1.2 m).

Glen Ivy North -- 200-300 Three or more events since about
(16). 750 yr ago.
Wildomar (18)--- 2,000-3,000 One or two events since about
4,000 yr ago.
Raymond (82)----- 3,0004,500 ARI Eight events in past 36,000 yr, three events

in the past 10,000 yr.

Red Mountain (52)-
(south branch).

Sierra Madre (83)--

More than 4,500
old.
More than 1,000
to 10,000.
More than 10,000

1,000 and 10,000 yr old.
Santa Susana (68)--
10,000 yr old.

Twelve events within past 1,

Assumes range of slip rate (8-12 mm/yr) and
range of estimated event displacements
(0.4-1.2 m) during past 730,000 yr.

Two events since about 100-300 yr ago.

Assumes 18 displacements averaging 2 m

Four or five events within past 3,500 yr.

Assumes slip rate of 0.8 mm/yr during past
5 m.y. and range of estimated event

Overlain by unfaulted deposits about 4,500 yr
Overlain by unfaulted deposits between about

Overlain by unfauited deposits about

Sieh (1984)
Sharp (1981b)

700 yr

Bonilla (1973)
Matti and others (1982, in press)

Sarna-Woijcicki and others {in press)
Lamar and Swanson (1981)
Rockwell and others (1985)
Lamar and Swanson (1981)
Crook and others (in press)
Yeats and others (in press)
Crook and others (in press)

Leighton and others (1977}, Lung and Weick
(1978).

!Range of recurrence interval given, except where average recurrence interval (ARI) indicated. SM, recurrence interval derived from slip-rate method.

just north of the area shown in figure 11. Although the
Holocene record at these localities is much less com-
plete than that at Pallett Creek, at least two pre-1857
earthquakes have been inferred at each of these sites
{Rust, 1982; Davis and Duebendorfer, 1982); the dates of
both events correlate reasonably well with the dates of
inferred events at Pallett Creek. This correlation sug-
gests that the San Andreas fault along the southern
margin of the Antelope Valley probably is repeatedly
ruptured by large surfacefaulting earthquakes of
approximately the same size,

Predicting the Character of Surface
Deformation Associated with Future
Movement along Faults

Surface faulting and permanent ground distortion in-
duce shearing, compressional, tensional, and rotational
strains that can damage or destroy even well-built struc-
tures. Predicting the likely distribution and severity of
such processes is vital to developing hazard-mitigation
strategies that would avoid or accommodate these ef-
fects; therefore, earth-science researchers have paid
particular attention to the characteristics of faulting at

the ground surface. Methods for predicting the patterns
of rupture and distortion and for estimating the amounts
of future surface offset have been developed and are
now being widely applied (Bonilla, 1970, 1982; Wesson
and others, 1975; Slemmons, 1977; Wallace, 1977).

Data for evaluating surface-rupture hazards in the
Los Angeles region are still incomplete. The likely loca-
tion and type of future surface offset can be predicted
with relative confidence from studies of offset late
Quaternary deposits. It is possible to obtain rough
estimates of the amount of surface displacement for in-
dividual events by using empirical relations based on
worldwide historical observations. It is, however, very
difficult to assess the actual likelihood of surface rup-
ture along specific late Quaternary faults in the region.
Only a few of the larger earthquakes in the region have
been accompanied by tectonic surface rupture. For ex-
ample, although the 1971 San Fernando earthquake
generated surface faulting, three earthquakes of com-
parable size or larger along the Claremont fault of the
San Jacinto fault zone apparently were not accompanied
by surface-fault rupture.

Location and pattern of surface faulting.—Worldwide
evidence from historical surfacefaulting events shows
that nearly all ground ruptures have closely followed
preexisting fault traces. Displacements have occurred

Earthquake and Surface-Faulting Potential 83



EVENT DATE  RECURRENCE
(A.D.) INTERVAL
z 1857
1800 A.D— 137+50
X @ 1720=50
170+86
2
Vv 1550 +70
A
200+ 86
T E 1350 = 50
270=82
- 7]
R 1080 = 65
g 65119
1000 A.D.— N 4 1015+ 100
/ 80+131
[ S 935+ 85
% 90+113
F 845+75
M m 110+99
D U 735+ 60
V 145+ 81
c 7l 590+ 55
240+97
B % 350+ 80
% % 90+ 120
A 260 =90
]

0 AD—

FIGURE 26.—Dates of 12 large earthquakes, along with their recur-
rence intervals, inferred from geologic relations in Holocene marsh
deposits along the San Andreas fault at Pallett Creek about 30 km
southeast of Palmdale (from Sieh, 1984, tables 2—4). The events are
assigned letter designations in reverse alphabetical order starting
with the youngest (1857). The uncertainty in each date is shown by
a vertical bar and plus or minus values. Recurrence intervals for
the events shown average 145 yr but vary from about 65 to about
270 yr. Events X, V, T, R, and F each were accompanied by about 1
to 2 m of strike-slip displacement of the ground surface and appa-
rently were similar in size to the M 7.9 1857 earthquake. Events N
and I produced lateral offsets of only a few centimeters at Pallett
Creek and presumably were smaller earthquakes. Reliable
estimates of the sizes of events A, B, C, and D have not been
established.

repeatedly along or near the same fault plane and near-
ly always with the same sense of offset (strike, dip, or
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oblique slip) as that which can be inferred for the recent
geologic past. The location and pattern of future surface
faulting thus can be predicted, within reasonably close
limits, from geologic relations commonly discernible at
the Earth’s surface.

Surface faulting normally produces a complex pat-
tern of ruptures that includes (1) a main fault trace and
(2) subsidiary faults of lesser displacement that may oc-
cur many meters or even several tens of kilometers from
the main break (Bonilla, 1970). Statistical data on all
types of faulting suggest that 90 percent of the total sur-
face faulting in any one event will be within 5 km of the
main break and that most of the secondary faulting will
be within 15 km of the main trace; displacements along
subsidiary faults generally are less than 30 percent of
the maximum displacement on the main fault (Bonilla,
1982). The main trace at the ground surface can be a
single rupture or can consist of parallel, branching, or
interlacing fractures. Studies of historical examples
show that the width of the zone of faulting adjacent to
the main trace has varied from a few centimeters to
hundreds of meters, depending on the type of faulting,
the magnitude of the associated earthquake, and the
near-surface geologic materials along the fault trace.
Although the maximum distance to the most distant
secondary fault is about the same for all types of
faulting, the main traces of strike-slip faults generally
are narrow and simple in comparison with the traces of
normal-, reverse-, or oblique-slip faults (Slemmons, 1977;
Bonilla, 1982).

Physiographic features produced by surface faulting
(fig. 27) are particularly useful to delineate fault traces
likely to rupture the ground surface again. Scarps,
linear valleys and ridges, sag ponds, and offset drainage
channels in distinctive aligned patterns result from
repeated rupture at the Earth’s surface. By observing
and accurately mapping these features, geologists can
delineate patterns of likely future surface faulting.

Geologic maps of the late Quaternary faults shown in
figure 11 provide a general guide to the location and pat-
tern of future surface displacement in the Los Angeles
region. The existing maps of many of these faults,
however, were prepared for purposes other than
evaluation of surface-rupture potential and at scales
that are too small for complete and accurate mapping of
all significant fault traces. Special-purpose geologic
mapping and analysis that document the evidence for
the youthfulness of individual fault traces and of fault-
produced topographic features are available for some of
the major faults. Parts of the San Andreas, San Jacinto,
and Elsinore fault zones and the Ventura, San Fernando,
Sierra Madre, Cucamonga, Raymond, Hollywood, and
Verdugo faults have been mapped in sufficient detail
(1:24,000 to 1:6,000 scale) to accurately depict the loca-
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FIGURE 27.—Landforms typically developed along active strike-slip faults (from Wesson and others, 1975, fig. 11). Landforms developed along
active reverse-, normal-, and oblique-slip faults commonly are more complex and discontinuous in pattern.

tion of fault traces that are candidates for future sur-
face displacement.

Maps of Special Studies Zones for fault-rupture
hazard as designated by the California Division of Mines
and Geology (Hart, 1980) are available for many of the
Holocene faults in the Los Angeles region (fig. 28); the
geologic evidence for Holocene surface displacements
has been tabulated by Hart and others (1977, 1978,
1979). Faults designated for special studies to date in-
clude the San Andreas fault; the San Jacinto zone; the
Ventura, San Fernando, Raymond, and Cucamonga
faults; the Newport-Inglewood zone; and Holocene
segments of the Sierra Madre, Whittier, and Elsinore
fault zones. These 1:24,000-scale maps delineate recent-
ly active fault traces inferred from stratigraphic offsets,
physiographic evidence, or geophysical techniques and
are detailed enough to depict the major fault traces.
More detailed geologic studies, including trenching, are,
however, necessary to accurately locate and describe
all evidence bearing on the rupture hazard for specific
sites. Lamar and Scrivner (1983) have summarized the
geologic evidence obtained from trenching investiga-

tions that bears on the recency of faulting within many
of the Special Studies Zones in the Los Angeles region.

Type and amount of displacements.—The type of
future movement likely to occur on a fault can be esti-
mated from the prevalent style of its geologically recent
movements (strike slip, dip slip, or oblique slip).
Although a fault that has been in existence for millions
of years may have slipped in different ways in the geo-
logic past, the type of slip that has characterized it for
the last several hundred thousand years probably is the
most reliable indicator of future slip. For currently
active faults, seismologic (fault-plane solutions) or geo-
detic evidence of slip direction also can be used to infer
the likely type of displacement. The slip characteristics
of the late Quaternary faults in the Los Angeles region
are given in table 5.

The amount of future displacements likely to occur
along specific faults can also be estimated from offsets
in historical earthquakes or inferred from analysis of
geologic relations along a fault. Amounts of prehistoric
offset can be inferred from the morphology of fault
scarps (Wallace, 1977, 1981), from systematically offset
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FIGURE 28.—Index to maps of Special Studies Zones for fault-rupture hazard in the Los Angeles region (from Hart, 1980). These maps, compiled and issued by the California Division of
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FIGURE 29.—Empirical relations useful for estimating the maximum surface displacements likely for future earthquakes (modified from Bonilla
and others, 1984, figs. 2A, 3A). Based on worldwide data on historical surface faulting. A, Relation between maximum surface displacement
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displacement.

stream channels crossing fault traces (Wallace, 1981;
Sieh and Jahns, 1984), or from geologic relations ex-
posed in trenches cut across faults (Bonilla, 1973; Sieh,
1978c). In the Los Angeles region, for example, geo-
morphic analysis of fault scarps along strands of the
Cucamonga fault suggests that the strands have rup-
tured repeatedly during the past 13,000 yr in events that
averaged about 2 m of vertical offset (Matti and others,
1982, in press).

