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INTRODUCTION
Many Americans refuse to move to California, because "They've got earthquakes
out there." The thought that terra firma
might be decidedly unstable is terrifying, and
folklore that California is about to fall into
the Pacific Ocean makes many ask why anybody would live in The Golden State. In
contrast, most Californians think the risk
from earthquakes is low enough to be acceptable, and many ignore the danger totally.
Earthquakes to many are those minor jolts or
rumbles that are felt once or twice a year and
don't even knock glasses off kitchen
shelves. A journey down the aisle of any
wine shop will show that thousands of dollars of the state's unofficial beverage will
crash to the tile floor when hit by a fairly sizable jolt The common feeling seems to be
that the last "Big One" occurred long ago,
and it probably will be a long time before the
next "Big One" strikes.
October 17, 1989, began auspiciously.
It was a sunny, warm autumn day throughout California. The eyes of the baseball
world were focused on the San Francisco
Bay area, where Game Three of the World
Series was to be played in San Francisco's
Candlestick Park. Not since the 1956
Brooklyn Dodgers met the New York Yankees in the World Series had there been a
metropolitan-area series, and Uie locals were
hailing it as "Bay's Ball." The Oakland
Athletics had beaten the San Francisco
Giants rather convincingly in the first two
games, played in .Oakland's Coliseum, but
Giants fans were sure that on their home
turf, their favorites would prevail. Television sets around the country, as well as in
baseball-loving countries in Latin America
and Asia, tuned in to the pregame ceremonies beginning at 5 p.m, Pacific Daylight
Time. Just a few minutes later, the applause
that greeted the Giants seemed remarkably
loud; in fact, it seemed that the stadium
shook. In fact, of course, the stadium did
shake, and calm confusion followed. "How
appropriate" was the thought of many — a
California World Series complete with its
own earthquake! Electricity went out and
television screens around the world went
INTRODUCTION

blank. In the stadium, emergency generators
started up, providing lighting for the interior
passageways, but not for the stadium loudspeakers, so nobody knew whether to stay
or leave, whether this was a serious earthquake or just one of those magnitude-fives
that happen every year or two. Soon,
though, fans with portable televisions were
able to tell their neighbors that this was at
least a serious earthquake, if not perhaps the
"Big One." Instantly, perspectives were refocused. Whether the A's or the Giants
would win was immaterial; what everyone
wanted to know was: How's my family? Is
my house still standing? How will I get
home? Where will I sleep tonight?
That 60,000 fans were not crushed in a
collapsing Candlestick Park was, of course,
no accident. While many Californians ignore earthquakes, or attempt to deny their
seriousness, many academic, government,
volunteer, and industrial professionals spend
their careers trying to understand all facets of
earthquakes and mitigating their effects.
Starting with the great 1906 San Francisco
earthquake, and continuing with the 1933
Long Beach and 1971 San Fernando events,
laws have been enacted to protect Californians from the potential devastation of
magnitude-7 and 8 earthquakes. It is a
tribute to the efforts of these laws and the
people who enforce them that the death toll
in the October 17, 1989, Loma Prieta earthquake was limited to 62, almost all of these
on a collapsed double-deck freeway that had
been targeted for structural reinforcements.
When compared to the Armenian earthquake
less than a year earlier, also a magnitude 7,
where 25,000 died in collapsing unreinforced masonry buildings, the Loma Prieta
event showed that Californians are reasonably well prepared. Lessons learned on
October 17, however, show that we still
have more work to do to prepare for the "Big
One," an event similar to the 1906 earthquake.
On this field trip, we will examine the
active traces of the San Andreas and Hayward Faults, the epicentral area of the Loma
1

Prieta earthquake, structures that have been
reinforced or modified to withstand seismic
shaking, and areas where structures were
damaged on October 17, in part due to the
soils on which they were built Since the
earthquake was caused by a rupture of the
San Andreas Fault at 6 to 18 km depth, we
cannot show you a surface break on the fault
itself. While we will focus on building and
soil failures, remember that the vast majority
of structures we see were not damaged on
October 17, showing that years of preparation have paid off.
This field trip guide is arranged in several parts. The first includes three papers on
the history of the Bay Area from different,
progressively shorter perspectives: 850 million years of tectonics, 50,000 years of human habitation, and 200 years of recorded
seismicity. These are followed by a discussion of the performance of man-made structures during about 2 minutes last October 17.
Following these papers is the road log, giving cumulative mileages along the trip route.

Interspersed in the road log are papers discussing each stop in more detail. Distributed
with this field guide are two USGS publications that contain considerable information
about this earthquake, and should be considered integral parts of the guide, not appendices.
Although this earthquake was expected
by seismologists, it showed us that even a
well-studied fault can surprise us. Many
months after October 17, there are still debates about the role of the Sargent and Zayante Faults and the cause of ground Assuring in uie Santa Cruz Mountains. In studying the Loma Prieta earthquake and earthquake-hazard reduction in this guidebook,
we mention some of these controversies, as
well as topics as diverse as structural engineering, Quaternary geology and geomorphology, plate tectonics, and the response of
soils to shaking. This guidebook does not
hope to be an authoritative source on these
topics, and the reader should consult the
references for more detailed information.

Figure 3. The ruins of San Francisco, looking east toward Market St., after the
1906 earthquake and fire. How well prepared are we for the next "Big One?"
Photo by Eric Swenson, U. S. Geological Survey.
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A NUTSHELL HISTORY OF THE
TECTONIC DEVELOPMENT OF CALIFORNIA
W. A. Bartling
Chevron U. S, A. Inc., P. 0. Box 5042, San Ramon, California 94583-0942

The California continental margin is a
complex collage of overprinted tectonic
events and allochthonous terranes. Some of
these terranes were accreted to the continent
during the Mesozoic after traveling on
oceanic plates from equatorial regions. The
tectonic events include rifting in the Precambrian, passive miogeocline development in
the Devonian, normal and oblique subduction in the Mesozoic and early Cenozoic, and
finally dextral shear in the late Cenozoic
(Fig. 4). The last 400 million years of California history have been complicated by no
fewer than four major compressional oro
genic events (Ander, Sonoma, Laramide and
Pasadenian), two major extensional events,
the subduction/obduction of an island arc
and an oceanic ridge and the onset of transform faulting. The results are fascinatingly
diverse and complicated geology wherever
your travels take you in the state.

nearly devoid of outcrops of this age but is
inferred to have been largely in deep water
offshore of the miogeocline, possibly on
oceanic crust (Fig. 5). Passive margin
sedimentation, dominantly carbonate, persisted until the late Devonian, when it was
interrupted by die first major compressional
orogenic event, the Antler orogeny
(Dickinson, 1977).

Late Proterozoic and Early Paleozoic
Direct evidence for this part of the history is scarce. Cambrian through Ordovician
miogeoclinal sedimentary rocks (Stewart,
1972) and basaltic volcanism dated at 850
Ma (Dickinson, 1977) suggest a rifted and
subsequent passive margin setting for this
part of Cordilleran history. California is
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Figure 5. Early Paleozoic passive Cordilleran continental margin, showing cratonal
rocks and miogeoclinal sediments, after
Dickinson (1981). Neogene displaced terranes have replaced basinward rocks ofthe
rifted margin, leaving little evidence for this
time period.
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Figure 4. Major tectonic events affecting the
Cordilleran margin, after Dickinson (1981).
TECTONIC DEVELOPMENT OF CALIFORNIA

The late Paleozoic of California abruptly
introduced the Antler orogeny and convergent tectonics by thrusting eugeoclinal
oceanic facies eastward across the miogeocline (Stewart and Poole, 1974). It is suspected that an offshore island-arc system
3

bordering a marginal sea must have collided
with the continental margin to propagate the
thrusting event to the east
Considerable uncertainty surrounds the
polarity of the subducting slab. Various
workers contend that subduction was to the
east, west, or that it reversed at this time
(Dickinson, 1977). These hypotheses allow
mechanisms to generate orogenic events and
explain the juxtaposition of facies observed
in the disturbed belts.
The Antler and Sonoma (Permo-Triassic
age) orogenies also thrust oceanic sedimentary assemblages eastward over the miogeocline (Roberts Mountain allochthon, Golconda allochthon). Absent, however, are the
ophiolites of these ages expected in the case
of arc collision or back-arc basin collapse.
Mesozoic
The Mesozoic was dominated by Andean-type eastward-vergent subduction. The
accretionary wedge/forearc basin/volcanic
arc of this era are preserved today as the
Franciscan Formation, Knoxville/Great Valley Sequence, and Sierra Nevada, respectively. This system remained essentially
uninterrupted for the duration of the Mesozoic and into the early Cenozoic, except for
minor transform readjustments due to the
oblique convergence at die trench.
The locus of subduction was along the
Sierra Nevada front until the Middle Jurassic
(Schweikert and Cowan, 1975) when the
subduction zone stepped oceanward to the
present-day Coast Ranges (Fig. 9). Here we
see pillow basalts (extrusions from a
spreading ridge onto the ocean floor), turbidites (low-density, clastic sediment-gravity
flows), ribbon cherts (radiolarites deposited
in an open-ocean deep-water setting) and
metamorphics (greenschists and blueschists
formed in the high-pressure, low-temperature environment of the subducted slab) of
the Franciscan complex (Dickinson, 1981).
By the Late Jurassic, the sedimentary
machine driving deposition of the Great
Valley Sequence was in high gear, laying
elastics eroded from the uplifted Sierran arc
4