Another technique for estimating the amount of likely
displacement uses the empirical relations that link
displacement with various parameters determined from
analysis of historical earthquake observations
worldwide (Bonilla, 1970, 1982; Bonilla and others,
1984). These relations can provide approximate limits
on the amount of surfacefault displacement to be ex-
pected for different types of faults. Thus, maximum sur-
face displacement can be estimated for an earthquake
of a particular magnitude along a specific type of fault
(fig. 29A); although data are too sparse to draw conclu-
sions for specific types of faults, larger values of
displacement within the same range of magnitudes are
generally associated with reverseslip faults. Alter-
natively, if geologic mapping provides a basis for
limiting the likely total length of future surface rupture,
empirical relations can be used to estimate the max-
imum displacement (fig. 29B).

Although historical surface-faulting events in the Los
Angeles region are too few to use as a guide to the likely
maximum amounts of future displacements, the data
base of historical surface offsets in all of California
(table 8) provides a general frame of reference for what

might be expected for different types of faulting. Ap-
proximate upper limits on the amount of future displace-
ments associated with earthquakes on specific types of
faults also can be estimated from the relation between
maximum fault offset and length of surface rupture (fig.
29B) by assuming that future surface-faulting events
will not exceed the mapped lengths of late Quaternary
fault traces in the Los Angeles region. For the San An-
dreas fault, which is hundreds of kilometers long, the im-
plied upper bound would be about 10 m. Similarly, the
San Jacinto and other northwest-trending strike-slip
fault zones have single strands that are as long as 85 km,
the implication being that horizontal surface displace-
ments of as much as 4 m are possible. Most other late
Quaternary faults in the region are less than 40 km long,
and displacements on these faults are unlikely to exceed
2 to 3 m per event.

Regional tectonic deformation.—The geologic and
historical records provide rough clues to the patterns of
regional tectonic deformation that could be associated
with future earthquakes. Late Quaternary marine and
nonmarine terraces, which are excellent markers for
reconstruction of past crustal movements, indicate that
regional uplift and subsidence are continuing; although
these processes are sporadic, they reflect ongoing defor-
mation that has elevated or depressed the same areas
repeatedly during the recent geologic past.

The land surface of the Los Angeles basin and adja-
cent uplands exemplifies this pattern of ongoing vertical
deformation (fig. 30). Continued uplift of the hills and
mountains and subsidence of the lowland areas are
reflected in the folded and faulted near-surface rocks.
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FIGURE 30.—Oblique aerial photograph looking north along the Inglewood fault in the Baldwin Hills at the northern end of the Los Angeles basin.
The Santa Monica and Hollywood faults form the southern margin of the Santa Monica Mountains, which extend approximately northeast-
ward across the top of the photograph. The Baldwin Hills and Santa Monica Mountains are the result of repeated episodes of tectonic uplift
and folding during late Quaternary time. Future moderate to large earthquakes along these potentially active faults may be accompanied by
uplift, warping, or tilting of these upland areas. (Photograph by Spence Air Photos, February 1967. Reproduced by permission of the Depart-

ment of Geography, University of California, Los Angeles.)

Thus, the series of hills along the Newport-Inglewood companied moderate or large earthquakes along the
zone express the trend and vertical uplift of subsurface Newport-Inglewood fault zone.

faulted anticlines. Although some aseismic deformation Regional tectonic warping associated with two
cannot be precluded, much of the folding probably ac- historical earthquakes in the region shows what future
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effects are possible. The 1933 Long Beach earthquake
(M 6.2) apparently caused uplift and subsidence over an
area of at least 260 km? east of the Newport-Inglewood
fault zone; the deformed area comprised a northwest-
trending upwarp having a maximum uplift of 18 cm
centered on the Alamitos Plain and extended southeast
from near Compton (Gilluly and Grant, 1949). The 1971
San Fernando earthquake (M 6.6), as noted earlier, was
associated with a broad uplift of perhaps 600 km? on the
upthrown (northern) side of the north-dipping reverse
fault. Tectonic uplift locally exceeded 2 m (Savage and
others, 1975) and was accompanied by small amounts of
horizontal expansion and contraction distributed in a
complex pattern across the uplift (Yerkes and others,
1974, fig. 8).

The future patterns of uplift and subsidence caused
by earthquakes can be estimated by numerical modeling
from elastic dislocation theory. The distribution of ver-
tical surface deformation from idealized strike-slip and
dip-slip faults has been calculated on the basis of this
theory (for example, Chinnery, 1965; Barnett and
Freund, 1975; Freund and Barnett, 1976). The theory
also has been applied successfully to deduce the
character of slip at depth from the observed surface
deformations of several major dip-slip earthquakes in
southern California (Jungels and Frazier, 1973; Savage
and others, 1975; Stein and Thatcher, 1981). An inverse
application of these latter modeling techniques can be
used to define the approximate limits and amounts of
vertical deformation likely to be associated with a
postulated future earthquake. That is, one could calcu-
late the expected pattern of uplift and subsidence by
assuming the geometry of the causative fault and the
direction, amount, and distribution of slip.

We conclude that large-scale uplift and subsidence
resulting from future earthquakes in the Los Angeles
region will reflect the established patterns of vertical
deformation indicated by the physiography of the
region. Tectonic elevation changes will be related to the
geometry of the earthquake-generating fault and may
extend over hundreds of square kilometers. The largest
changes in elevation will be associated chiefly with the
dip-slip faults of the Transverse Ranges. Regional uplift
and subsidence may, however, accompany components
of vertical faulting along some strike-slip faults.
Although the maximum changes in elevation probably
will be no more than a few meters, such movements
occurring along the coast could pose a significant func-
tional hazard to coastal facilities. The overall impact of
such tectonic distortion accompanying future earth-
quakes in the Los Angeles region will be small in com-
parison with damage caused by shaking, landslides, and
surface-fault rupture.

IMPLICATIONS FOR REDUCTION
OF EARTHQUAKE HAZARDS

Potentially damaging future earthquakes are the in-
evitable result of the tectonic environment of the Los
Angeles region. Although the events themselves cannot
be prevented, many of their destructive effects can be
avoided or accommodated—and property damage, inju-
ries, and loss of life significantly limited—by using infor-
mation on the expected location and character of fault
hazards. Reduction of earthquake hazards begins with
the recognition that the faults described in this chapter
are the likely sources of future moderate- to large-
magnitude earthquakes and that any associated surface
faulting or distortion will be localized along their traces.
This information can be applied to (1) develop and imple-
ment governmental land use policies and building codes,
(2) provide technical data for use in decisions about the
siting and design of structures, and (3) stimulate
emergency preparedness actions by governmental agen-
cies, the corporate community, and the general public.

Because the dominant strategy in earthquake-hazard
reduction is to design structures that will accommodate
earthquake shaking (design for surface rupture is
generally impractical), the size of future earthquakes
that might occur along the different faults is a key issue
for which geologic and seismologic data can provide im-
portant constraints. Although building codes, which ap-
ply to ordinary structures such as dwellings and other
low-rise construction, specify lateral force (shaking)
requirements based indirectly on regional estimates of
seismic hazard, modern engineering practice for larger
or more critical structures develops seismic design
parameters through a series of analytical steps that in-
cludes the specification of a design earthquake (both
location and size), the largest event that it is appropriate
to design a particular structure or class of structures to
withstand (Hays, 1980).

Specification of a design earthquake represents a
qualitative judgment that incorporates understanding of
the tectonic and seismologic environment, the physical
characteristics of nearby faults, and an assessment of
the acceptable level of risk for a particular type of struc-
ture. For critical facilities such as nuclear power re-
actors or large dams that necessitate extremely large
factors of safety, the design earthquake usually is the
maximum event that can be expected from a nearby
seismic source, even though such an event might occur
only once in several thousand years. The earthquake
size chosen for the design of most other types of struc-
tures, however, is usually that which might reasonably
occur within the lifetime of the structure—50 to 100 yr.
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In special design situations (for example, LNG Seismic
Review Panel, 1981), different levels of shaking
parameters are based on the largest sizes of earth-
quakes that might be expected to occur over different
spans of time—for example, a recurrence of a few hun-
dred years, a few thousand years, or a few tens of
thousands of years.

Potential surface faulting is the earthquake hazard
most amenable to loss-reduction strategies, because it is
a localized hazard that is easily studied and delineated
by direct geologic observations. The potentially destruc-
tive effects of surface faulting and associated ground
distortion are commonly reduced by siting structures to
avoid future displacements; in special cases, structures
such as pipelines are designed to accommodate those
displacements without destruction or loss of function.

Selective siting to avoid zones of potential rupture is
the most effective way to reduce risks from this hazard.
This strategy, which relies on the ability of geologists to
identify and map fault traces that may be the loci of
future movement at the ground surface, is being im-
plemented in California through the Alquist-Priolo
Special Studies Zones Act of 1972. This act specifies
that no structures for human occupancy are permitted
on or within 50 ft of an active fault (defined as a fault
that has had surface displacement during Holocene
time). Geologic maps compiled by the California Division
of Mines and Geology identify fault zones showing
evidence of Holocene surface displacement along one or
more segments and form the legal basis for delineating
zones within which city and county governments must
regulate development (Hart, 1980). Usually, these local
agencies require further detailed geologic investiga-
tions, including trenching, to assess the presence or
absence of fault-rupture hazards for specific sites.

Avoiding fault traces may be impossible for struc-
tures of extended dimensions, such as pipelines or
canals, or for large special structures whose siting is
controlled by other factors. For those structures that
cannot be selectively sited, special engineering design is
necessary to accommodate likely differential surface
movements. In these cases, estimates not only of the ex-
pected location of future faulting but also of the style
and amount of fault slip are needed to guide engineering
judgments.

Because earthquake-associated regional uplift or sub-
sidence is not localized, avoidance is not usually a prac-
tical strategy. In the Los Angeles region, the potential
for future vertical deformation from earthquakes is
reflected in the series of broadly warped late Quater-
nary marine terrace deposits along the coast, whose
uplift—at long-term rates as high as 10 mm/yr (Lajoie
and others, 1979}—probably reflects numerous episodes
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of regional warping associated with past large earth-
quakes. The adverse consequences of uplift or sub-
sidence for facilities being built along the coast are best
reduced by designing to accommodate such effects.

SUMMARY

Fault hazards in the Los Angeles region can be an-
ticipated by evaluating the currently available geologic
and seismologic information. Although the data base is
incomplete and some methods of hazard assessment are
still evolving, enough is known to identify most of the
hazardous faults and predict the areal distribution and
type of future surface displacements along them (and,
less confidently, the likely amounts of surface rupture).
The sizes and frequency of significant earthquakes like-
ly to occur along these faults can be estimated, although
with much less certainty.

We can now identify, in the Los Angeles region, near-
ly 100 fault strands having surface offsets in late
Quaternary time. Many of these faults, especially those
showing displacements in Holocene time, are the
sources of large historical earthquakes or have pro-
duced recent small earthquakes or both. These late
Quaternary faults are likely to generate future destruc-
tive earthquakes and associated surface rupture and
tectonic deformation.

These faults differ greatly in degree of activity and
severity of hazard. Studies now in progress seek to
determine geologically recent rates of offset along these
faults as an index of their relative activity. The most
reliable estimates of slip rates, averaged over the past
several hundred thousand years, are for the San An-
dreas fault (20~30 mm/yr) and the San Jacinto fault zone
{8 to more than 12 mmlyr). Estimated offset rates for
most other faults are less than 1 mm/yr, except for a belt
of Transverse Ranges faults that extends from near San-
ta Barbara to San Bernardino and has rates of slip or
vertical separation as high as 6 mm/yr. Slip rates of
about 1 mm/yr are reasonable assumptions for the Palos
Verdes Hills and Newport-Inglewood fault zones.

Preliminary findings on earthquake recurrence sug-
gest that parts of the San Andreas and San Jacinto fault
zones have generated major earthquakes at intervals of
several tens of years to a few hundred years. The time
intervals between major earthquakes on other faults ap-
pear to be many hundred to several thousand years.
Additional study of late Quaternary faults is needed to
adequately assess the recurrence intervals for
moderate to large earthquakes on many faults.

The type of future surface displacement likely to
occur on many faults is known. The San Andreas fault



and most other northwesttrending faults will have
dominantly right-lateral strike-slip motion, but signifi-
cant vertical components of slip (chiefly reverse) locally
can be anticipated along parts of the San Jacinto,
Elsinore, Whittier, Newport-Inglewood, and Palos
Verdes Hills fault zones. Chiefly reverse slip is likely
along the faults of the Transverse Ranges, although
significant left-lateral strike-slip components can be ex-
pected along the Santa Ynez, Santa Cruz Island, and San
Fernando faults.

Earthquakes as large as M 8, accompanied by as
much as 10 m of chiefly horizontal surface offset, can be
expected along the San Andreas fault. The largest
earthquake likely to occur along the other major fault
zones in the Los Angeles region is estimated to be M 7.5;
such earthquakes can generate as much as 3 m of sur-
face offset. Except on the San Andreas fault, maximum-
magnitude events probably are very rare. Thus, we
judge that earthquakes of M 6.5 to 7, accompanied by as
much as 2 m of surface displacement, are appropriate
design earthquakes for ordinary planning purposes for
most other faults of the region.

Large surface-faulting displacements along the
reversé—slip faults in the Santa Barbara Channel may
generate local tsunamis that could be hazardous to
coastal facilities. In addition, tectonic upwarp and sub-
sidence of broad areas may accompany some future
large earthquakes in the Los Angeles region, although

historical events suggest that the changes in elevation
probably will not exceed a few meters at any point.
Surface uplift and subsidence are more likely to be
associated with major earthquakes along the west-
trending faults of the Transverse Ranges, because ver-
tical displacements are characteristic of those faults.

Planning and engineering decisions can reduce many
of the potentially hazardous effects of faulting through
the twin strategies of avoidance and accommodation. Of
all the earthquake hazards, surface fault rupture is the
most easily addressed because its potential effects are
areally restricted and can be reliably predicted. Thus,
for example, detailed geologic maps now available for
many of the potentially active faults of the Los Angeles
area provide a guide for selective siting of construction
under the State of California’s Alquist-Priolo Special
Studies Zones Act. _

On the other hand, the seismic shaking that results
from sudden rupture along a fault is widespread and
generally must be accommodated through engineering
design. Reduction of this hazard depends not only on an
estimate of the likely size of a future earthquake but also
on a knowledge of how seismic energy is modified as it
passes through the complex geologic structure of the
Earth. The problem of predicting the location and severi-
ty of the shaking effects—the major challenge of earth-
quake hazard reduction—is discussed in the following
chapters.
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PREDICTING EARTHQUAKE GROUND MOTION:

AN INTRODUCTION

By R. D. Borcherdt

INTRODUCTION

The damaging effects of earthquakes, with the excep-
tion of those associated with tectonic surface displace-
ments, are caused by strong ground shaking. Ground
shaking generally causes the most widespread effects
not only because it propagates to considerable distance
from the earthquake source but also because it may trig-
ger secondary effects associated with ground failure
and water inundation. Consequently, accounting for the
effects of strong ground motion generated by future
large earthquakes is a major factor in safeguarding life
and property.

Reducing loss of life and property from strong ground
shaking requires conscientious application of
earthquake-resistant design and construction practices,
development of adequate land use policies, and im-
plementation of appropriate measures to strengthen
vulnerable structures. For the design of critical struc-
tures at specific sites (such as nuclear powerplants,
dams, and high-rise structures), it is feasible to collect
detailed geologic and seismologic data sets on which to
develop elaborate estimates. For routine construction
and development of land use policy, collection of such
data sets is not feasible, and more generalized predic-
tions on a regional scale are necessary. This chapter
provides the framework for subsequent chapters con-
cerned with ground-motion estimation on both a regional
and a site-specific basis. In brief, these chapters are
concerned with development of geologic and geotech-
nical data bases useful for making ground-motion
estimates on a regional scale (Tinsley and Fumal; Fumal
and Tinsley), regional estimates of earthquake inten-
sities (Evernden and Thomson), estimates of quantitative
measures of ground motion on a regional scale (Joyner
and Fumal), regional delineations of potential variations
in local ground response (Rogers and others), and site-
specific estimates of potential ground-shaking time-
histories {Spudich and Hartzell). These chapters, which
are addressed to a broad audience, summarize current-

ly available data sets and methodologies pertinent to
predicting ground motion for seismic zonation, land use
policy development, and site-specific design of critical
structures.

Earlier work on developing ground-motion estimates
in the San Francisco Bay region for seismic zonation
purposes (Borcherdt, 1975) found broad public interest
and application in most city and county seismic safety
plans (Kockelman, 1975; Kockelman and Brabb, 1979).
The work emphasized the importance of local geologic
conditions in determining the character of strong
ground shaking and showed the existence of resonance-
type wave propagation phenomena capable of increas-
ing the amplitude of certain frequencies of ground
shaking significantly at sites underlain by different
types of alluvial deposits (Borcherdt, 1970; Borcherdt
and Gibbs, 1976). This work resulted in regional predic-
tions of maximum expected earthquake intensity, at-
tenuation relations for strong shaking with distance
(Page and others, 1975}, geographic delineation of poten-
tial variations in shaking owing to local geologic condi-
tions, and model estimates of strong shaking at specific
sites for an earthquake of given size and location. These
studies have contributed to a rapidly evolving research
effort in strong-motion seismology, which, together with
significant improvements in the strong-motion data
base, has resulted in a number of advances pertinent to
understanding the nature of ground motions generated
by large earthquakes. Many of these advances are ap-
plied in subsequent chapters to the problem of
estimating future strong ground motions and resultant
earthquake intensities for the Los Angeles region.

DEVELOPING A DATA BASE
FOR GROUND-MOTION
ESTIMATION ON A
REGIONAL SCALE

Local geologic conditions are known to strongly in-
fluence the character of earthquake-generated ground
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shaking (Wood, 1908; Kanai, 1952; Borcherdt, 1970,
1975; Rogers and others, 1980). Consequently, quan-
titative estimates of strong ground shaking and its ef-
fects on a regional scale must account for these in-
fluences and be based on earth-science data available
throughout the region of interest. The data most readily
available on a regional scale are geologic data
presented in the form of geologic maps. Most standard
geologic maps, however, are compiled for inferring
geologic history and are not easily adapted to many
special-purpose interpretive products. For example,
most geologic maps differentiate bedrock units in con-
siderable detail but only crudely differentiate young, un-
consolidated sedimentary deposits of interest for
estimating the severity of future shaking or the potential
for liquefaction-induced ground failure. Lajoie and
Helley (1975) used inferences regarding age and deposi-
tional environment based on physical characteristics of
map units to differentiate sedimentary deposits in the
San Francisco Bay region. Tinsley and Fumal (this
volume) have extended this methodology to the Los
Angeles region. They discuss the compilation of an ex-
tensive physical-property data base, the geologic data
base available for portions of the region, and the
methodology for delineating Quaternary sedimentary
deposits in the Los Angeles region. Such compilations
provide the regional basis for deriving special-purpose
interpretative maps.

To extend the available geologic and physical-
property data bases for preparing regional estimates of
future ground shaking, an extensive program was
undertaken to collect seismic velocity and geologic logs
in all major sedimentary units in the San Francisco Bay
region (Gibbs and others, 1975, 1976, 1977, 1980) and
the Los Angeles region (Fumal and others, 1981, 1982,
1984). Results of this program show that the seismic
velocities of different units correlate with variations in
measured ground motions and observed earthquake in-
tensities (Borcherdt and others, 1979). In addition,
detailed comparative studies conducted by Fumal (1978)
have defined surficial units in terms of geotechnical and
geologic parameters that have distinguishable seismic
velocities and, in turn, distinct response characteristics
(Borcherdt and others, 1979). The availability of geologic
and geotechnical parameters on a regional scale allows
near-surface seismic velocities to be mapped on a
regional scale for delineating variations in future
ground response.

Fumal and Tinsley (this volume) summarize the
seismic-velocity data base collected for the Los Angeles
region. They define seismic-velocity units on the basis of
a detailed comparative study of geologic and geotech-
nical parameters. These definitions are used in con-
junction with thickness information to map average
shear-wave velocity over a thickness of onequarter
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wavelength at a reference period of 1 s. Shear-wave
velocity maps provide a basis for estimating future
ground motion on a regional scale. Methodologies for
preparing predictive ground-motion maps are discussed
in subsequent chapters.

PREDICTING EARTHQUAKE
INTENSITIES

Predicted earthquake intensities are especially useful
for reducing earthquake hazards on a regional scale.
Because earthquake intensities are based on a direct
assessment of the effects of ground shaking on manmade
structures and natural features, estimated earthquake
intensities provide a regional assessment of potential
earthquake losses from future damaging earthquakes.
Predicted intensity maps developed for the San Fran-
cisco Bay region {Borcherdt and others, 1975a) and the
Los Angeles region (Evernden and others, 1981) have
been used extensively by Federal, State, county, and city
planning agencies as well as by the public for both land
use planning (Kockelman, 1979, 1980) and predisaster
response planning (Davis and others, 1982a, b). Maps
showing predicted intensities provide estimates on a
regional scale of the severity of expected earthquake ef-
fects and as such are especially useful for seismic-risk
and seismic-hazard evaluations. A discussion of seismic
intensity and commonly used intensity scales is provided
for additional reference in appendix 1; an abridged ver-
sion of these scales appears on the inside back cover.