to the east onto Upper Jurassic oceanic crust
and Franciscan in the west (Bailey and
Blake, 1974; Ingersoll, 1978). A growing
structural welt of imbricated subducted materials formed the western boundary to the
deepening forearc basin. The Late Cretaceous portion of the Great Valley Sequence
is the most thoroughly documented and bestunderstood ancient forearc sedimentary system in the world (Ingersoll, 1978). The
sedimentary section is composed of more
than 20,000 feet of sediment-gravity flows
deposited as en echelon, coalescing submarine fans.
Salinia and the Proto-San Andreas
Fault
The Great Valley Sequence is exposed
along the eastern slope of the Coast Ranges,
east of the San Andreas Fault. The equivalent series west of the San Andreas Fault is
on the allochthonous Salinian Block (Fig.
9). It consists of clastic rocks deposited in
similar environments, although they are typically younger (Late Cretaceous) than the
Great Valley Sequence (Howell and Vedder,
1978). The granitic-floored Salinian block is
bounded on the west by the Sur-Nacimiento
Fault and on the east by the San Andreas
Fault, across which the arc/forearcbasin/accretionary wedge sequence is repeated.
Considerable debate surrounds the
Salinian block and its tectonic history.
Paleomagnetic data position these rocks several thousand kilometers to the south during
the Late Cretaceous (Champion et al, 1984),
whereas analysis of conglomerate clast compositions suggests that local Sierran source
terranes could have supplied the sediments to
these fans (Seiders and Blome, 1984).
Paleogeographic reconstructions of
Mesozoic California consistentiy raise the
question of the "proto-San Andreas Fault,"
first proposed by Suppe (1970). Nilsen
(1978) estimated that as much as 200 km of
dextral displacement along a proto-San Andreas fault prior to the middle Eocene is required to reconstruct the borderland (Fig. 6).
This was later supported by paleomagnetic
data (Champion et al, 1984), sedimentary
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piercepoints (Bartling and Abbott, 1984) and
source terranes of Eocene sedimentary units
in the southern San Joaquin Valley (Graham
et al, 1989).
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Figure 6. Inferred history of offset along the
San Andreas Fault, from Nilsen (1978).
Note the two-phase displacement history, the
first in the Late Cretaceous/Paleocene and the
second in the late Neogene.
The "proto-San Andreas Fault" remains
an unsolved problem due to the absence of
outcrops of the fault and the unresolved offsets. However, the solution likely lies in the
disparity between measured displacements of
basement rocks across die northern (520-720
km) and southern (300 km) strands of the
modern San Andreas Fault (Wentworth,
1968).
Cenozoic
The Cenozoic has been the most diverse
and active tectonic era of California. In this
short time, the margin has been affected by
subduction, transform, thrusting and extension. An overwhelming majority of California's vast oil reserves are trapped in
Cenozoic structures, reside in Cenozoic
reservoirs and were sourced by Cenozoic
shales. These active tectonic forces are responsible for major seismically active faults
such as the San Andreas, Hayward, and
Calaveras in Northern California and the
Hosgri, San Gabriel, and Garlock in Southern California. Other unmapped or blind
faults that have historical seismicity caused
the Coalinga (San Joaquin Valley) and
Whittier (Los Angeles) earthquakes in the
1980s (Namson, 1988; Davis et al, 1989).
TECTONIC DEVELOPMENT OF CALIFORNIA

Paleogene
The transition from subduction to transform tectonics began in the Paleogene. The
Paleocene inherited the organized Cretaceous
magmatic-arc/fcrearc-basirVaccretionarywedge continental margin. It was then
quickly dismembered, fragmented, sheared
and transported along the developing transform margin. The Salinian block was transported as much as 2500 km northward
(Champion et al, 1984), with as much as
2200 km occurring between Late Cretaceous
and middle Eocene.
This early transform event was shortlived and was followed by subduction at a
much shallower angle (Fig. 7). The shallowing of subduction angle was caused by
the buoyancy of the young subducting Farallon Plate near the Pacific-Farallon spreading
ridge. Uplift, deformation and magmatism
shifted to the east as the Laramide orogeny
(Dickinson and Snyder, 1978). The transform margin was born from the collision of
theridgewith the trench (Atwater, 1970).
Neogene
California's continental transform margin
has been extensively studied, mainly due to
the high density of university earth science
departments along the active faults. Long
before plate tectonics provided a mechanism
for continental transforms, geologists observed the large-magnitude lateral displacements across the San Andreas Fault (Hill and
Diblee, 1953).
The mechanism of initiation of California
transform faulting was first suggested by
Atwater (1970). By studying patterns of
magnetic anomalies in the Pacific oceanic
plate, she developed a model in which the
subduction margin evolved into a transform
margin by consuming the Farallon plate and
colliding the obliquely impinging PacificFarallon oceanic ridge at the trench (Fig. 8).
In the impact region, trench-parallel strikeslip faulting initiated with a displacement rate
equal to the sum of the fault-parallel vectors
from the opposing plates. As the ridge continued to obliquely collide with die trench,
the transform zone propagated north and
5

centers around the San Andreas Fault. It
extends from Cape Mendocino in the north
to the Salton Trough in the south and separates the North American and Pacific Plates.
The northern terminus is a transform-transform-trench triple junction with the Gorda
portion of the Juan de Fuca Plate (Fig. 9).
In the south it ends at a transform-ridgetrench triple junction with the Rivera portion
of the Cocos Plate south of Baja California
(Fig. 8). The faults in the San Andreas Fault
Zone are nearly vertical at the surface but
may dip eastward and become listric below
20 km (Williams et
al, 1990).

south away from the impact zone, quenching
subduction phenomena such as accretionary
wedge imbrication and magmatism, and
transported terranes northward along the
margin. A trail of younging volcanic extinctions followed the leading edge of the transform faultfromnear Santa Cruz to the active
Lassen and Shasta volcanoes in northern
California.
The San Andreas Fault Zone
Active strike-slip faulting in California
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Figure 7. Evolution of slab-subduction dips, from Cretaceous to
Oligocene times, from Dickinson (1979). Note the flattening at Paleocenetimeand the eastward migration of arc magmatism.
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The definition of
the fault and its measurable displacements vary along
this distance. North
of San Francisco
Bay the only easily
recognizable strand
is the San Andreas.
From the Bay south
to Fremont, three
clearly identifiable
strands (San A n dreas, Hayward and
Calaveras) have
historic seismicity
(Cardwell, this volume). From Hollister to the Carrizo
Plain, the San Andreas Fault maintains a linear focused
strand moving dominandy by aseismic
creep but locally
with episodic seismicity.
A t the San
Gabriel Mountains,
in the Transverse
Ranges, the fault
goes through the
"Big Bend" resulting
from the motion on
the
east-west
trending Garlock
left-lateral fault.
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Through the "Big Bend," coincident with the
rotated Transverse Ranges, the fault
maintains dextral slip but incorporates a high
degree of reverse or thrust dip slip. The
1971 San Fernando earthquake occurred on
a south-vergent thrust fault related to the
•bent' portion of the San Andreas. As the
fault progresses south to its termination in
the Salton Trough, its history becomes
complicated by motion along three major
strands (San Andreas, Elsinore and San
Jacinto). Further slip is consumed along a
great number of
offshore faults in
BO
"The Borderland"
MYBP,-;-,y/,
between the Channel
Islands and the Mexican border (Legg et
al, in press; Vedder
et al, 1974).

are normal to the fault trace. This is caused
by the weakness of the fault trace, and
results in thrust and reverse dip-slip focal
mechanisms of modern earthquakes (such as
Coalinga and Whittier) associated with folds
trending subparallel to the San Andreas.
Summary
The California Continental margin is a
complex overprinting of multiple tectonic
events dominated by the most recent trans-

The San Andreas
Fault in Northern
California
In strike-slip environments, minor
changes in relative
plate motion or fault
geometry lead to
significant changes
in fault behavior.
Slight extension
(transtension) leads
to basin development, compression
(transpression) to
mountain belt development, and neutral
to rapid lateral slip.
Also, new faults become active. The
most notable and
seismically active of
these are the Hayward and Calaveras.
Near-fault stress directions measured
from oil well breakouts,
downhole
stress measurements
and shear wave
seismic experiments
(Zoback et al, 1989)

Figure 8. Evolution of the Cordilleran margin from subduction to
transform, by collision of the spreading ridge with the trench, from
Dickinson (1979). Note the migration ofthe triple junctions north and
south away from the zone of ridge impact.

TECTONIC DEVELOPMENT OF CALIFORNIA
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form regime. Translations along the margin
have juxtaposed terranes of different origins
and elevations, creating ephemeral basins
which fill with large sedimentary thicknesses

in short times. This setting provides the geologist simultaneously with some of North
America's most prolific oil basins and great
enigmas concerning their evolution.

Figure 9. Major faults and tectonic provinces of California, from
Nilsen (1978). The Salinian Block is bounded on the east by the
San Andreas Fault and on the west by the Sur-Nacimiento Fault.
The northern terminus ofthe transform zone is at Cape Mendocino,
where the San Andreas Fault forms a triple junction with the Mendocino fracture zone and the Cascadia subduction zone. Abbreviations' BH Bodega Head; CM Cape Mendocino (north), Chocolate
Mountains (south); EP El Paso Mountains; GVS Great Valley Sequence; KJF Franciscan Formation; LA Los Angeles; M Monterey ' MP Mount Pinos; OM Orocopia Mountains; PA Point Arena;
SC Shelter Cove; SCI Santa Cruz Island; SD San Diego; SF San
Francisco; SG-H San Gregorio-Hosgri Fault; SM Santa Monica
Mountains; SMI San Miguel Island; SP Sierra Pelona; SR Santa
Rosa Island; SS Sierra de Salinas.
8
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BEARSKINS TO BARE SKINS (IN HOT TUBS):
THE HUMAN OCCUPATION OF NORTHERN CALIFORNIA
R. M . Kieckhefer
Chevron U. S. A. Inc., P. O. Box 5042, San Ramon, California 94583-0942

Thefirsthumans migrated into California
about 50,000 years ago, according to aminoacid-racemization analysis of artifacts from
Del Mar, in San Diego County (Bada et al,
1974). Several peaceful Indian tribes thrived
in the state and were relatively isolated from
each other by the various mountain ranges.
ThefirstEuropean to visit California was
probably Juan Rodriguez Cabrillo, a Portuguese ship captain employed by Spain. In
1542 he anchored in San Diego Bay, and
although he died the following year, his ship
and crew subsequently sailed along much of
the California coast. Cabrillo is credited
with naming California. The Cabrillo expedition was not too impressed with California, primarily because the hoped-for strait
to the Atlantic Ocean was not found. In
1579, Sir Francis Drake sailed along the
California coast, named it New Albion, and,
being more impressed than Cabrillo's men,
claimed it for England. Numerous other
explorers followed, most of them Spanish,
and the English claim was ignored.
European settlement of California began
in 1769, when Captain Gaspar de Portola,
Spanish governor of Baja California, acting
on orders of Carlos HI, King of Spain,
established a Presidio (military fort) in San
Diego. In the following year another was
established in Monterey, in the same years,
the Franciscan missionaries led by Padre
Junipero Serra began establishing missions.
By 1823, they had built 21 of them, from
San Diego to Sonoma, each about a day's
walk from the next along El Camino Real
(The Royal Highway — perhaps a forerunner of today's freeway system). In the
Bay Area, missions were San Francisco de
Asis (1776), Santa Clara de Asis (1777),
Santa Cruz (1791), San Jose (1797), and
San Francisco Solano (1823, in Sonoma).
Many of the Spanish settlers received land