General factors influencing earthquake intensities
are characteristics of the earthquake source (such as
size, fault depth and extent, and rupture type), seismic
energy transmission characteristics of the regional
crustal structure, and local site conditions. A subse-
quent chapter (Evernden and Thomson, this volume)
discusses a general predictive model for earthquake in-
tensities that accounts for each of these factors and ap-
plies the model to predict maximum expected earth-
quake intensities on a regional scale for the Los Angeles
region. On the basis of intensity predictions for a suite of
possible California earthquakes, Evernden and Thomson
extend the procedures of Blume and others (1980) to pro-
vide estimates of dollar loss expected for wood-frame
construction. Because such estimates are dependent on
the location and extent of urbanization relative to the
earthquake source, they indicate the relative seismic
risk associated with the major seismogenic faults in
California.

The amount of damage that a particular structure
experiences during an earthquake depends on the struc-
ture’s design and construction characteristics. Conse-
quently, the severity of damage to an individual struc-



ture is not always a reliable indicator of ground shaking.
To investigate the reliability of earthquake intensity as
an indication of ground shaking, Evernden and Thomson
compare observed intensities from the 1971 San Fernan-
do earthquake with instrumental recordings of strong
shaking in different frequency bands. Their results in-
dicate that predicted earthquake intensities correlate
directly with expected levels of shaking in the frequency
band 05 to 3Hz. This correlation suggests that
predicted intensities might be used in conjunction with
present building codes for the earthquakeresistant
design of particular types of structures in the Western
United States. In the past, earthquake intensities have
been used for design purposes primarily in regions such
as the Eastern United States, where few instrumental
recordings of strong motion have been obtained.

Although predicted earthquake intensities may not
provide a quantitative estimate of the amplitude and fre-
quency characteristics of strong ground shaking and do
not predict whether a particular structure will fail, they
do delineate potential regional variations in the severity
of expected effects of earthquake-generated strong
ground shaking. As such, they are especially useful for
regional hazard assessments as well as for the develop-
ment of future land use policies and disaster response
plans.

PREDICTING QUANTITATIVE
CHARACTERISTICS OF
GROUND SHAKING

Earthquake-resistant design codes are based on quan-
titative estimates of ground shaking in the form of either
time-history parameters or spectral parameters. Thus,
estimating these parameters on both a site-specific and
a regional basis is a fundamental component of efforts
to reduce losses from future earthquakes. Methodolo-
gies for making quantitative estimates in the Los
Angeles region are presented in subsequent chapters. A
detailed description of parameters used to quantita-
tively describe strong ground shaking for engineering
design is presented in appendix 1.

The basic data set required for making quantitative
estimates of ground shaking consists of instrumental
recordings of damaging earthquakes obtained near the
sources of those earthquakes. Unfortunately, recordings
of ground motions for many types of potential earth-
quakes at distances of engineering interest have not yet
been obtained; significant improvements have been
made in the strong-motion data set within the last
decade, however, the most notable addition being the
recordings from the Imperial Valley earthquake of 1979.
These recent data have been incorporated in ground-
motion estimates derived in subsequent chapters.

Estimating Peak Acceleration,
Velocity, and Response
Spectral Parameters

Joyner and Fumal (this volume) have used a regional
map of near-surface shear-wave velocities (Fumal and
Tinsley, this volume) in conjunction with parameters
derived from instrumental recordings of strong-motion
data to estimate ground-motion parameters for future
earthquakes of specific magnitude and location and to
estimate the exceedance level of certain ground-motion
parameters at a specified annual probability. The
predictive method presented by Joyner and Fumal (this
volume) is based on attenuation relations specifying the
statistical regression of parameters such as peak
horizontal acceleration, velocity, and response spectral
values on earthquake magnitude, source distance, and
local site conditions. Characterization of the local site
conditions is based on the premise that ground-motion
body-wave amplitudes can be expected, in many situa-
tions, to be approximately inversely proportional to the
corresponding seismic-wave velocity as mapped by
Fumal and Tinsley (this volume), which in turn is based
in part on the delineation of Quaternary deposits pro-
vided by Tinsley and Fumal (this volume). The technique
presented by Joyner and Fumal (this volume) can be used
to provide ground-motion estimates at specific sites as
well as on a regional scale. To account for the uncertain
times and sizes of future events, data on fault-slip rate
(Ziony and Yerkes, this volume) are incorporated to
estimate regional and site-specific ground-motion
parameters that will be exceeded at a specified annual
probability.

These regional and site-specific quantitative esti-
mates of ground-motion parameters are expected to be
useful in the earthquakeresistant design of both non-
critical and critical structures. The set of strong-motion
data used by Joyner and Fumal (this volume) permits
estimates of expected ground-motion amplitude level
averaged over relatively broad frequency bandwidths.
Some local geologic deposits, however, are known to
amplify ground shaking considerably over relatively
narrow frequency bandwidths owing to resonant effects
(Borcherdt, 1970; Borcherdt and others, 1975c). Rogers
and others (this volume) have used recordings of a varie-
ty of seismic events to develop an empirical data base
for predicting the frequency-dependent nature of
ground response in detail.

Estimating Regional Variations in
Local Ground Response

Rogers and others (this volume) have used strong-
motion recordings of the 1971 San Fernando earth-
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quake, recordings of distant nuclear explosions, and the
extensive geologic and seismic data bases compiled by
Tinsley and Fumal (this volume) to prepare a quan-
titative estimate of potential variations in ground
response over the frequency bandwidth of engineering
design interest. On the basis of comparative ground-
response measurements at 37 locations, Rogers and
others (1984) have found that local ground response
determined from low-strain signals from distant nuclear
events can be used to predict ground response to signals
of higher strain levels like those generated by the San
Fernando earthquake. This conclusion suggests that
comparative measurements of ground shaking recorded
at 98 sites in the Los Angeles region from distant
nuclear explosions can be used to provide quantitative
estimates of ground response for future damaging earth-
quakes. In general, these comparative measurements
show that levels of ground shaking at periods of less
than 0.5 s at sites underlain by Holocene and Pleisto-
cene sedimentary deposits are commonly three to four
times greater than those at sites underlain by crystalline
rock. Resonant effects having larger amplifications over
narrow frequency bands are observed for sites under-
lain by Holocene deposits 10 to 20 m thick. For periods of
shaking greater than 0.5s, levels of ground shaking
generally increase as the thickness of Quaternary
deposits increases.

By using cluster analysis techniques, Rogers and
others (this volume) demonstrate how these data on
measured ground response can be matched with the
geologic and geotechnical information to predict relative
ground response over bands of different periods for a
set of map units. The resulting predictive ground-
response maps for the Burbank-Los Angeles—-Compton
urban corridor provide a quantitative estimate of the
frequency-dependent amplitude variation expected in
ground motions owing to local site conditions. Such
maps would be useful for regional planning and for
general earthquake-resistant design.

Site-Specific Prediction of
Ground-Shaking Time-Histories

Design of critical structures at specific sites (such as
nuclear powerplants, high-rise buildings, and dams)
often requires an elaborate and accurate description of
the characteristics of the ground motions likely to be
experienced during the life of the structure. In rare in-
stances, the ground motions likely to be generated may
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have been previously recorded at the site, but, in most
cases, no such recording exists, and design must be
based on theoretical model estimates derived from data
recorded elsewhere. The recent growth of the strong-
motion data set has contributed to a rapidly evolving
research effort in strong-motion seismology; this
research is directed toward the development of theo-
retical models to describe the nature of the earthquake
rupture process and the resulting generation and propa-
gation of seismic shaking. Spudich and Hartzell (this
volume) have discussed these recent developments and
their application to the problem of predicting ground-
motion time-histories at specific sites.

Spudich and Hartzell (this volume) describe the
nature of the earthquake rupture process, including
deceleration and acceleration of rupture fronts caused
by stress and strength heterogeneities on the fault sur-
face, and its role in generating high-frequency ground
motions significant to earthquake-resistant design. They
review models describing the nature of the rupture
process and its generation of seismic waves as inferred
from strong-motion data recorded from the 1979 Im-
perial Valley earthquake. They also examine published
techniques for calculating Green’s functions, which per-
mit computation of ground shaking at any point on the
Earth’s surface, given a linear model of the Earth’s
structure and a mathematically tractable representa-
tion of a physical model of the earthquake source. Their
review discusses several methods for describing wave
propagation, including the equivalent Green’s function
representation for several linear Earth models having
layered and continuous velocity gradients.

Spudich and Hartzell (this volume) discuss site-
specific simulations made by Apsel and others (1981) for
postulated earthquakes on the Mojave segment of the
San Andreas fault and on the Newport-Inglewood fault
zone. Such deterministic simulations are reasonably
successful in reproducing frequencies of recorded
strong-motion time-histories of less than 1 to 2 Hz.
Limitations are imposed on higher frequencies by a lack
of knowledge regarding details of the rupture time-
history and the intervening crustal structure. Stochastic
simulations of the source rupture characteristics and
detailed crustal structure determinations help remove
these limitations. The success of the simulation pro-
cedures in reproducing recorded ground motions sug-
gests that, in those cases for which elaborate estimates
are feasible, reasonably confident predictions of
ground-shaking time-histories can be developed for
earthquake-resistant design.



ESTIMATING GROUND SHAKING
FOR A POSTULATED EVENT

Measures designed to safeguard life and property
from the destructive effects of strong ground shaking
may use any or all of the various methodologies for
estimating strong ground shaking discussed herein, in-
cluding regional estimates of earthquake intensity,
generalized estimates on a regional scale of parameters
used in earthquake design codes, regional delineations
of potential variations in local ground response, and
elaborate predictions of ground-motion time-histories.
These various techniques are applied to a postulated
earthquake (M 6.5) on the northern part of the Newport-
Inglewood fault zone in a later chapter (Ziony and
others, this volume). This composite analysis illustrates
the application of the various methodologies for assess-
ment of seismic hazards owing to potential strong
ground motion in the Los Angeles region.

APPENDIX 1.—-~COMMON MEANS
FOR CHARACTERIZING
EARTHQUAKE SHAKING

The severity of ground motion from an earthquake
can be characterized either qualitatively—from the
observed or expected effects of strong shaking on man
and his structures—or quantitatively—from param-
eters that can be instrumentally recorded. Detailed
descriptions of parameters commonly used to character-
ize ground motion are given by Richter (1958), Page and
others (1975), and Hays (1980). A summary of these
parameters follows.

A qudlitative measure of shaking.—Seismic intensity
is a numerical index based on subjective analysis of the
observed effects upon humans, manmade structures,
and the Earth’s surface. Several different intensity
scales have been defined. The Modified Mercalli intensi-
ty scale (inside back cover), which was adopted in 1931
by the U.S. Coast and Geodetic Survey (now the National
Ocean Survey), is in most common usage. Although this
scale is currently used for most earthquake investiga-
tions in the United States, some researchers prefer the
older Rossi-Forel intensity scale, because its units ap-
pear to scale better with physical measurements of

ground motion (Evernden and others, 1973, 1981). At the
higher intensities (X, XI, and XII), the Modified Mercalli
scale describes effects that relate chiefly to ground
failure and do not necessarily indicate increased levels
of shaking.

Isoseismal maps depict the geographic distribution of
different grades of intensity observed for particular
earthquakes. Because the patterns on these types of
maps commonly are influenced by local geologic condi-
tions, methods for predicting intensities of future large
earthquakes have received particular attention in
hazard-analysis research (for example, Borcherdt and
others, 1975c; Evernden and others, 1973, 1981).

Quantitative measures of shaking.—The severity of
ground motion can be expressed in quantities that may
be scaled or computed from on-scale recordings of
strong shaking instrumentally recorded from damaging
earthquakes. The most common strong-motion record-
ings are accelerograms that depict ground shaking as a
function of time (fig. 31) in a format proportional to
acceleration for band frequencies considered to be of
engineering significance. Maximum, or peak, amplitude
parameters obtained from accelerometers are common-
ly used in engineering design. These parameters include
peak acceleration, peak velocity, and peak displace-
ment. Typically, peak acceleration occurs at frequen-
cies in the range 2 to 10 Hz, whereas the dominant
frequencies of velocity and displacement are in the
ranges 0.5 to 2 Hz and 0.06 to 0.5 Hz, respectively (Page
and others, 1975).

The response of structures to strong ground shaking is
dependent not only on the amplitude of shaking but also
on the frequencies and duration of shaking. Response
spectra provide a useful means of characterizing the
relative frequency content of shaking. Response spec-
tra, defined as the maximum response of a suite of
linear, damped, single-degree-of-freedom oscillators
subjected to a specified time-history of motion (fig. 32),
provide estimates useful for calculating actual struc-
tural response. Response spectra typically are plotted
on tripartite logarithmic paper and show the variations
of peak spectral velocity, acceleration, and displace-
ment as a function of vibration period. Each different
representation of response spectra has a particular
physical significance for building design (see Hays,
1980, p. 35). Joyner and Fumal (this volume) present a
method for estimating pseudoacceleration and pseudo-
velocity response spectral values on a regional scale.
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FIGURE 31.—Recordings of N. 14° E. component of horizontal ground motion at Pacoima damsite for 1971 San Fernando earthquake (from Page
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and others, 1975). Velocity (B) and displacement (C) records are obtained by integrating accelerogram (A) once and twice, respectively.
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MAPPING QUATERNARY SEDIMENTARY DEPOSITS
FOR AREAL VARIATIONS IN SHAKING RESPONSE

By J. C. Tinsley and T. E. Fumal

INTRODUCTION

Areal differences in damage caused by shaking from
earthquakes commonly can be related to variations in
near-surface geologic materials (Milne, 1908; Lawson
and others, 1908; Kanai, 1952; Gutenberg, 1957;
Medvedev, 1962; Borcherdt, 1970; Borcherdt and
others, 1975; Rogers and others, 1979; Fumal, 1978;
Fumal and Tinsley, this volume; Rogers and others, this
volume; Evernden and Thomson, this volume). In par-
ticular, ground shaking often is greatest on young, loose
sedimentary deposits. The 1933 Long Beach earthquake,
for example, caused greater damage in Compton than it
did in Long Beach (Wood, 1933, p. 49, 52). Woad has
ascribed this difference mainly to variations in Quater-
nary geology. Campbell (1976) has also studied the 1933
Long Beach earthquake and has shown that, for a given
distance from the Newport-Inglewood fault zone, the
damage at sites underlain by “unconsolidated soils”
was greater than that at sites underlain by “con-
solidated soils.” Long Beach is sited chiefly on relatively
well consolidated late Pleistocene sedimentary deposits,
whereas Compton is located on poorly consolidated,
water-saturated Holocene alluvial deposits of the Los
Angeles River and its tributaries (Thomas and others,
1961; Yerkes and others, 1965). These observations, and
similar ones made elsewhere in the world, demonstrate
the importance of determining the distribution and
characteristics of the Quaternary sedimentary deposits
upon which most of the world’s urban centers are sited.

For the Los Angeles region, we present a technique
for differentiating Quaternary sedimentary deposits
that we hope will be transferrable to other areas. First,
we describe a reconnaissance technique for dividing
such deposits according to age and grain-size distinc-
tions. This technique is used to prepare small-scale sur-
ficial geologic maps of parts of the major alluvial basins
of the region (fig. 33). These maps are fundamental data
sets for identifying areal variations in the physical prop-
erties of the alluvial sediment and of the adjacent

uplands. Then, sediment age and grain size are related
to secondary parameters such as shear-wave velocity,
which are useful for predicting shaking response during
earthquakes. The approach that we follow is derived
from studies done in the San Francisco Bay region by La-
joie and Helley (1975) but incorporates studies of the
shear-wave velocities of near-surface alluvial materials
in the Los Angeles region (Fumal and Tinsley, this
volume). Comparing selected physical properties of the
rock and sediment units with measurements of shear-
wave velocity permits identification of areal groupings
having distinct ranges in shear-wave velocity. On the
basis of a two-dimensional model of sedimentation pat-
tern, we present a series of regional maps grouping the
surficial deposits according to distinctive ranges in
shear-wave velocity; these maps provide an approx-
imate characterization of relative shaking response.

MAPPING SURFICIAL
GEOLOGIC UNITS

Techniques of traditional geologic mapping evolved
chiefly in response to the needs of the mineral indus-
tries; consequently, standard geologic maps commonly
emphasize the detailed distribution and character of
bedrock units, including lithology, age, and rock struc-
ture (bedding, foliation, lineation, fractures, folds, and
faults). In contrast, areas underlain by relatively
uncemented or loose alluvium or other sediment without
apparent structural or stratigraphic mineral potential
commonly are depicted as a single map unit. Variations
in the physical properties of Quaternary alluvial
deposits that pertain to the delineation of geologic
hazards such as ground shaking or ground failure are
not usually distinguished on standard geologic maps.
Because urban areas at risk from earthquakes common-
ly are located on Quaternary alluvial deposits, conven-
tional geologic maps usually are not adequate for
evaluating earthquake hazards. For this reason, during
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the past two decades, specialized mapping techniques
directed specifically at identifying and evaluating earth-
quake hazards in alluvial deposits have evolved (Bor-
cherdt, 1970; Borcherdt and others, 1975; Lajoie and
Helley, 1975).

We have adapted the approach of Lajoie and Helley
(1975) and have mapped surficial deposits in the Los
Angeles region. Principal sources of information include
topographic maps, aerial photographs, soil maps, de-
scriptive accounts of excavations (including logs of
water wells, oil wells, and other boreholes), trenches
and foundations, and exposures in cliffs, streambanks,
quarries, and roadcuts. Geologic units are defined and
mapped on the basis of geologic and genetic criteria
such as geomorphic expression, inferred depositional
environment, soil-profile development, and grain size.
For the most part, work was done chiefly in the office,
but, locally, we have incorporated our own field
observations.

Topographic Maps

Topographic maps represent the landscape by using
topographic contour lines, bathymetric contour lines,
culture symbols, stream courses, and many additional
symbols. Older topographic maps showing the pre-urban
landscape are especially valuable for making inferences
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about the character and distribution of Quaternary
sediments, especially if their contour intervals are
small. The principal basin areas of Los Angeles County,
for example, were mapped by the U.S. Geological Survey
at a scale of 1:24,000, at a contour interval of 5 ft,
during the 1920’s and early 1930’s. These early maps
clearly outline many principal physiographic elements
of the pre-urban landscape, including mountains, foot-
hills, canyons, and other features underlain by consol-
idated rocks; areas likely to be underlain by stream-
transported sediment such as alluvial channels, alluvial
fans, river flood plains and marshes; and areas likely to
be underlain by other sedimentary deposits, including
beach deposits, windblown dune deposits, and coastal
estuarine muds. In contrast to modern topographic maps
(which have contour intervals of 20 to 40 ft), the closely
spaced contour lines of the early vintage maps reveal
many landforms having only subtle topographic expres-
sion and now obliterated.

Aerial Photographs

Black-and-white vertical aerial photographs first
became available for extensive areas of the Los Angeles
region in the late 1920’s; when these photographs are
viewed in overlapping stereographic pairs, they afford a
three-dimensional view of the landscape, including



alluvial deposits, drainages, and many other geomorphic
features or landforms. The margins of landscape
features noted on topographic maps (such as subtle
channels, swamps, flood plains, dunes, and other land-
forms) often can be delineated more precisely by using

aerial photographs than by using maps alone. The-

deposits associated with these landforms may have
distinctive physical properties; thus, a geologic map
emphasizing surficial deposits reflects the distribution
of the physical properties that may be significant in
evaluating geographic variations in shaking response.

Soil Maps and Soil Stratigraphy

Before extensive urban development in the Los
Angeles region, the U.S. Department of Agriculture
mapped soils in the area to encourage use of the best
farming practices and cultivation of the most appropri-
ate crops (Holmes and others, 1915; Nelson and others,
1915, 1916). We use these soil maps as guides to the
areal distribution of physical and chemical characteris-
tics of agricultural soils; thus, these maps may reflect
basic differences in the grain sizes and in other physical
‘and chemical age-dependent attributes of the deposits in
which the soil forms. For example, a soil on an alluvial
fan mapped by the U.S. Department of Agriculture as a
stony soil phase typically contains boulders and may be
difficult or impossible to plow and hence of limited
agricultural value. However, we use grain-size informa-
tion (presence of boulders) to infer that the alluvial unit
is very coarse grained.

The characteristics of a soil profile can indicate the
age of the land surface if certain conditions are met. A
soil profile may be moderately developed or well devel-
oped, as indicated by the presence of a clay-enriched
zone (B horizon) in which clay, iron oxides, and other
products of weathering have been concentrated over a
long period of time. Or, the profile may be poorly
developed, as is the case chiefly on flood plains, natural
levees, and channels of modern rivers and on young
alluvial fans. Jenny (1941, 1961) has shown that, as a soil
develops, the profile’s characteristics are functions of
the type of parent material, the climate, the vegetation,
the topographic position in the landscape, and the age.
In areas where all these ‘“state factors” (soilforming
parameters) (with the exception of age) are similar, the
chemical and physical characteristics in soil profiles
may reflect the duration and intensity of weathering,
and differences among profiles may reflect the time re-
quired to form the soil. The soil profile can serve as a
rapid means of distinguishing rather young alluvial
deposits from rather old ones—a sort of clock that
begins to run when deposition or erosion of sediment

proceeds at a rate that is slower than the rate of soil-
profile development.