grants from the King of Spain and ran large
cattle and sheep ranches, employing Indians
in sometimes harsh conditions. The Indians
revolted in 1775, 1781, and 1824, but were
put down each time by Spanish troops. A
major controversy in today's movement to
canonize Padre Serra is the church's involvement in the subjugation of the native
population.
After Mexico won its independence from
Spain in 1822, the Mexican government began replacing the missions' rule with military
forces and began selling the missions to private citizens. By 1834 the missions had lost
all authority over their populations, and by
1844 all missions had been sold. During
this time, Mexico's control over California
was tenuous. In 1822, California set up its
own legislature, but Mexico, wanting greater
control, declared it a territory and sent in a
governor to rule in 1825. After a brief rebellion against Mexican troops in 1831,
Mexico granted California some self-rule,
though it remained a territory. In addition to
these threats to its sovereignty, Mexican rule
was challenged by Russian trappers, who
established trading posts and forts as far
south as Fort Ross, about 70 miles north of
San Francisco. After the Monroe Doctrine
was declared in 1823 by the U . S. (not
Mexico), the Russians withdrew to Alaska.
On May 13, 1846, the U . S. declared
war on Mexico (the Mexican War). Before
word of this reached California, on June 14,
a group of U . S. settlers surrounded the
Mexican fort at Sonoma at dawn, roused
General Vallejo out of bed, and are reported
to have said, "General, you have been revolutionized." There are rumors that many of
the rebels weren't sober, but, regardless,
their surprise attack forced Vallejo to surrender, the California Republic was declared,
and a crude version of the "Bear Rag" that
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now flies above our state was soon flying
over Sonoma. Less than two weeks later,
U.S. troops took over Sonoma, and after the
U.S. won the war in 1848, California became a U.S. territory.
Also in 1848, of course, gold was discovered near Sutter's Mill, and the gold rush
soon began. In addition to U.S. citizens arriving by wagon and ship, citizens of many
other countries also surged to The Golden
State (including, notably, 7,000 Chileans
(Beilharz and Lopez, 1976)). Between 1848
and 1860, the state's population swelled
from 20,000 to 380,000. While a few made
fortunes in the gold fields, those who made
the biggest fortunes were the investors who
bought real estate early in the rush. California real estate values have continued to soar
to this day.
California joined the union on September
9, 1850, as the 31st state. In 1869, when
the first transcontinental railway reached
Sacramento, the state became an integral part
of the U . S., no longer a two-month journey
from the power centers of Boston, New
York, Washington, and Chicago. With this
integration into the U . S., ties to Mexico became more distant. An interesting story is
that of the Californios, the aristocratic
Spaniards and Mexicans who ruled the state
before 1848 (R. W. Paul, pers. comm.,
1985). With the gold rush, they rapidly lost
economic and political power in the San
Francisco-Sacramento area, as Anglos challenged the authority of their Spanish or
Mexican land grants. The land grants eventually were upheld by the courts, but at an
expense that often forced the Californios to
sell land to pay the lawyers. After being
thus forced out of northern California, these
Hispanic aristocrats moved south and continued to rule the Santa Barbara area through
the 1860s. When continued migration of
Anglos to that city voted out the Californio
city council, many moved to the Santa Ynez
Valley, north of Santa Barbara, in the 1870s.
With intermarriage and increasing Anglo
immigration, the descendants of Cafifornia's
first rulers quietly ceased to be an identifiable
force by the 1880s, barely a generation after
"independence"fromMexico.
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San Francisco was a nearly lawless city
in the late 1800s, and shootings of politicians and news reporters by each other were
rather common occurrences. The early
1900s, of course, were dominated by the
1906 earthquake and fire and subsequent rebuilding of the city. San Franciscans* appreciation of the arts was apparent by that
time, as the first building permit issued after
the fire was for a theater. Much of the rubble of 1906 was pushed into the Bay, and
the new land thus created in the Marina District soon became the site of the PanamaPacific International Exposition in 1915.
This Expo showed the world that San Francisco was back on its feet, and also celebrated the opening of the Panama Canal.
By this time, the Peninsula was too small
to house the population that worked in San
Francisco, even with such extreme measures
as moving the cemeteries to Colma to create
more space for housing. Cities were rising
in the East Bay and Marin County, and frequent ferry service joined them to San Francisco. Proposals had been floated, beginning in the 1880s, to span the Golden Gate
and the Bay with bridges, but it was the
Great Depression that brought these dreams
to reality. Depression-era government projects built both the Golden Gate and Bay
Bridges in the mid-1930s; in the process, the
Bay Bridge used 18% of the entire nation's
steel output in 1933 (Dillon et al, 1979) and
the world's largest single-bore tunnel had to
be drilled through Yerba Buena Island (EQE
Engineering, 1989). To celebrate the end of
the Depression and the completion of the
bridges, the 1939-40 Golden Gate International Exposition was held on Treasure
Island, an artificial island in the bay, created
from the rock bored out of Yerba Buena
Island to make the Bay Bridge tunnel.
The Bay Area was a major aircraft- and
ship-building center during World War II,
and many U . S. troops departed for the Pacific Theater through the Golden Gate. In
the postwar era, the region has become one
of the nation's premier educational and research centers, especially in the earth
sciences, nuclear energy, and microelectronics. The University of California, Berkeley,
founded in 1868, and Stanford University,
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founded in 1891, have attracted top researchers. With this base, many government, academic, and industrial research centers have been established, including the
U . S. Geological Survey office in Menlo
Park, the Stanford Linear Accelerator Center, the Lawrence Berkeley and Lawrence
Livermore Laboratories, and "Silicon Valley," the world's premier computer research
and development region.
San Francisco, "The City," has been a
favorite vacation center for much of this
century, in part because of its beautiful hills
(created, to some degree, by those annoying
earthquakes). San Franciscans are also
proud of their restaurants, especially the
"hole-in-the-wall" places serving anything
from Arabic to Yugoslav cuisine at quite reasonable prices. Mediocrity is not tolerated,
and when a food columnist recentiy noted
that a Lebanese restaurant was serving beef

instead of the authentic, traditional lamb, the
restaurant's menu was changed within a few
days. Major festivals, such as public radio/television auctions or the Golden Gate
Bridge 50th birthday party, feature top chefs
manning stalls selling their restaurants' most
famous offerings. To accompany the food,
of course, are wines from the Napa,
Sonoma, and other valleys north, east, and
south of the bay. And after dinner, a soak
beneath the stars in a hot tub is customary in
many circles. Although the redwood hot tub
was probably invented by a lumberjack years
ago, now the world's highest density of
them must be in Marin County. Also important to many Bay Area residents are the San
Francisco Symphony and Opera, which are
world-renowned. Many theaters, especially
in San Francisco and Berkeley, show a
variety of plays, and art galleries also
abound throughout the Bay Area.

1

Figure 10. This fence i2 mile northwest ofWooodville was
offset 2.6 m right-laterally by the April 18,1906, great earthquake on the San Andreas Fault. Photo courtesy U. S. Geological
Survey.
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EARTHQUAKE HISTORY OF THE SAN FRANCISCO BAY AREA
R. K. Cardwell
Chevron USA. Inc., P. O. Box 5042, San Ramon, California 94583-0942

The San Francisco Bay Area occupies a
unique location with respect to the seismicity
of California. Not only is the Bay Area
home to one of the two largest earthquakes
ever to occur in California, but 17 other
earthquakes with magnitudes greater than
5.9 have occurred in the period from 1800 to
the present Twelve of these events occurred
in the 106 years prior to the great San Francisco earthquake of 1906. Tne 1989 Loma
Prieta earthquake was the largest of the five
events to occur in the 84 years since 1906.
This paper summarizes the earthquake
history of the region from Monterey in the
south to Healdsburg in the north and from
offshore to Stockton in the east. The written
history of earthquakes in California began in
1800 when damage was reported at Mission
San Juan Bautista. Written records of earthquake felt effects and damage effects provided the only information on seismicity
until the early 1900s, when a network of
seismographs began operating. The data
sources for this summary are the Earthquake
Epicenter Map of California (Real et al,
1978), die Fault Map of California (Jennings
et al, 1975), and a summary of historical
earthquakes (Toppozada et al, 1981). A map
of large earthquakes in California appears in
the U . S. Geological Survey pamphlet
(Ward and Page, 1989) accompanying this
field trip guide.
The Bay Area is one of a very few
metropolitan areas having such a large number of active fault zones nearby (Los Angeles
and Wellington, New Zealand, are others).
From west to east the major fault zones are
the Seal Cove-San Gregorio, San Andreas,
Hayward, Healdsburg-Rodgers Creek, Calaveras, Concord-Green Valley, and Greenville. Most fault zones strike north-northwest
subparallel to the San Andreas fault A l l
significant earthquakes with magnitudes
greater than 5.9 can be associated with
12

rupture on one of these faults. The depths of
the earthquake hypocenters along these faults
vary from less than 1 km to as deep as 18
km. In the following sections the seismicity
associated with each major fault zone is
discussed.
San Andreas Fault
The San Andreas fault is a major rightlateral, strike-slip fault with up to 600 km of
offset along its length (Crowell, 1979). The
fault is the transform boundary between the
Pacific and North American plates. The last
major rupture of this plate boundary occurred in 1906. In the 106 years prior to this
event, there were 4 significant events with
magnitudes greater than 5.9. Two events
ruptured the fault near San Juan Bautista in
1800 ( M = 6.0) and 1890 ( M « 6 . 0 ) and
one event ruptured the fault on the San
Francisco peninsula near Daly City in 1838
(M = 7.0). In 1865, a large ( M - 6 . 5 )
event occurred near the same location as the
1989 Loma Prieta event in the Santa Cruz
mountains and caused 6 deaths.
The April 18, 1906, earthquake was the
largest historic event to occur in the Bay
Area and had a magnitude of 8.3. The earthquake ruptured over 300 km of the plate
boundary from Pt. Arena, 190 km north of
San Francisco, to San Juan Bautista, 130 km
to the southeast, and had up to 7 m of rightlateral, strike-slip offset (Lawson et al,
1908). The earthquake and resulting fire
caused over 700 deaths, making it the deadliest earthquake in U.S. history. About
$500 million of damage was caused, roughly
equivalent to $20 billion in 1990 dollars,
making it the costliest disaster in U . S. history (Sherburne, 1981; Plafker and Galloway, 1989).
Following the 1906 event there was one
moderate event (M = 5.5) in 1914 near
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Redwood Estates and then there was a period of over 40 years without any events
having magnitude greater than 5.0. The quiescence ended in 1954 when Watsonville
was struck with a M = 5.3 event. Three
years later, on March 22, 1957, Daly City
was struck with a M = 5.3 event that caused
one death. This was the most damaging
earthquake to hit the Bay Area between 1906
and 1989.
Following the 1954 event in Watsonville, there have been several small
(M < 5.5) events in the same area of the
Santa Cruz mountains. The two most recent
events were on June 27,1988 (M = 5.1) and
August 8, 1989 (M = 5.2). These events
were followed by the large earthquake on
October 18, 1989 (GMT), near Loma Prieta
peak in the Santa Cruz mountains (Plafker
and Galloway, 1989). The 7.1 magnitude of
this event made it the second largest event to
occur in the Bay Area and the largest to occur in California since 1952. The quake
caused 62 deaths and was one of the costliest
natural disasters in U.S. history. Although
scientists disagree about details of the event,
most agree that Uie San Andreas Fault rup-

tured for 45 km along an inclined plane dipping 70° to the southwest. The fault motion
included 1.9 m of right-lateral strike slip, in
agreement with the amount of strain accumulated since 1906. The fault also had 1.3 m
of reverse slip, in agreement with simple
kinematic models of slip on a dipping plane
at a compressional bend in the fault (USGS
Staff, 1990). Aftershocks have continued
for months; notable among these were several (one with M > 5) on April 18, 1990, the
84th anniversary of the 1906 quake.
The 1988 Working Group on California
Earthquake Probabilities (WGCEP) assigned
a 30% probability that there would be a
M ~ 6.5 event in the southern Santa Cruz
mountains segment of the San Andreas fault
in the 30 year period from 1988 to 2018.
The 1989 event filled this seismic gap, but it
did not relieve the strain on the fault north of
the 1989 rupture zone. The probability for a
M ~ 7.0 event on the San Francisco peninsula segment of the San Andreas fault
remains at 20% for the period 1988 to 2018.
Along the fault north of San Francisco,
the probability for a M = 8.0 event is less

Significant Earthquakes of the San Francisco Bay Area
(Events with magnitudes > 6.0,fromToppozada et al, 1981)
Date (GMT) Latitude Longitude Modified
Magnitude Fault
(M/D/Y)
N.
W.
Mercalli
Intensity
1800
36.8
121.5
vn
6.0
San Andreas
06/10/1836
37.8
122.2
VTU
6.8
Hayward
06/? 7/1838
37.6
122.4
vin
7.0
San Andreas
11/26/1858
37.5
121.9
vn
6.1
Hayward
10/08/1865
37.3
121.9
LX
6.5
San Andreas
10/21/1868
37.7
122.1
LX
6.8
Hayward
05/19/1889
37.9
121.8
VLTI
6.0
Greenville
04/24/1890
36.8
121.5
vm
6.0
San Andreas
04/11/1892
38.4
122.0
IX
6.8
Coast Range
04/21/1892
38.5
121.9
LX
6.2
Coast Range
06/20/1897
37.0
121.5
vm
6.2
Calaveras
03/31/1898
38.2
122.4
IX
6.5
Rodgers Creek
04/18/1906
37.7
122.5
IX
8.3
San Andreas
07/01/1911
37.3
121.8
vn
6.2
Calaveras
10/22/1926
36.5
122.2
vn
6.1
San Gregorio
(2 events)
04/24/1984
37.3
121.7
vn
6.1
Calaveras
10/18/1989
37.3
121.9
IX
7.1
San Andreas
0

0
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than 10%. South of the Loma Prieta rupture
zone, the probability for a significant earthquake also is less than 10%. This portion of
the San Andreas Fault is characterized by
numerous small earthquakes (M < 5.0) and
aseismic creep events.
Hayward Fault
The Hayward fault is a major right-lateral, strike-slip fault that is located on the
east side of the San Francisco Bay. The
fault branches off of the Calaveras fault
south of San Jose and continues northward
I I I I I I I I I I 1 I 1,1.1,1-!.!.[.| .1 X I >, ' > ' ' • • I • • ' '

38°H

' ••I ' ' •' I •' •

until it enters the bay at Point Pinole, near
San Pablo. The northward continuation of
the fault is uncertain, but it may continue toward Petaluma along a fault zone in the
Petaluma Valley.
Several destructive earthquakes have occurred along the Hayward fault. In 1836, a
M « 6.8 event ruptured the northern portion
of the fault, from San Pablo to Fremont.
The southern portion of the fault, north of
San Jose, may have ruptured in a moderate
(M » 6.1) quake in 1858. In 1868, a
M « 6.8 event ruptured over 45 km of the
fault from Oakland to
south of Fremont. This
earthquake caused surface
displacements of up to
1 m and resulted in 27
deaths. Since 1868, there
has been very little activity
along the fault. The
largest event (M = 5.3)
occurred near Fremont in
1986.
The 1988 WGCEP
determined the probability
for a M » 7.0 event on the
northern portion of the
Hayward fault to be 20%
for the period 1988 to
2018. The southern portion of the fault has the
same probability. Many
seismologists and engineers believe that the
Hayward fault will be the
site of the next destructive
earthquake in the Bay
Area.
Healdsburg-Rodgers
Creek Fault

37°H
122°
Figure 11. Seismicity of the Bay Area, 1969-1988, after Lienkaemper (1989). Squares indicate M 23 events. Large black
dots indicate M 2 5.8 events since 1979, and smaller black dots
on stars locate M >5 events since 1984. The M 25 event near
the Loma Prieta epicenter was the June 27, 1988, M = 5.1
preshock. Creeping fault segments are dashed.
14

The HealdsburgRodgers Creek fault system is located in Sonoma
County, north of San
Francisco Bay. This system may branch off the
Hayward fault beneath
San Pablo Bay and continue north past Santa
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Rosa to Healdsburg. The southern portion
of the Rodgers Creek fault was ruptured by a
M » 6.5 earthquake in 1898. Two moderate
(M = 5.6 and M = 5.7) earthquakes occurred
further north along the Rodgers Creek fault
in 1969 and killed one person.
Calaveras Fault
The Calaveras fault is a major right-lateral, strike-slip fault that branches off the
San Andreas fault south of Hollister and
continues northward to at least Walnut Creek
(east of Berkeley). An earthquake along the
fault in 1861 ruptured the ground surface
between Dublin and San Ramon, east of
Oakland. However, most of the significant
earthquakes have occurred along the southem portion of the fault, south of San Jose.
Two events ruptured the fault between San
Jose and Morgan Hill in 1911 (M = 6.2) and
1984 (M = 6.1). The next fault segment to
the south, from Morgan Hill to Hollister,
ruptured in 1897 ( M = 6.2) and 1979
(M = 5.9). The 1984 Morgan Hill earthquake ruptured 30 km of the fault and had
0.4 m of right-lateral, strike-slip offset.
The portion of the fault south of Hollister
is where the Calaveras joins the San Andreas. This segment has had numerous
small quakes with magnitudes less than 5.6.
The Morgan Hill earthquake of 1984 was
the last significant event to occur along the
Calaveras fault. The fault is capable of sustaining a M = 7.0 earthquake, but the
WGCEP has not assigned any probabilities
yet for events along the fault.
Concord-Green Valley Fault
The Concord fault may branch off the
Calaveras fault. This fault lies west of Mt.
Diablo and continues north through Concord
(northeast of Berkeley). It may join the
Green Valley fault across Suisun Bay in
Napa County. A moderate (M = 5.4) earth-
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quake occurred near Concord in 1955 and
caused one death.
Two swarms of small quakes (the largest
M = 4.6) occurred near the southern end of
the Concord fault, near Mt. Diablo, on April
6 and 27, 1990. These events and their
aftershocks occurred on a northeast-striking
vertical plane between and perpendicular to
the Concord and Calaveras Faults, and the
focal-plane mechanisms showed /e/r-lateral
motion (J. P. Eaton, pers. comm., 1990).
Other Faults
The Greenville fault system is another
right-lateral strike-slip fault zone, lying east
of the Calaveras fault. The fault is located
east of Mt. Diablo and continues to the
southeast past Livermore. The largest event
on the fault occurred in 1889 east of Mt.
Diablo and had a magnitude of 6.0. In
1980, two earthquakes occurred north of
Livermore with magnitudes 5.8 and 5.6.
The most recent event occurred in 1986. It
had a 5.7 magnitude and was located southeast of Livermore near Mt. Lewis.
Two earthquakes occurred in 1892 near
Vacaville, 65 km northeast of Berkeley
(M = 6.8), and Winters, 20 km north of
Vacaville (M - 6.2). One person died in the
Vacaville earthquake. These events may
have occurred along the Coast Range fault
zone that separates the Great Valley sequence
from Franciscan formation (Fig. 9).
The most westerly major fault zone in the
area is the Seal Cove-San Gregorio fault
zone. The fault branches off the San Andreas fault near Bolinas, in Marin County,
and continues offshore over most of its
length to Monterey. South of Monterey, the
fault may come onshore and merge with the
Palo Colorado fault Two large (M = 6.1)
earthquakes ruptured this fault near Monterey in 1926.
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PERFORMANCE OF STRUCTURES
IN THE LOMA PRIETA EARTHQUAKE
EQE Engineering Inc.

1

595 Market Street, 18th Floor, San Francisco, California 94105

Among the most catastrophic seismic-induced events were the collapse of the elevated Cypress Street section of Interstate 880
in Oakland, the collapse of a section of the
San Francisco-Oakland Bay Bridge, multiple
building collapses in San Francisco's Marina
district, and the collapse of several structures
in Santa Cruz (at the Pacific Garden Mall)
and in other areas around the epicentral region. It is possible that surface waves,
which are a slower rolling motion and the
last type of seismic wave to arrive, stimulated heavy motion in soft, water-saturated
soils around the Bay's margin, resulting in
much of the dramatic damage in parts of San
Francisco and Oakland. This was somewhat
like the amplified earthquake waves that destroyed sections of Mexico City in 1985,
hundreds of miles from that earthquake's
epicenter (Reichle, 1986).
Unreinforced Masonry Buildings
As has been observed in past California
earthquakes, the most concentrated and severe damage to building structures occurred
in unreinforced masonry (URM) bearingwall buildings. U R M buildings, constructed
of wood-frame roof and floor systems supported by thick unreinforced brick walls,
were commonly constructed throughout
California until the 1930s, when the adoption of building codes with seismic-resistive
provisions prevented their further development. As a result, U R M buildings are typically found in the central business districts of
older California cities.
Failures of U R M buildings result from
inadequate anchorage of the masonry walls
to roof and floor diaphragms, as well as the
limited strength and ductility of the basic

building materials and poor construction
workmanship. Deterioration of the sandlime mortar and wood framing due to
weather exposure frequentiy contributes to
poor performance. California has recently
enacted legislation (SB 547) requiring cities
to identify U R M buildings and develop plans
to reduce the risk they present
Damage to U R M buildings in the Loma
Prieta Earthquake ranged from dramatic collapses near the epicenter to fallen parapets in
Martinez, more than 70 miles away. Lifethreatening collapses also occurred in Hollister, Los Gatos, Oakland, and the San Francisco financial district. Generally, buildings
with through-wall anchorage to floor and
roofframingperformed better than buildings
without this feature.
Most U R M buildings in the region survived the earthquake without collapse or
obvious substantial damage. However, field
investigations show that many of these
structures have experienced extensive cracking of the masonry and are therefore weakened. If not repaired, some of these buildings are likely to collapse in future earthquakes.
Concrete Buildings
Many older reinforced concrete structures have very limited seismic resistance.
These buildings tend to be quite heavy, resulting in large seismic forces. In addition,
concrete itself is quite brittle and requires
extensive amounts of reinforcing steel to perform properly in earthquakes. Many concrete structures designed prior to the 1970s
do not have adequate reinforcing steel to ensure good performance. Termed non-ductile

Excerpts from EQE Engineering's The October 17,1989, Loma Prieta Earthquake are reprinted here with permission.
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concrete structures by engineers, these
structures have collapsed in past earthquakes. The Cypress Viaduct that dramatically collapsed was a non-ductile concrete
structure.
Fortunately, there are relatively few nonductile concrete buildings in the region and
no buildings of this type collapsed. However, a fifteen-story concrete shear-wall
structure in downtown Oakland was extensively damaged. The lightweight concrete
shear walls at the first story split and shattered, exposing die reinforcing steel to view.
The presence of a redundant steel frame
within the building may have prevented the
collapse of this structure.
Tilt-up Buildings
Concrete tilt-up buildings are the most
common form of modem low-rise industrial
and commercial construction throughout
California. They usually are constructed
with plywood-sheathed wood-frame roofs
supported by perimeter concrete walls. They

are called "tilt-ups" because the perimeter
walls are constructed lying flat against the
floor slab and then tilted up into position
around the building. Extensive damage to
these buildings has been observed in past
earthquakes, including the 1987 Whittier and
1971 San Fernando events.
Thousands of tilt-up buildings are present in the affected region. Although some
significant damage was experienced near the
epicenter, the greatest concentrations of these
buildings are located in areas that experienced relatively limited ground motion.
Most of these buildings therefore had little
damage.
Several tilt-up buildings in Hollister partially collapsed as the result of inventories of
stacked cans of tomato products tatting the
walls during the earthquake. Damage to
both the buildings and the inventories was
great, showing that seismic issues relating to
building contents, as well as the biddings
themselves, cannot be ignored.