In the Los Angeles region, McFadden (1982) has
recognized seven stages of soil formation and has shown
that Jenny’s (1941) soil-formation factors vary within a
narrow enough range for us to conclude that alluvial
deposits characterized by well-developed soil profiles
have been subjected to weathering conditions to greater
profile depths for a significantly longer period of time
and hence are older than alluvial deposits character-
ized by relatively thin, poorly developed soil profiles.
Well-developed soil profiles occur on alluvial fans or
river flood plains or on shallow marine sedimentary
deposits that have been tectonically uplifted or folded
and no longer receive sediment from the present
drainage network. Poorly developed soil profiles occur
along the channels, levees, and flood basins of current
streams graded to modern sea level and include areas
where sediment transport and deposition ensued before
construction of the largely successful civil-engineering
efforts to control floods and debris flows in the Los
Angeles region.

Differences in soil-profile development can be cor-
related with the age distinctions of the underlying
deposits. Radiocarbon dates from the Los Angeles
region (Hastorf and Tinsley, 1981} indicate that
moderately developed and well-developed soil profiles
characterized by diagnostic subsurface horizons con-
taining noteworthy clay accumulations, reddening
owing to oxidation of ferrous iron compounds to hema-
tite, and increased bulk density are associated with
weathering and soil formation in alluvial deposits dated
as late Pleistocene and older. Conversely, poorly
developed soil profiles lack much pedogenic accumula-
tion of clay, ferric oxides, and increased bulk density
and are usually less than about 10,000 yr old. Holocene
deposits generally lack the conspicuous chemical and
physical alterations of the sediment, including clast
weathering, a reduction of pore volume, and an increase
in soil strength, that commonly distinguish pre-Holocene
deposits from Holocene deposits. This trend is shown by
penetrometer studies and shear-wave velocity studies,
which will be discussed in a later section of this chapter.

Rates and processes of soil genesis in the Los Angeles
region (McFadden, 1982) and elsewhere (Birkeland,
1984) are reasonably well documented and clearly help
to distinguish between Holocene and Pleistocene
deposits, especially where the surface soil profile can be
examined. Analyses of soil profiles using the techniques
of soil stratigraphy (Birkeland, 1984) have been used in
part by many workers, including Eckis (1934), Thomas
and others (1961), McCoy and Sarna-Wojcicki (1978),
Poland (1959), Lamar (1970), and Cox and Morton (1978)
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TABLE 12.—Approximate age and geologic and geomorphic setting of selected soil series mapped in
the Los Angeles region by the U.S. Bureau of Soils, 1915-1920

Soil series Age Geologic and geomorphic setting
Soils formed on bedrack
Altamont ~—--~ Holocene and Colluvium and residual mantle; chiefly slightly calcareous to non-
Pleistocene. calcareous; formed on slopes and on rolling hills or mountain-
ous terranes underlain by sandstone, siltstone, and shale.
Diablo ~=~---- Holocene and Colluvium and residual mantle; often moderately to highly cal-
Pleistocene. careous; formed on slopes and on rolling hills or mountainous
terranes underlain by calcareous shale, sandstone, siltstone,
or impure limestone.
Holland ~-~--- Holocene and Residual soils, chiefly noncalcareous, formed chiefly on granitic
Pleistocene. and schistose rocks.
Soils formed on Quaternary alluvial deposits
Antioch ------ Pleistocene Alluvial fans and fluvial terrace deposits derived chiefly from
sedimentary rocks; reddened to 5YR hue.
Madera -~---- Pleistocene Dissected alluvial fans and fluvial terrace deposits derived

Montezuma ---Pleistocene

Placentia ~—--~ Pleistocene
Pleasanton ---Pleistocene
Ramona ----—- Pleistocene
Chino ----=-- Holocene
Hanford ----- Holocene
Tujunga ——-=-- Holocene
Dublin ------- Holocene
Yolo ----—-—- Holocene
Oakley ~-==--- Holocene

chiefly from igneous and sedimentary rocks; B horizon com-
monly is reddened and enriched in clay and has a hardened
zone (duripan) that may not disintegrate in water. 5YR and
2.5YR hues.

Dissected alluvial fans and fluvial terrace deposits derived
chiefly from sedimentary rocks; commonly calcareous and
relatively high in organic matter.

Dissected alluvial fans and fluvial terrace deposits derived
chiefly from granitic rocks; deeply reddened (5YR-10R hues)
and clay-enriched B horizon.

Alluvial fans and fluvial terrace deposits derived chiefly from
from schistose metasedimentary rocks; may be reddened
(5YR hue).

Alluvial fans and fluvial terrace deposits derived chiefly from
granitic and sedimentary rocks; may be reddened (7.5-2.5YR
hues).

Alluvial fans and in flood-basin areas derived from granitic
and schistose rocks; typically fine textured, calcareous, poorly
drained (2.5Y hue).

Alluvial fans and on flood plains derived from granitic and schis-
tose rocks; coarsetextured soils indicate channel and levee
geomorphic associations; finetextured soils occupy geomor-
phic positions intermediate between levee deposits and flood-
basin deposits; generally well drained (10YR hue).

Alluvial fans associated with active channels draining gra-
nitic terranes; generally well drained (10YR hue).

Alluvial fans and flood plains derived from sedimentary rock;
commonly has a flood-basin association (2.5Y hue).

Alluvial fans and flood plains of drainages from sedimentary
terranes; coarsetextured phases occur generally in well-
drained basin settings; finetextured phases frequently in-
dicate less well drained basin areas (2.5Y hue).

Eolian dunes, chiefly adjacent to littoral areas (10YR hue).
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to help distinguish Holocene deposits from late Pleisto-
cene deposits in the Los Angeles region. Our study
substantiates and incorporates many of the inferences
of these earlier workers.

SURFICIAL GEOLOGIC MAPS

Geologic maps delineating areas underlain by Quater-
nary sedimentary deposits, Tertiary and pre-Tertiary
sedimentary rock, and pre-Tertiary plutonic and
metamorphic rock have been prepared for five alluvial
basins in the Los Angeles region: (1) the San Fernando
Valley, (2) the San Gabriel Valley, (3) the Los Angeles
basin, (4) the Oxnard Plain, and (5) the upper Santa Ana
River basin (fig. 33). We have divided the alluvial
deposits into four grain-size categories and two
inferred-age categories (Pleistocene and Holocene) by
using the techniques described above; the mapping was
done by J. C. Tinsley at 1:24,000 scale. The mapped
grain-size designations are very coarse, coarse,
medium, and fine. The geologic age is based chiefly on
the profile characteristics of soils mapped by the U.S.
Department of Agriculture’s Bureau of Soils, consistent
with modern established principles of soil stratigraphy
(Birkeland, 1984) and with field studies of soils and soil
genesis in the Los Angeles region (McFadden and
others, 1980; McFadden and Tinsley, 1982, p. 15).
Representative soil series identified from the early soil
surveys and the geologic age designations used in this
chapter are shown in table 12. The relations among the
soil textures and the grain-size designations of the
alluvial sediments are presented in figure 34. The
generalized areas of bedrock were compiled from the
geologic map of California (scale 1:250,000) (Rogers,
1965, 1969; Jennings, 1962; Jennings and Strand, 1969).
The map units shown in figures 35, 36, 37, 38, and 39 are
described briefly from youngest to oldest.

DESCRIPTION OF MAP UNITS

Holocene Deposits
(Less than 10,000 Yr Old)

Qyf (fine-grained Holocene alluvium).—Chiefly poorly
sorted, plastic, locally carbonaceous sandy silt, silt, silty
clay, and clay in poorly drained flood basins adjacent to
coastal marshlands, on distal parts of alluvial fans, in
localized tectonic depressions along recently active
faults, and in parts of alluvial plains adjacent to uplands
composed of fine-grained sedimentary rock. Occasional
lenses and small channels of well-sorted sand and fine
gravel; occasional marine and estuarine pelecypod and
gastropod shells and foraminifer tests in and near
coastal marshes. Contains fossils of living vertebrate
species and may contain freshwater pelecypod and
gastropod shells. Interfingers with and grades both
laterally and upstream into medium-grained alluvium;
overlies late Pleistocene alluvium and bedrock; 0 to 50 m
thick in coastal basins and generally less than 10 m
thick in inland basins on alluvial plains and on lower
parts of alluvial fans.

Qym (medium-grained Holocene alluvium).—Loose,
moderately well drained, moderately sorted to well-
sorted sand and silty sand forming alluvial plains and
natural levees along streams. Locally contains thin beds
of well-sorted clay, silt, gravel, and occasional cobbles
and boulders. Contains freshwater pelecypod and
gastropod shells. Intermediate in character and lateral
extent between fine- and coarse-grained alluvium with
which it interfingers; generally overlies late Pleistocene
alluvium; generally less than 50 m thick in coastal
basins and less than 10 m thick in inland basins.

Qyc (coarse-grained Holocene alluvium).—Loose, well-
drained, moderately sorted, highly permeable sand and
gravel deposited by modern streams and forming
natural levees and flood plains and higher parts of
alluvial fans; gravel predominates near stream channels
and toward fan heads. Locally contains beds and lenses
of well-sorted silt, sand, and gravel; contains freshwater
pelecypod and gastropod shells. Interfingers with
medium-grained alluvium and very coarse grained allu-
vium. Generally overlies late Pleistocene deposits and
bedrock. Thickness ranges from 50 m in large canyons
and near fan heads to 5 m or less on alluvial plains,
stream channels, and alluvial fans.

Qyvc (very coarse grained Holocene alluvium).—
Loose, very well drained, very highly permeable cobbly
and bouldery gravel and interstitial sand forming chan-
nel deposits and alluvial fan deposits on fan heads and
in channels of principal canyons draining steep moun-
tainous terranes. Pebbles and sand become dominant
downfan and laterally away from stream channels issu-
ing from major canyons. Locally contains beds of well-
sorted silt, sand, and gravel; contains fossils of living
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durated and wellconsolidated, poorly drained deposits
on lower parts of older dissected alluvial fans and flood
basins. Consists chiefly of silt and clay and contains
occasional lenses of gravel and sand. Commonly sub-
surface but is exposed along flanks of anticlinal uplifts
and along uplifted fault blocks. Relict soils commonly
reddened to 5YR and redder hues (Munsell notation)
(Munsell Soil Color Charts, 1975). Less permeable than
Holocene alluvium. Locally contains freshwater gastro-
pod and pelecypod shells and extinct vertebrate fossils.
Overlain by Holocene deposits along lower parts of allu-
vial plains and along some margins of anticlinal folds; in
coastal basins is incised by channels that are partially
to completely filled with Holocene alluvium. Maximum
thickness unknown but is at least 300 m in coastal
basins. Nonmarine in inland areas, marine and
estuarine in parts of coastal basins.

Qom (medium-grained Pleistocene alluvium).—
Compact to very dense, moderately drained, moderately
sorted, moderately permeable sand containing lenses of
small gravel, silt, and clay. Exposed on inactive alluvial
fans and alluvial plains in intermediate positions be-
tween channels and flood-basin deposits in surface and
subsurface localities. Locally contains freshwater
pelecypod and gastropod shells and extinct vertebrate
fossils. Maximum thickness unknown. Overlies bedrock
and underlies Holocene alluvium.