Figure 12. The Stanford Library, Palo Alto, following the April 18,1906, earthquake.
This was probably an unreinforced-masonry building. Photo by W. C. Mendenhall, U. S.
Geological Survey.
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These buildings appeared to have been
built in the late 1960s or early 1970s and
were observed to not have roof-to-wall anchors. These anchors were required following collapses of tilt-ups during the San Fernando Earthquake in 1971.

izer from several tanks. The tanks appeared
to contain about 75 gallons of fertilizer. The
shear resulted in the pipe shifting approximately 6 inches horizontally. The horizontally mounted tanks also slid and fell off their
unanchored saddle supports.

Steel Buildings

Additional agricultural damage was recognized by apple growers, whose ripe apples were shaken off the trees and bruised,
degrading them from fresh-produce quality
to sauce or juice apples.

Modern steel-frame buildings performed
excellendy in this earthquake, as they have in
the past. Damage was typically limited to
cracking of cladding and interior partitions
and widespread disarray of contents. The
nonstructural damage sustained by steelframe buildings may largely be attributed to
their flexibility, which results in very large
displacements.
Wineries
A winery in Gonzales, about 20 miles
south of Salinas, has about 75 to 100 thinwall stainless steel wine storage tanks with a
total capacity of 2.2 million gallons. These
tanks are all flexibly enclosed. Ten tanks
suffered cracks in welds at the base, with a
subsequent loss of about 20,000 gallons of
wine. The rest of the facility suffered only
minor architectural damage.

Electric Power Systems
The electric power systems in the earthquake-affected areas are operated by the Pacific Gas and Electric Company (PG&E).
Most of these facilities had either very light
or no damage. The Moss Landing Power
Plant, the San Mateo substation, and the
Metcalf substation had damage to their
switchyards that required repairs before returning to operation. Moss Landing, for example, was off-line for three days following
the earthquake. Power was lost in San
Francisco's financial district for varying
amounts oftime,typically overnight to a few
days.

A San Martin winery sustained damage
to several of its storage and fermentation
tanks. Slight buckling in many tanks was
observed and movement of most tanks was
evident. Most were anchored, but some that
were anchored broke loose and moved.
Some were welded to embedded steel, but
the welds were too small (Vis inch) to prevent the tanks from breaking loose. Anchorage had insufficient edge distance and caused
failure of the concrete. For those anchors
that did provide proper holddown, no buckling of tanks was observed. Four unanchored tanks developed leaks.

The earthquake-induced failures that occurred within the power system are typical of
those observed in most previous major earthquakes. These include fracture of ceramic
components in high-voltage substations (230
and 500 kV), and pockets of damage in the
local power distribution system. PG&E was
able to restore bulk power to the Bay Area
almost immediately after the earthquake, by
routing power transmission around damaged
high-voltage substations. To ensure safety,
restoration of power in localized areas required detailed inspection and repair of
sporadic damage, such as downed distribution lines.

Agriculture

Water Facilities

Along State Highway 129, near Watsonville, an irrigation/fertilization station
servicing an adjacent farm field suffered a
ruptured 9-inch diameter PVC pipe. The
pipe was sheared at an interface with an
aluminum manifold that draws liquid fertil-

Water facilities generally performed well
following the earthquake, with the water
lines in Oakland and the majority of those in
San Francisco left largely intact. Local water
lines were broken in Los Gatos, the Santa

18

1990 NCGS FIELD TRIP: THE OCTOBER 17,1989, EARTHQUAKE: GEOLOGY & IMPACTS

Cruz area, and in the Marina district of San
Francisco.
The Lexington Pumping Plant and
Reservoir are located south of Los Gatos and
are approximately 15 milesfromthe epicenter. The reservoir has an earthen dam,
which was observed to have cracks in the
earth and roadway atop the dam. A 30-inch
welded steel pipe at the top of the dam was
completely severed at a weld joint due to soil
movement The Rinconada Water Treatment
Plant, located a few miles north of the dam,
had damage to three of four flocculators,
which was induced by reported 6- to 8-foot
earthquake-generated waves in the treatment
pools. Equipment within the control building slid slightly during the event, but no
significant damage was done to the control
equipment or to the structure.
The Santa Cruz Water Treatment Plant,
located north of Santa Cruz, sustained no
significant damage. Although power was
lost, the uninterruptible power supply protected the computers successfully, and a 600
kW diesel generator started and generated for
about 20 hours, until normal power was restored. The well-engineered facility was
built in 1962 and modernized in 1987.
Several San Francisco water mains have
broken in the months following the earthquake. Although the cause of these breaks is
not known, there is speculation that it is related to soil movement creating stress on the
mains, which have subsequentiy failed.
Natural Gas Transmission System
There was no reported damage to the
major natural gas transmission system.
Damage was generally restricted to the local
or regional service or distribution systems.
Most of the reported problems on the natural
gas system were due to people turning off
their gas at the service connection.
Three isolated failures in the East Bay
distribution system were reported. These
were caused by local soil failures, as shown
by extensive soil heaving in the areas surrounding the breaks. In the epicentral area in
the Santa Cruz Mountains, distribution sys-

tem damage was restricted to three small line
leaks. Two of these occurred at locations
where gas lines were attached to bridge
structures that were damaged. The third leak
occurred in an old section of line constructed
in 1948; this line was in the process of being
replaced.
Communications
In general, telephone systems performed
better than expected, especially considering
the seismic forces that equipment in the epicentral area had to withstand. Of particular
interest is a telephone building in Watsonville. It is a massive four-story reinforced
concrete shear-wall structure built in the
1940s or 1950s. The building was instrumented on several floors. The recorded peak
ground accelerations were 0.39g horizontally
and 0.66g vertically. The peak horizontal
acceleration on the roof was 1.24g!
The building contains three floors of telephone switching equipment. In addition, it
has extensive piping, cable trays, and heating and ventUaring systems. It also contains
various electrical and mechanical equipment.
During the earthquake, when off-site power
was lost, the emergency diesel generator
started up immediately and it and the batteries in the building kept the system on line.
These emergency power systems operated
without interruption through the major aftershocks.
Transportation: Cypress Viaduct
Several major highways, overpasses,
and ground thoroughfares were damaged
and rendered useless, some for only a short
time, others for as much as a few years.
The collapse of the Cypress Street elevated section of 1-880 (Fig. 29), near downtown Oakland, was responsible for the majority of deaths from the earthquake. The
double-deck highway system consists of box
girder decks supported by concrete frames.
The reinforced concrete frames rely on the
ability of columns and beams to absorb lateral forcesfroman earthquake, without additional diagonal bracing. To do this, concrete
columns require adequate horizontal ties to
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contain vertical reinforcing steel bars and the
concrete core as the columns flex and sway
in an earthquake. The lack of these horizontal ties can result in sudden brittle shear failure of the columns during strong ground
shaking. In the Cypress section, failure occurred at the connection of the support
columns and the transverse beams, at the
lower roadway level.
Support columns in the Cypress section
contained large amounts of vertical reinforcing steel, typically 2.25 inches in diameter.
This provided ample vertical load-resisting
capacity. However, only 0.5-inch diameter
bars, spaced 12 inches apart, were used to
tie the vertical steel and provide shear resistance for the columns. These horizontal ties
ripped like baling wire during the earthquake
and appeared insignificant when compared to
the heavy vertical reinforcing that was provided. Though this construction technique
was commonly used for buildings, bridges,
and other structures until the late 1960s, current standards do not allow its use in areas
prone to potential strong ground shaking.
The collapsed portion of 1-880 is located
on man-made ground, whereas the surviving
elevated section is located on Quaternary
alluvium, where shaking was less (Figs. 34
and 35).
Transportation: Bay Bridge
The failed span of this 53-year-old-.
bridge was the upper deck of a simple 50foot span that links the cantilever and incline
sections of the eastern part of the bridge.
The supporting tower was cross-braced in
both directions. During the earthquake the
cantilever and incline sections oscillated
longitudinally, resulting in the gap between
them increasing by about 7 inches, while the
beam seats were only 5 inches long. This
caused failure at the cantilever connections,
dropping the top span onto the lower span.
Girder seats of the incline section sheared
their connections and have a permanent displacement of about 5.5 inches to the east.
The cause of the bridge failure was really
quite simple, and it was repaired in one
month. Bolts on the incline section also
failed and there is some speculation that this
20

may have been caused by unusual vertical
movement
Transportation: Santa Cruz
Mountains
Highway 17 is the only thoroughfare
over the Santa Cruz Mountains, and about
20,000-30,000 people commute between
Santa Cruz County and the Bay Area each
day. Two earthquake-generated landslides
piled a vast amount of earth onto Highway
17, closing or curtailing its use for about two
months. To return the road to public use,
the earthen mass covering it had to be removed before highway repairs could commence. In addition, cuts had to be made on
the hillside to reduce slopes to the road,
making additional landslides less likely.
This reshaping of the slope required the relocation of telephone and power lines, causing
further delay. Rains and aftershocks, both
with the potential of generating additional
landslides, also slowed rebuilding efforts.
Transportation: Airports
San Francisco International Airport was
closed for 13 hours because of a power failure and superficial damage, such as fallen
ceiling tiles and broken windows, to the
control tower. The passenger terminals all
suffered cosmetic damage, and the North
and International Terminals had water damage due to sprinkler heads shearing off and
other piping breaks. One cargo terminal suffered severe damage and was closed, but
otherwise the damage was quickly repaired
and the airport was operating the morning
after the earthquake.
The major damage at Oakland International Airport was to the runway: 3,000 feet
of the 10,000-foot runway was closed due to
slumping and cracking of the asphalt surface, and 5 months after the earthquake
1,500 feet was still unusable. The apron and
turnaround area had extensive cracking, but
remained usable. The water main ruptured.
Terminal One, the older building, had damage to the stractural members supporting the
concourse. Terminal Two, built in 1985,
suffered only cosmetic damage.
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San Jose International's control tower
had minor window damage, and a water line
ruptured, causing minor flooding in one
parking area. The airport was able to continue operating on emergency power. Transportation: Seaports
At the Port of San Francisco, the historic
Ferry Building, which survived the 1906
earthquake with minor damage, did even
better in this event. Due to a concern that
asbestos may have been loosened by the
shaking, the first and second floors were
temporarily closed. Other facilities suffered
little damage, though Pier 45, used for public fishing, had structural damage and was
closed for repairs.
The Port of Oakland consists of 10 terminals and operates 26 cranes. None of the
cranes was damaged. Roadways had many
cracks and there were areas of subsidence.
One terrninal constructed entirely on fill suffered extensive damage as well as subsidence, and 30% of it became unusable.
Residential Structures
Most residential buildings in the affected
area are of wood-frame construction. Such
buildings have generally performed well in
past earthquakes because die tend to be light,
minimizing inertial forces, and because they
are relatively rigid, minimizing damage associated with deformation, such as cracking
of interior walls. There are, however, major
exceptions to this generally good record:
Older homes, especially those built
before 1940, because they lack positive connections to their foundations
or have raised floors supported by
relatively weak cripple walls.
Some of the more irregularly shaped
newer homes, because they lack clear
load paths due to complex geometry
or are built without enough wall area
to resist the seismic forces.
Multi-story apartment buildings or
houses with garages on the ground
floor, where garage doors have re-

placed most solid walls, a building
style common in the Marina district.
Except for areas of poor soils, which experienced severe damage as far away as San
Francisco, damage to residences was generally limited to the epicentral area of Watsonville, Santa Cruz, and Los Gatos.
Fire FoHowing the Earthquake
San Francisco had 22 stractural fires and
over 500 reported incidents during the first
seven hours after the earthquake. During
this period over 300 off-duty firemen responded to a general call, approximately
doubling the available fire-fighting personnel.
The most serious fire was at the intersection of Divisadero and Jefferson Streets, in
the Marina district (Fig. 13: one block south
of Marina). When firefightersarrived, a fire
in one partly collapsed 3-story apartment
building was threatening adjacent structures,
some of which were also partly collapsed.
Shortly after firefightersconnected a hose to
a hydrant in front of the burning building, an
explosion collapsed the building onto the
hydrant To save their equipment, fire fighters drove their engine across the street, ripping the hose off the coupling to the hydrant.
By this time, water supply to the hydrants
was failing, due to breaks in the water supply systems. Water was then drafted from
the Palace of Fine Arts lagoon, about four
blocks away, and relayed to the site. Several
more explosions occurred, resulting in the
collapse of exposed buildings onto the fire
fighters' hose.
About 6:00 p.m., an hour after the earthquake, the fireboat Phoenix arrived in the
Marina lagoon, about two blocks away, and
the fire department's Hose Tender 25 arrived
with 5,000 feet of 5-inch diameter hose.
The boat was able to supply this tender, and
another tender that arrived about 6:40 p.m.,
with ample water. By this time, flames were
approximately 75 feet high and were visible
from several miles away, but by 8:00 p.m.
die fire was brought under control. Because
of the Phoenix's role in fighting the fire, a
second fireboat, the Guardian, was added to
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the city's fleet on April 16,1990, thanks to
an anonymous gift of $300,000.
Conclusions
Little of the damage in this earthquake
was unexpected to the engineering and technical communities. The significance of this
event is the warning it delivered of the dangers faced by people, governments, and
businesses in seismically active areas. The
message was delivered live, to the millions
in the nation and the world tuned to the
World Series. The subsequent dramatic coverage provided by the news media on hand
for the event was unprecedented for any
previous earthquake. With such attention it
is hoped that preparedness efforts will be
similarly stimulated and will continue at a
high level.
There is concern, however, that many
building owners in the Bay Area may conclude that the survival of their buildings in
this somewhat distant, but strong, earthquake certifies their structures as earthquakesafe. In many cases, nothing could be further from the truth. For example, thousands
of unreinforced masonry buildings, pre1975 tilt-ups, and poorly engineered structures survived the earthquake with no apparent damage. A larger quake or one that is
closer to San Francisco, San Jose, or Oakland would have produced dramatically different results.
It is interesting to note that in October
1865, a strong earthquake struck virtually
the same section of the San Andreas Fault
with similar effects to the same areas. This
quake was followed in October 1868 by one
of the largest earthquakes to occur on the
Hayward Fault. Finally, the "Big One"
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struck in April 1906 on the San Andreas
Fault, devastating Northem California and
destroying much of San Francisco. It
should be understood that the recent earthquake did not lower the probability of
another major earthquake or the "Big One"
occurring in the next 30 years. Based on
past history (1865, 1868), there is speculation that there may actually be greater seismic
activity in the future.
This earthquake demonstrated the need to
increase education, awareness, and preparedness at all levels of government and
private industry. Mitigation programs
should be accelerated to include preparedness planning, response and recovery planning, engineering vulnerability studies, and
retrofit of hazardous buildings and structures. In particular, though the San Francisco fire fighters responded well to the
Marina fire and the other 34 minor fires, it
was taxed to its full capabilities. Had the
wind been blowing (it was dead calm on the
evening of the quake), or had more fires
been ignited by the earthquake, the fire department would have had major difficulties
containing them.
Although this earthquake is considered a
major disaster, similar risks exist in such areas as Puget Sound, between St. Louis and
Memphis, Charleston, Salt Lake City, and
much of California. Given the regional similarities in earthquake potential, building
types, and the absence of earthquake preparedness programs, the possibility for an
earthquake with consequences of comparable
or much greater proportions in other parts of
the country is realistic. While such disasters
are feared by the U . S. earthquake-engineering community, society in general has not
accepted the fact that the risk exists.
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0.0 miles

Leave Moscone Center from the Howard Street main entrance. Turn
left on 4th Street (first intersection), head south on 4th St. for one
block, then turn left on Folsom Street toward The Embarcadero.

0.6

Pass under the Embarcadero Freeway, which has been closed due to
earthquake damage. On the left as you drive below the Embarcadero
Freeway you can see some reinforcement of the pillars that hold up the
freeway, as part of the post-earthquake repair. Ahead is the suspension portion of the Bay Bridge, which was not damaged during the
earthquake.

1.0

Folsom St. ends at The Embarcadero. Turn left onto The Embarcadero. On the right hand side you get a very nice view of the suspension portion of the Bay Bridge. Nearer to the bus, the sidewalk
along The Embarcadero was disrupted by shaking on October 17.
The land here is bay fill. Ahead is the Ferry Building, whose flag
pole was knocked askew during the earthquake (cover photo). On the
left as you drive along The Embarcadero you can see the temporary
repairs to the Embarcadero Freeway. Notice that there are supports
between the two levels of the freeway as well as supports for the
columns below the lower level.

1.4

The Ferry Building is on the right. For quite awhile after the earthquake, the clock on the Ferry Building was stopped at 5:07 p.m., a
couple of minutes after the earthquake (cover photo), when the clock
power failed. There is considerable controversy in San Francisco at
the moment as to whether to repair the Embarcadero Freeway or to
tear it down. In particular, the merchants in Chinatown and North
Beach want it open because it funnels a lot of traffic into these districts. Many people want it torn down because it lacks aesthetic appeal
and hides the view of the Ferry Building.

1.9

On the left you can see Coit Tower sticking up from the top of Telegraph Hill. The tower was built to resemble a fire hose nozzle, and is
a memorial to the fire fighters who fought the fire after the 1906 earthquake (Fig. 3). Telegraph Hill, Nob Hill, and Russian Hill are Franciscan Formation (Wahrhaftig, 1984 & 1989), mainly turbidites of the
"Alcatraz Terrane" of Blake et al (1984).

2.4

Turn left onto Bay St, heading west

2.9

Cross Taylor St. The terminus of the Powell-Mason cable cars is to
your left The cars go from Union Square, up Powell St, and down
Taylor.
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3.3

Cross Hyde St. The other cable car from Union Square (PowellHyde) crosses Bay St here.

3.4

Down to your right, a block away, you can barely see Ghirardelli
Square. This is an old chocolate factory and now also has many retail
shops.

3.5

Cross Van Ness. On the right is Fort Mason, part of the Golden Gate
National Recreation Area, owned by the military. This area was
known as Punto San Jose and Black Point in earlier eras (Fig. 13).

3.8

Get in the left-hand lane of Bay St. Go straight on Bay St instead of
turning right on Laguna. On the left is Funston Playground and beyond that 0.1 mile is Marina Middle School. Marina Middle School
was the headquarters for the Red Cross following the earthquake.
Many Marina residents lived in the Marina Middle School for up to a
month after the earthquake.

4.0

The Marina Middle School is on the left. Bear right onto Cervantes.
As you drive down Cervantes you can see a few buildings that have
been damaged and are being repaired. Here we cross the 1851 shoreline (Fig. 13); for additional information on the Marina District, refer
to Holzer and O'Rourke (1990).

4.4

Turn left onto Prado. On Prado you can see some damage still being
repaired. Next turn right on Scott, 0.1 mile further. Then immediately turn left onto Jefferson. Along Jefferson we are driving on bay
mud and fill, much of which was left from the 1906 earthquake, when
broken buildings were dumped here. On Jefferson you can see many
buildings being repaired. You can see that many garages have crossbracing in them, allowing owners to strengthen their houses but forcing them to park on the street. You can also see some vacant lots
where buildings (Fig. 37) have been torn down. Some of the buildings were scorched in the fire that raged at Divisadero and Jefferson
from broken gas mains following the earthquake. Had there been any
wind on the night of October 17, much more of the Marina would
have burned. With most Marina water mains broken, fire fighters
used flexible hose and a fireboat to move water from the bay and from
the lagoon at the Palace of Fine Arts (ahead, mile 4.7) to quench the
flames.

4.7

Turn left onto Baker. On your right hand side is the Palace of Fine
Arts, which was built for the 1915 Panama Pacific International Exposition in San Francisco. Now there is a theater here and the Exploratorium, a science museum for children. Notice that these buildings suffered no apparent damage during the earthquake.

Figure 13 (facing page). Maps documenting the filling ofthe Marina District: ISSlfrom
U. S. Coast Survey Chart 314, showing with a dashed outline the 1990 shoreline; 1869from
U. S. Coast Survey Register No. 3055; and 1908 from Lawson et al (1908). The lagoon
shown on the 1908 map was mostly filled in, primarily with rubble from the 1906 earthquake
and fire, by 1912, and completely by 1917. Copies of these maps were provided by M. G.
Bonilla; Holzer and O'Rourke (1990) discuss them in detail.
24
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5.0

Turn right onto Francisco St., then go straight across Richardson
Ave. (through the stop light), then turn left onto Lyon.