Qoc¢ (coarse-grained Pleistocene alluvium).—
Weathered, slightly consolidated to well-consolidated
and indurated alluvial fan and flood-plain deposits con-
sisting primarily of gravel, sand, and some silt. Relict
soils commonly reddened to 5YR and redder hues
(Munsell notation). Permeable but less so than Holocene
equivalent. Interfingers with and overlies marine
deposits in parts of coastal basins; overlain by Holocene
deposits on upper parts of alluvial fans and alluvial
plains; incised by channels that are partially filled with
Holocene alluvium. Maximum thickness unknown but is
at least 300 m in coastal basins where marine beds pro-
vide control on the base of the Quaternary section.

Qovc (very coarse grained Pleistocene alluvium).—
Weathered, slightly consolidated to well-consolidated
and indurated alluvial fan and flood-plain deposits con-
sisting primarily of bouldery and cobbly gravel and sand
and locally containing some beds of silt. Relict soils com-
monly reddened to 5YR and redder hues (Munsell color
notation). Permeable but less so than the texturally
equivalent Holocene unit. Interfingers with and overlies
marine deposits in coastal basins; interfingers with
coarse- and medium-grained Pleistocene alluvium in in-
land valleys on alluvial fan heads and in stream chan-
nels. Incised by channels that are partially filled with
Holocene alluvium. Maximum thickness unknown but is
at least 300 m along mountain fronts.
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Tertiary and Mesozoic Deposits

Ts (Tertiary and pre-Tertiary sedimentary rock, undif-
ferentiated)—Weathered to slightly weathered shale,
siltstone, sandstone, and conglomerate. Poorly to well
sorted. Moderately soft to wellcemented and well-
indurated strata. Chiefly marine origin; some nonmarine
units. Underlies alluvial deposits and overlies basement
rocks. Maximum aggregate thickness exceeds 10 km in
deepest parts of major coastal basins, but thickness
varies markedly across the Los Angeles region.

Mz (Mesozoic and pre-Mesozoic crystalline and
metasedimentary rocks, undifferentiated).—Comprises
the basement complexes exposed in principal mountain
ranges and encountered in exploratory borings near
basin margins. Includes basement terrane rocks of the
Santa Monica Mountains, the San Bernardino Moun-
tains, the San Jacinto Mountains, the northern Perris
block, and the northern Santa Ana Mountains.

USING PHYSICAL PROPERTIES
OF SURFICIAL GEOLOGIC UNITS
TO ESTIMATE RELATIVE
SHAKING RESPONSE

This section describes a method for using several
physical properties of sediments as a guide to approx-
imating their likely relative response to seismic shaking.
Grain size and sorting are sediment properties that de-
pend chiefly on the depositional environment. Other
physical properties of sediments that significantly in-
fluence its strength and hence correlate broadly with its
shear-wave velocity include consistency (for cohesive
soils) and relative density (for cohesionless soils) as
measured with a penetrometer (Fumal and Tinsley, this
volume). These properties also are related to and tend to
increase with the geologic age of the deposit and also
with its thickness (Lajoie and Helley, 1975, p. 49; Fumal
and Tinsley, this volume; Rogers and others, this
volume).

We use shear-wave velocity (Vg) as an index of the
strength, relative density, and induration of the sedi-
ment and thus as a means of approximating the re-
sponse of a deposit to seismic shaking. Medvedev (1962)
has shown that seismic impedance (defined as the prod-
uct of the shear-wave velocity and the bulk density, Vg p)
is useful for estimating relative shaking response.
Amplification of seismic waves in layered media is pro-
portional to the contrast (difference) in the impedances
of superposed deposits (Medvedev, 1962). Lajoie and
Helley (1975) and Borcherdt and Gibbs (1975) have
shown that, for layers of a given thickness, relative



TABLE 13.—Comparison of relative bulk density, penetration resistance, shear-wave velocity, and
calculated impedance values of surficial geologic units

[--. no data available}

Bulk Average Shear-wave
Geologic density,! penetration,? velocity, 3 Impedance*
unit in glcm? in blowsift in m/s Vg0
Holocene
Qyf ————momo 1.6+0.2 1418 150-270 (200) 210490 (320)
Qym —---emeeee - 1.6+0.2 1418 195-285 (230) 270-510 (370)
Qyc ~===mmmee 1.6+0.2 - 290-355 (320) 410-640 (510)
Qyve —--=mmmamee 1.610.2 - 350-375 (365) 490-675  (580)
Pleistocene
Qof ~-—mmmeeeem 19103 34118 200-360 (305) 320-790 (580}
Qom ---mmmeemeem 1.9+0.3 34118 270-740 (430) 430-1630 (820}
Qog —===mmmm oo 1.9+03 -~ 330-680 (495) 530-1500 (940}
Qove —====memm e 1.9+0.3 - 445-830 (650) 710-1,830(1,240)
Tertiary and Mesozoic

Ts —-=---=mmemmm—- 24 Refusal 300-1,300 720-3,120
Mz ---oommmmee 2.7 Refusal 1,150-1,8008 3,100-4,860

"Bulk densities (o) for Quaternary deposits from McFadden (1982) and Los Angeles County Flood Control District (unpublished data,

1950-1980).

*From CALTRANS freeway borings; 5 to 10 ft subsurface, 1401b hammer, 30-in. drop. Penetrometer tests not reliable in gravelly and
bouldery deposits. Refusal indicates failure to advance the penetrometer through the Earth materials.
3Holocene and Pleistocene values from Fumal and Tinsley (this volume, table 18). Mean value in parentheses.

“Mean value in parentheses.
Value may be lower for weathered crystalline rock.

shaking response should be greatest where the surface
geologic units have the lowest impedance values (fine-
grained Holocene) and where the impedance contrast
between the surface layer and a subjacent layer is the
greatest. The impedance contrast and the relative shak-
ing response for a given thickness of fine-grained
Holocene deposits overlying Tertiary sedimentary rock,
for example, should be higher than those of the same
thickness of fine-grained Holocene deposits overlying
Pleistocene fine-grained sediments.

Selected physical properties are shown in table 13 for
the surficial geologic units that we mapped in the Los
Angeles area: (1) penetration resistance (blows per foot),
taken from penetrometer studies made by the California
Department of Transportation (CALTRANS), (2) range
and mean values of shear-wave velocity (V) within each
geologic unit measured to depths of 30 m by using
downhole techniques, and (3) relative impedance values
calculated by using bulk density values for near-surface
sites (McFadden, 1982) and bulk density measurements
of sediment sampled below the principal zone of soil for-
mation during soil-engineering studies of storm-drain
facilities in the Los Angeles region (Los Angeles County
Flood Control District, unpublished data, 1950-1980).

Shear-wave velocities have been measured at 84 sites
in the Los Angeles region, chiefly in- Holocene and
Pleistocene alluvial deposits. The alluvium is grouped
according to geologic age and physical properties (grain
size, consistency, and relative density). Correlations are
then recognized with respect to shear-wave velocities.
Relative density and consistency of sediment, as meas-
ured by the standard penetrometer test, are correlated
with geologic age (Fumal and Tinsley, this volume). Thus,
geologic maps showing age and grain size are sufficient
for regional studies of areal variations in relative shak-
ing response. Fumal and Tinsley (this volume) show that
standard penetrometer tests, where they are available,
afford a basis for further subdividing certain classes of
sediment (primarily sand and clay) to reduce the
variance with respect to measured shear-wave veloci-
ties. In this chapter, however, standard penetrometer
data are not incorporated into the definitions of the
geologic map units or of the shear-wave velocity groups.
Therefore, although the geologic map units are more
broadly applicable to the Los Angeles region, the preci-
sion of the results obtained from using the two-
dimensional model of sediment distribution for estimat-
ing relative ground shaking is correspondingly reduced.
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TABLE 14.—Comparison of mean shear-wave velocities and shear-wave velocity groups for surficial

geologic units in the Los Angeles region

Mean shear-wave velocity

Mean + 1s.d.,

Age and texture in m/s

Shear-wave
velocity group

Number of
sites studied

Range,
in m/s

Holocene sediment:
- Fine grained
(silt and clay).
Medium grained
{< 15 percent gravel).
Coarse grained and
very coarse grained
(> 15 percent gravel;
cobbles and
boulders).
Pleistocene sediment:
Fine grained
(silt and clay).
Medium grained
(<15 percent gravel).
Coarse grained and
very coarse grained
(> 15 percent gravel;
cobbles and
boulders).
Sedimentary rock
Crystalline rock

200+ 20

230+ 30

330+30

305150

4301115

535+ 125

530 + 250
1,130+ 440

23 150-270

} 1

290-375)

38 195-285

12

II
200-360

57 270-740

23 330-830 III

27
12

300-1300*
670-1,900!

Range includes Vg values for moderately weathered crystalline rocks.

MAPPING SHEAR-WAVE
VELOCITY GROUPS

For regional evaluation, we classify the eight Pleisto-
cene and Holocene surficial geologic units into three
shear-wave velocity groups (table 14): group I, which in-
cludes Holocene fine- and medium-grained deposits
(Vg< 285 m/s); group II, which includes very coarse grained
and coarse-grained Holocene deposits and fine-and
medium-grained Pleistocene deposits (290 m/s < Vg< 740
m/s); and group III, which includes coarse-grained Pleisto-
cene sedimentary deposits (330 m/s< Vg< 830 m/s). Areas
underlain directly by sedimentary or crystalline rock
are divided into two units solely on the basis of lithology.
Group IV consists of areas underlain by sedimentary
rock and by sedimentary rock interbedded with in-
trusive or extrusive igneous rocks; group V consists of
areas underlain by crystalline (chiefly granitic and
metamorphic) rock.

Table 14 shows that the average shear-wave velocity
decreases within each age category as the sediment
becomes finer in texture, a trend suggesting that shak-
ing effects on fine-grained deposits may be more severe
than those on coarse-grained deposits for a given
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thickness and layered sequence of materials at a given
distance from an earthquake source. Thus, future levels
of shaking are expected to be most severe in areas
delineated as group I; the expected level of shaking
would decrease relatively from group I through group V.
In fact, the character of ground shaking at a point on the
Earth’s surface during an earthquake depends on addi-
tional factors not specifically addressed by this general
approach. These factors include the distance from the
causative fault, the orientation of the fault, the sense in
which the earthquake energy is released or focused, the
size of the earthquake, the basin geometry, and the
presence of subsurface configurations of layers suitable
for trapping or amplifying seismic energy in narrow
periods of interest for engineering purposes.