5.2

Turn right onto Lombard and enter The Presidio. The Presidio is another U.S. Army Base, which was originally placed here to protect the
strategic strait of the Golden Gate. Now it is on the list to possibly be
turned over to civilians, with the "post-Cold War" military cutbacks.
A strong-motion instrument in The Presidio, mounted on serpentine,
recorded a peak acceleration of 0.21g during the Loma Prieta Earthquake (Shakal et al, 1989). Much of The Presidio is underlain by a
Franciscan serpentine-and-melange belt (Wahrhaftig, 1984 & 1989;
part of the "Central Terrane" of Blake et al, 1984). OfT to your right
you get a view of the Golden Gate Bridge.

5.4

Turn right onto Presidio.

5.6

Presidio turns into Lincoln Blvd. Continue straight on Lincoln Blvd.

5.9

Lincoln Blvd. bears to the right On your right is a very good view of
the Golden Gate Bridge. To your right at the 4:00 position is Alcatraz
Island in the bay. You now can take a boat to it and tour the former
prison.

6.9

Pass under the approach to the Golden Gate Bridge. Notice the wires
that tie the bridge trusses to the columns. These help prevent the
bridge from sliding off its supports during earthquakes.

7.3

Pass the Golden Gate Bridge approach. This is our last view of the
Golden Gate Bridge, on the right.

7.7

Nice view on the right. On a clear day you can see the Farallon
Islands.

8.1

Up ahead and to the right at the 2:00 position you can see Lands End
Point. Part of the highway at Lands End slid into the ocean during the
1957 earthquake and has not been repaired.

8.8

Turn left onto 25th Ave. If you continue straight there is a nice scenic
view near the California Palace of the Legion of Honor. Tour buses
are not permitted beyond 25th St., however. This section of San
Francisco is called "The Avenues". Typical houses here are Victorians with bay windows, similar to the construction style in the Marina
District. Here, though, the houses are built with much more stable
foundations, on Franciscan Formation, and suffered little damage
during the earthquake. The Franciscan here is mosdy Mesozoic midocean-ridge basalt, chert, and sandstone of the "Marin Headlands Terrane" (Blake etal, 1984),

9.2

Turn right onto Geary Blvd. Head west, toward the ocean.

9.4

On the right hand side is the Russian Holy Virgin Cathedral of the
Church in Exile, an Orthodox church with classic gold domes. As
you drive along Geary Blvd. on a clear day you can see the Marin
Headlands to the right, across the Golden Gate.
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10.5

As you come down the hill toward the ocean on a clear day, you can
see the Farallon Islands slighdy to the left of straight ahead.

10.8

On the right is the Cliffhouse Restaurant Now we enter the north end
of Ocean Beach. Drive south along the Great Highway.

11.4

On the left is Golden Gate Park, one of the largest parks in San Francisco. Near where the windmill stands used to be the resting place of
Amundsen's ship Gjoa, the first ship to navigate the Northwest Passage, in 1906-1908. In the 1970s it was moved from here back to
Oslo, Norway, and now rests in a museum near Nansen's ship From.
Along the Great Highway here at Golden Gate Park is the end of the
Bay to Breakers Run, held every May. The run starts at Spear and
Howard St, near Moscone Center, and goes through the streets of
San Francisco, Golden Gate Park, and ends on the Great Highway at
the Breakers (the Pacific Ocean), 12 km from the start. Its first running, in 1912, was to demonstrate that San Francisco had recovered
fully from the 1906 earthquake, and a few hundred people participated. Now over 100,000 run.

13.7

Cross Sloat Ave. On the left hand side is the Fleishhacker Zoo. Continue south on the Great Highway.

14.5

Bearrightonto Skyline Blvd. On your left hand side is Lake Merced.
The highway along the lake suffered considerable damage during the
1957 earthquake on die San Andreas Fault, when soil liquified and the
road collapsed into the lake. Lake Merced is a drowned stream valley
separated from the ocean by beach and dune sand (Bonilla and
Schlocker, 1966).

16.1

Enter Daly City. You can see housing subdivisions on the hill ahead.

16.4

Cross John Daly Blvd. Continue straight on Skyline Blvd. The Merced Formation, Plio-Pleistocene or Pleistocene in age (Clifton and
Hunter, 1987), underlies this housing subdivision and the hill we
drive up. Several houses on the right were damaged during the 1957
earthquake on the San Andreas Fault (Bonilla & Schlocker, 1966).

17.5

Turnrightonto Westmoor Avenue and then immediately turn left onto
Skyline Drive. This housing subdivision you are driving through has
been one of some controversy. The houses were built in the early
1960s and now many on the west side of the subdivision are threatened by landslides of the Merced Formation (Fig. 16). By 1985, 14
houses along Skyline and Westview Drives had been condemned and
several others are in serious danger of landslides (Smelser, 1987).

18.7

Turnrightonto Longview. Head west toward the ocean.

18.9

The road bends to the south (left). There is a small playground
(Longview Playground) on the right The San Andreas Fault goes underneath the west edge of this playground and also underneath the first
house on the right. The fault men crosses the street between the first
and second houses on the right and heads off toward the southeast
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through the subdivision. This is the epicenter of the March 22, 1957,
M = 5.3, earthquake.
19.0

Turn right onto Rockford Ave. and head toward the ocean.

19.2

Turn left onto Westline Drive.

19.3

Turnrightonto Skyline Drive and then turnrightagain into the Mussel
Rock Beach area. There is a sign saying "dump site."

19.4

Bear left where the road forks (go to the beach rather than the dump
site).

19.5

Park in the parking lot here for Mussel Rock. This is Field Trip Stop
#1. At this stop we'll see where the San Andreas Fault goes offshore
and we'll also look at landslide geomorphology. Immediately inland
and up the hill from the parking lot you can see a gap in the row of
houses on the skyline. One of those houses was removed because of
the landslide and several others are threatened by it. The San Andreas
Fault cuts diagonally across the area to the north of the parking lot and
goes out to sea at the north end of Mussel Beach. Mussel Rock is to
the northwest of the parking lot, immediately offshore.
For more information about this stop, refer to Smelser (1987), Clifton
and Hunter (1987), and Cotton (1986).
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MUSSEL ROCK LANDSLIDE
The Mussel Rock landslide complex
covers 112 acres in the southwestern portion
of Daly City. The landslide is a composite
of slumped portions of the Merced Formation (Clifton and Hunter, 1987). It covers
the San Andreas Fault trace at this locality,
where both fault and landslide reach the
coasdine. The area has been extensively
studied for 100 years, and the geomorphic
features of the landslide complex are discernable on the 1869 U . S. Coast and
Geodetic Survey maps (Cotton, 1986).
Previous studies include those by Lawson
(1895 and 1908), Oakeshott (1959), Hall
(1966), Bonilla (1971), Sullivan (1975),
Cotton (1986), and Smelser (1987).
Almost every human enterprise in the
Mussel Rock landslide area has been abandoned; those still in use need continual
maintenance and observation. The first of
these, Tobin's Tunnel (Miller and Sullivan,
1975), was blasted through a Franciscan
headland in 1874 to provide a beach road for
horse-drawn carriages. Seasonal shifting of
beach sand forced its abandonment. From
1905 to 1920 a railroad traversed the toe
platform of the landslide, but operations
were hampered by the need to clear landslide
debris off the track (Sullivan, 1975). Old
State Highway 1 followed the railroad route
from 1936 until 1957. It was also plagued
by landslides, and was abandoned after the

1957 earthquake (Smelser, 1987). During
the early 1960s, a housing subdivision was
built around the crest above the landslide;
since then over a dozen houses have had to
be moved or abandoned. A landfill begun at
the same time has needed frequent monitoring as landslide movement also moves the
garbage.
In the Mussel Rock area, east of the San
Andreas Fault, 1750 m (stratigraphic thickness) of marine sandstones of the Merced
Formation (Plio-Pleistocene or Pleistocene in
age) unconformably overlie greenstones of
the Cretaceous Franciscan Formation
(Clifton and Hunter, 1987). To the west of
the fault, the geology is thought to be similar, though most of the Merced Formation
outcrops are covered by houses or landslide
deposits. North of the Mussel Rock parking
lot, on the east side of the San Andreas
Fault, the Merced Formation is well-exposed
along the seacliffs for about 7 km. It dips
about 30-75° to the north or northeast there,
so that the oldest exposed units are nearest
the landslide.
The Mussel Rock landslide includes
about 9 million cubic yards (7 million cubic
meters) of fine-grained, relatively unconsolidated Merced material (Smelser, 1987). It is
composed of small slumps and debris flows,
forming a slope, platform, and hummocky

Figure 14. Geologic cross section ofthe Mussel Rock landslide, after Smelser (1987). QIs =
landslide, Pm = Merced Formation, and Kf = Franciscan Formation.
STOP 1: MUSSEL ROCK
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topography. The slide mass is bounded on
the north, east, and south by headwarderoding scarps in the Merced Formation.
The toe is bounded on the west by the
Pacific Ocean, and part of the toe may extend
into the ocean (Cotton, 1986). Forty years
ago, the toe that was exposed on the beach
was being eroded by wave action. Since
then the toe has been covered with a sanitary
landfill (no longer in active use) and, to keep
the buried garbage from being exhumed by
the waves, a seawall of blocks of concrete,
freeway pilings, light poles, and Franciscan
boulders was built along the 2200-foot
boundary between the beach and the slide
(Smelser, 1987). The slide continues to
move, and the sanitary-landfill surface has
been broken by cracks that may represent
slumping or desiccation. Depressions in the
landfill and landslide fill with water during
the rainy winter months, indicating that the

mass becomes saturated at these times.
The scarp east of the landslide is eroding
most rapidly, in places as fast as 3 feet per
year (Smelser, 1987). In places the scarp is
vertical; in its most stable part it dips about
50° to the west Of the "view homes" built
atop the eastern scarp in the 1960s, several
were abandoned or moved in the 1980s, as
the landslide encroached. Houses were also
built atop the entire southern scarp (on
Westline Drive); by 1972,11 of these had to
be moved because of slumping. By 1986
two more were being seriously threatened,
and arcuate cracks in Westline Drive (north
of the intersection with Rockford) indicate
that slumping continues.
The San Andreas Fault cuts the landslide
from the eastern end of the southern scarp to
near the northern end of the seawall. Im-

Figure 15. Oblique diagram ofthe Mussel Rock landslide, viewed from the southwest, from
Smelser (1987). The north and east scarps, body, toe platform, and toe slope are visible, and
house locations are accurate to 1987.
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mediately northwest of Longview Playground, in the housing subdivision, it follows a steep ravine across slump blocks into
the toe-platform portion of the landslide
(Smelser, 1987). There it probably follows
the eastern edge of a marshy depression. At
the northern end of the seawall, a gully with
running water may delineate the fault and
fault-controlled springs.
After the 1906 earthquake, Lawson et al
(1908) reported that, "At the time of the
earthquake there was an extensive movement
of the landslide, and a tongue of landslide
material, about 50 feet high and about 200
feet wide, was projected into the ocean cross

the narrow strip of beach.... A l l about the
crest to the east of the landslide, and on its
south side, the ground was gready disturbed
by fresh landslide cracks, scarps, and fissures, extending well back from the edge of
its encircling cliffs."
The March 22, 1957, earthquake
(M = 5.3) was centered in the subdivision
within a few hundred meters of the southern
scarp of the landslide. Many fresh scars
showed that all three scarps as well as the
interior of the landslide were activated during
this event Should a major earthquake occur
during a rainy winter, the potential for much
more massive earth movements is obvious.