Rationale for Projection of
Surficial Physical Properties
Data to Depth

Information on the subsurface character of Quater-
nary sedimentary deposits in the Los Angeles region is
severely limited for many of the alluvial basins. This
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FIGURE 40.—Generalized depositional model of Quaternary sedimentary deposits in the Los Angeles region. This simplistic model implies that, for
sediment of a given grain-size distribution, the locus of deposition has been relatively constant during Quaternary time. To the extent that these
conditions are met, the texture of sediment at the surface of the ground may indicate the texture of the geologic units at depth.

limitation has forced us to adopt a two-dimensional
model of sediment deposition (fig. 40) to evaluate what is
actually a three-dimensional problem, even though the
model has inherent shortcomings and uncertainties. The
grain-size designations mapped at the surface are
assumed to represent the grain size of the sediment to
depths that would influence shaking response. The
depositional model reflects the distance from the source,
the nature and types of the rock in the source terranes,
and the facies that a given deposit may represent within
the depositing alluvial system. Coarse materials at the
surface near the San Gabriel Mountains, for example,
are assumed to overlie areas underlain by coarse-
grained materials to depths sufficient to influence
shear-wave propagation and seismic response. Joyner
and Fumal (this volume) suggest that a thickness equal to

one-quarter wavelength of a 1-s shear wave is useful in
determining a minimum depth of significance for
evaluating strong ground motion. Regional geologic rela-
tions within the Quaternary sediments support this
assumption; evidence confirming both the broad ap-
plicability and the shortcomings of this approach is in-
dicated by studies of alluvial deposits and ground-water
basins and logs of borings within the Los Angeles region
(Eckis, 1928; California Water Rights Board, 1962;
Thomas and others, 1961) and in other basins elsewhere
(Schumm, 1977). That is, the coarsest Quaternary
deposits occur adjacent to upland areas as alluvial fans
and channel deposits of high-gradient streams that
drain intensely jointed and fractured, chiefly crystalline
igneous and metamorphic terranes. In contrast, fine-
grained deposits occur chiefly either (1) in flood plains
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as the uppermost deposits of fluvial fining-upward se-
quences or {2) in distal parts of all Quaternary sedimen-
tary basins of the region and generally throughout those
Quaternary alluvial basins having source areas of
siltstone- and shale-rich rocks. This general trend (grain
size as a function of depositional environment and
distance from source) is demonstrated by a transect
along the Los Angeles River from the Los Angeles Civic
Center to the Los Angeles harbor area using shallow
boreholes (table 15) and deeper water wells (table 16).
Locations of borings are shown in figures 41A and 41B.
Relative proportions of coarse alluvium intersected by
borings decrease downstream as the proportions of fine-
grained alluvium increase downstream.

Generalized Maps of Shear-Wave
Velocity Groups

Using tables 13 and 14, we can assign ranges of Vg to
the geologic units in figures 35, 36, 37, 38, and 39. When

these geologic units are grouped into units having
distinct ranges of shear-wave velocity, maps of near-
surface Vg can be prepared (figs. 42, 43, 44, 45, 46).
These maps provide a first approximation of likely shak-
ing response in terms of the model presented above.

In the absence of information concerning additional
geologic factors that commonly influence shaking
response (depth to basement rocks, Holocene thickness,
vertical variations in sediment type, and so on) (Rogers
and others, this volume), these maps could provide a
reasonable first approximation of relative shaking
response. Although representing highly generalized
areal differences in shear-wave velocity, these maps
could be used for earthquake microzonation and for
general planning to reduce hazards from future strong
shaking. The next chapter will show how more precise
estimates, which are useful in seismic design, can be
derived by accounting for sediment thickness and ver-
tical variations in lithology to depths equal to one-
quarter wavelength of a 1-s shear wave.

TABLE 15.—Percentage of sediment designated as “aquiclude” (nonwater-bearing) as opposed to
chiefly medium- and coarse-grained sediment designated as “aquifer” (water-bearing) horizons in the
subsurface of the coastal plain area of Los Angeles County, after Thomas and others (1961}

[Wells listed in sequence from proximal {near) to distal {far) positions with respect to source of sediments. Proportion of fines in a section
increases generally in a downstream direction, but trend reflects local sources of sediment. Locations of arrays are shown in fig. 41A]

Section Aquiclude
State well thickness, thickness,
no. inft in ft

Proportion of Proportion of
fine sediment, medium and coarse
in percent sediment, in percent

Section K-K’-K”, Los Angeles Civic Center, Dominguez Gap to Terminal Island

25/13W-10P6 -------- 700 275
2513W-15M3 --—---- 700 345
2S5/13W-15P8 -———---- 690 350
2S113W-22P2 --——---- 660 365
25/13W-34A2 --——-—- 640 415
25/13W-03R1 —————-—- 600 285
35/13W-11E1 —————-—- 600 210
35/13W-15H1 -===-m~ 575 200
35/13W-22H7 ------- 560 314
35/13W-26L2 ---—---- 560 357
35M13W-26N1 ------- 550 286
35/13W-35P1 —————-—— 550 314
45/13W-03R1 ===-—-—- 540 236
4S5/13W-15A2 -=----- 530 314
45/13W-23M1 ------- 520 143
4S[13W-27H1 -==---- 520 136
4SM13W-35M3 ------- 510 428
58/13W-03K1 ~-——---~ 500 286
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39 61
49 51 N
51 49
55 45
65 35
48 52
- 35 65
35 65
56 4
64 36
52 48
57 43
44 56
59 41
27 73
26 74
84 16
57 43



TABLE 15.—Percentage of sediment designated as “aquiclude” (nonwater-bearing) as opposed to
chiefly medium- and coarse-grained sediment designated as “aquifer” (water-bearing) horizons in the
subsurface of the coastal plain area of Los Angeles County, after Thomas and others (1961)~Continued

Section Aquiclude
State well thickness, thirkness,
no. inft in ft

Proportion of Proportion of
fine sediment, medium and coarse
in percent sediment, in percent

Section Q-Q’, along the Orange-Los Angeles County line from the Puente Hills to Seal Beach

3SM1IW-12]1 ~==m———= 693 329
35/11W-12P2 -——~-=-- 700 200
35/11W-26B1 -———---~ 507 357
35/11W-26E1 ——=——-—- 464 300
35/11W-27N1 -——=-=~ 457 271
3S/11W-34E1 —---—-—- 450 243
45/11W-05A1 --——--- 436 293
4S/11W-05P4 -~--——--- 428 200
4S/11W-08E2 —————--- 428 236
45/11W-18]1 ——-—--—- 427 293
45/11TW-30M1 ——=-vum 414 286
48/12W-25H1 =---——--- 408 229
55/12W-02B4 ——-----~- 406 129
55/12W-02R1 —==----- 402 236
58/12W-11G1 -———--—- 402 193
55/12W-10A1 ------- 400 229

47 53
29 71
70 30
66 34
59 41
54 46
67 33
47 53
55 45
69 31
69 31
56 44
32 58
59 41
48 52
57 43

Section M-M'-M”, frem Whittier Narrows Dam south to the Pacific Ocean west of Seal Beach

25/11W-06f1 =-------- 800 15
25M11W-12A6 --—----- 800 180
25112W-13D7 -——-——-- 780 175
28/12W-23B4 —-————--- 750 150
28/12W-27G5 - -——---- 750 180
28/12W-28]6 =~——-—--— 690 150
35/12W-04D2 -——----- 725 230
35/12W-04Q2 ---—-—- 665 220
3S8/12W-09L1 ——-———=-- 700 350
35/12W-16L1 -==~--—- 690 415
35/12W-28H3 -—--—--—- 675 435
35/12W-33F1 —-———-——- 650 400
4S/12W-09B3 ————--—- 640 490
4S8/12W-16H1 --—---- 630 360
48/12W-21M4 ~=-—-—- 630 215
4S8/12W-28H10 ------- 625 230

2 98
22 78
22 78
20 80
24 76
22 78
32 68
33 67
50 50
60 40
64 36
62 38
76 24
57 43
34 66
37 63

SUMMARY

Geologic conditions in Quaternary sediments vary
across a region and commonly influence shaking
response during earthquakes. Delineating surficial
geologic units in order to evaluate areal differences in
shaking response from future earthquakes requires
knowledge of the surface and subsurface distribution of
Quaternary sedimentary deposits according to their
wave-propagation characteristics. In the absence of

detailed subsurface information for all the alluvial
basins in the Los Angeles region, a two-dimensional
model of the areal distribution of Quaternary sediments
according to age and grain size is used to characterize
likely relative ground response by means of readily
available data. Derivative maps that broadly character-
ize the near-surface shear-wave velocities across a wide
geographic region provide a first approximation of the
likely areal variability in relative shaking response from
future earthquakes.
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TABLE 16.—Relative proportions of gravel, sand, and silt and (or) clay expressed as a percentage of
total alluvial stratigraphic thickness as logged in CALTRANS exploratory boreholes

[Boreholes mainly along State highways 11 and 7 (Harbor and Long Beach freeways) from near the Los Angeles Civic Center to the Long
Beach and Los Angeles areas (north to south) across the Los Angeles river flood plain, Locations of boreholes shown schematically in fig.

41B. tr, trace]
Silt and
Freeway Borehole Borehole Gravel,? Sand,? clay,*
no. no.! depth, in ft  in percent  in percent  in percent Comments
101 ---- 53-722-B3 48 0 13 87 Siltstone is local
sediment source.

5 ~m=—e- 53-1183-B3 35/33% 36 64 0

5 —m——— 53-1360-B2 23 75 25 0

5 ————== 53-601-B3 35 67 33 tr

7 ————— 53-2505-B12 56/225 18 27 55 Siltstone is local

sediment source.

7 —=——-- 53-1152-B2 40 38 42 20

7 ——-—m- 53-840-B6 75 5 30 5

7 === 53-833-B4 55 0 47 58

7 —mm—m- 53-828-B5 90 7 82 11

7 === 53-824-B5 68 0 76 24

7 —m=———- 53-2143-B17 90 tr 68 32

7 =————- 53-1210-B4 70 6 77 17

7 ———— 53-725-B3 33 0 94¢ 6

11 ===-- 53-538-B1 27 59 41 0

11 ----- 53-793-B1 45 78 0 22

11 ----- 53-856—B2 26 46 54 0

11 -==-- 53-906-B3 40 20 80 0

11 —==-- 53-926-B6 60 0 77 23

11 —==-- 53-981-B3 40 0 82¢ 18

11 -==-- 53-955-B3 50 0 88e 12

11 =----- 53-960-B1 48 0 85¢ 15

11 ———-—- 53-964-B3 56 0 80 20

11 ————= 53-976-B2 35 0 100 0

ICALTRANS borehole code. For example, in 53-7583-B3, 53 denotes Los Angeles County, 7583 is bridge or structure number, and B1
is boring number.

Includes intervals containing gravelly sand, sandy gravel, clayey gravel, pebbly sand, and very coarse detritus such as cobbles and
boulders.

3Includes intervals containing silty sand or clayey sand.

4Includes intervals containing sandy or silty clay and sandy or clayey silt.

535/33 denotes 35t boring that penetrated 33 ft of alluvium before entering bedrock. Percentages computed relative to thickness of
alluvium.

5All sand logged as fine sand.
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