Figure 16. View to the southeast along the San Andreas Fault, from Mussel Rock to San Andreas Reservoir. Photo by R. E. Wallace, U. S. Geological Survey.
STOP 1: MUSSEL ROCK
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19.5 miles

Depart Field Trip Stop #1, Mussel Rock parking lot.

19.8

Turn left onto Skyline Drive.

20.2

On the left is Franklin Delano Roosevelt Elementary School. The San
Andreas Fault passes to the north of the school, through the school
grounds. We will cross the fault after the road bends to the left, as
we drive up the hill.

20.5

Turn right onto Gateway Drive and pass under the Cabrillo (Highway
1) Freeway.

21.3

Turn left onto Hickey Blvd. (there are a couple of gas stations at the
corner) and then follow the signs for highway 35 toward San Jose.
Turn right at the stop light, back onto Skyline Blvd. As we drive
along Skyline Blvd., the San Andreas Fault is about 500 meters to our
right.

21.8

Skyline Boulevard bends 35° to the right. Now we are angling toward
the San Andreas Fault. Notice the water tanks on the hill to the right.
They are on a hill just above and east of the fault.

22.1

The San Andreas Fault crosses the highway at the west-facing scarp
of the hill that the water tanks are on (before we cross Glencourt Way
and King Drive). We are now back on the Pacific Plate.

22.3

The road bends 45° to the left, so that now we are driving parallel to
the fault The fault is on the left, about 300 meters to the northeast of
us.

22.5

On a clear day, you have an excellent view to the left of San Francisco
Airport, San Francisco Bay, the San Mateo Bridge, Mt. Diablo in the
far distance and the San Bruno Mountains in the near distance.

23.2

The road bends 20° to the left. Now we are angling back toward the
San Andreas Fault

23.6

The road bends 20° to the right and we cross College Drive. The fault
is now immediately to the left of Skyline Blvd. At this location, Lawson et al (1908) reported offsets up to 13 ft (4 m) in 1906. As we
drive along here there were several features of Quaternary faulting
(sag ponds, etc.), visible on old air photos taken before the area was
developed. In the next half mile we cross the fault at a very oblique
angle. After this, the fault is in the valley to the right of the highway
as we descend toward the 280 Freeway. Ahead on the right is San
Andreas Reservoir.

26.2

Enter the 280 Freeway, southbound. Highway 280, the Junipero
Serra Freeway, is known as the "World's Most Beautiful Freeway,"
by the people who hand out such accolades. As we drive along the
freeway, San Andreas Reservoir is on the right. The 1906 trace apparendy was under water here, in the lake. From here to Stop #2, the
fault separates two terranes of the Franciscan Formation: the "Central
Terrane," mostiy melange and serpentine, on the northeast and the
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"Permanente Terrane," mostly volcanics overlain by Calera Limestone, on the southwest (Blake et al, 1984). The 1:24,000 map by
Pampeyan (1983) is an excellent reference for this part of the fault
27.8

Pass the Trousdale exit and continue south on 280. We are now
abeam the dam at the southern end of San Andreas Reservoir. The
road on this dam was offset 2.1 meters in the 1906 earthquake. As
we continue south, we have a nice view of the valley to the right The
San Andreas Fault 1906 trace goes down the middle of the valley, a
couple of hundred meters to the right of highway 280. Near the dam,
the 1906 fault trace was exposed in a trench by Earth Science Associates, in September 1981.

31.3

To the left, there is a statue of Padre Junipero Serra (1713-1784) apparentiy pointing at the San Andreas Fault as we approach the northern end of Crystal Springs Reservoir. He was born in Majorca and
joined the San Fernando missionary college in Mexico (a territory of
Spain at the time) in 1749. He became the superior of the Baja California Franciscan missions in 1767 and two years later began founding the Alta California missions, with Mission San Diego de Alcala.
A marble statue of Padre Serra stands in Statuary Hall in the United
States Capitol in Washington, D.C. He is being considered for canonization by the Catholic Church. During the week before Super
Bowl XXIV in New Orleans this past January, somebody painted a
49er's emblem on Padre Serra's head (the statue's gold head already
resembling a 49er's football helmet).

32.1

To the right is Lower Crystal Springs Dam, a concrete gravity dam
built in 1888. The peak acceleration here on October 17, 1989, was
0.10g (Shakal et al, 1989).

33.4

To the right is the causeway across Crystal Springs Reservoir.
Highway 92 crosses the causeway and heads to Half Moon Bay on
the Pacific Ocean. This causeway was offset about 2.5 meters during
the 1906 earthquake.

35.4

Take the exit for the Vista Point and turn right as you get off the freeway.

36.1

At the top of the hill, stop at the Vista Point for Field Trip Stop #2.
From here you can see to the southern end of Crystal Springs Reservoir, where the San Andreas Fault trace runs under the reservoir or
perhaps on the eastern shore. To the south, the trace of the fault runs
through the valley, near the Pulgas Water Temple, where a Hetch
Hetchy water aqueduct crosses it. At this stop we will have a presentation by Paul McGill of the STAR Laboratory, Stanford, who will
discuss possible precursory phenomena observed on an Ultra-Low
Frequency (ULF, 0.01-10 Hz) electromagnetic antenna between
October 5-17. Also, Allan Lindh of the U . S. Geological Survey will
talk about the seismology of the earthquake (Plafker and Galloway,
1989; USGS Staff, 1990).
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ULF, ELF, AND VLF ELECTROMAGNETIC FIELD
OBSERVATIONS CLOSE TO THE EPICENTER OF THE M 7.1
LOMA PRIETA EARTHQUAKE: POSSIBLE ULF PRECURSORS
s

1

A. C. Fraser-Smith, A. Bernardi, P. R. McGill,
M . E. Ladd, R. A. Helliwell, and O, G. Villard, Jr.
STAR Laboratory, Stanford University, Stanford, California, 94305

Our laboratory has been operating two
independent electromagnetic noise monitoring systems in the general vicinity of Stanford University for several years. Both
systems made measurements right up until
the occurrence of the Loma Prieta earthquake
of 17 October 1989. As a result, we have a
uniquely detailed record of the electromagnetic noise background variations prior to the
earthquake. Specifically, our measurements
cover 25 narrow frequency bands in the
more than five-decade frequency range 0.01

Hz - 32 kHz, with atimeresolution varying
from a half hour in the ULF range (0.01-10
Hz) to one second for the ELF and V L F
ranges (10 Hz - 32 kHz). The ULF system
is located near Corralitos, and it was within
about 7 km of the epicenter. The Corralitos
system was therefore nearly vertically above
the focus, which was about 18 km deep.
The ELF/VLF system, one of a global array
of eight identical systems, is located on the
Stanford campus, and it is 52 km from the
epicenter.
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Figure 17. Corralitos magnetic field data, 14-22 October 1989, at 0.01 Hz.
Abstract from the American Geophysical Union December 1989 Fall Meeting, reprinted with permission.
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Analysis of the E L F / V L F data has revealed no precursor activity that we can identify at this time. However, the U L F data
have several distinctive and anomalous features that may prove to be precursors. First,
there was a substantial increase in the noise
background starting on 5 October and covering the entire range of operation of the U L F
system. Second, there was an anomalous
drop in the noise background in the range
0.2-5 Hz, starting one day ahead of the
earthquake. Third, and perhaps most compelling (Fig. 17), there was an exceptionally

large increase of activity in the range 0.010.5 Hz starting approximately three hours
before the earthquake. There do not appear
to have been any magnetic field fluctuations
originating in the upper atmosphere that can
account for this increase. Further, while our
systems are sensitive to motion, seismic
measurements indicate that there were no
significant shocks preceding the quake.
Thus, the large-amplitude increase in activity
starting three hours before the quake appears
to have been an electromagnetic precursor.

Figure 18. Stanford University after the 1906 earthquake. Cox (1973) reports that David
Starr Jordan, then Stanford president, upon seeing this statue, allegedly said, "My dear
Agassiz, many is the time that I have contemplated you in the abstract, but this is the first
time I have seen you in the concrete." Photo by W. C. Mendcnhall, U. S. Geological Survey.
STOP 2: POSSIBLE ULF PRECURSORS
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SEISMOLOGICAL ASPECTS OF THE
LOMA PRIETA EARTHQUAKE
The Loma Prieta earthquake is being intensively studied by seismologists around
the globe, especially at the U. S. Geological
Survey office in Menlo Park. The quake
was the first major event on the San Andreas
Fault since 1906, and the first to occur in an
area forecasted by the 1988 Working Group
on California Earthquake Probabilities
(USGS Staff, 1990; Plafker and Galloway,
1989; Cardwell, this volume). Because it
occurred within a dense network of permanent seismograph stations, supplemented
within two days by 18 portable digital stations (Andrews et al, 1990), locations of the
event and its aftershocks are well-constrained. Despite this data density (or perhaps because of it?), several major questions
about the earthquake remain unanswered
after several months of analysis.
The earthquake occurred at 00:04:15.25
UTC on October 18, 1989 at a focus 17.6
km below sea level (USGS Staff, 1990).
The rupture propagated northwest and
southeast from this point for about 7 to 10
seconds, on a fault plane dipping 70° to the
southwest. Its body-wave magnitude was
6.6, and its surface-wave magnitude was
7.1. The seismic moment was 3 x 1 0
dyne-cm, about the seismic energy released
by millions to billions of tons of explosives
(lindh, 1990). Aftershocks (Fig. 19) define
a plane that coincides with one of the nodal
planes defined by the first-motion focalplane mechanism of the main shock (Klein
and Walter, 1989).
26

One of the major unanswered questions
is the relationship between the Sargent Fault,
the San Andreas Fault, the Zayante Fault,
and the Loma Prieta earthquake. The aftershocks (Fig. 19) project toward the surface
rupture of the Sargent Fault, thought to be a
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relatively minor strand of the San Andreas
system, but one with considerable Quaternary throw (Schwartz and Ponti, 1990).
Neither the San Andreas nor the Sargent
Fault had surface breakage in this earthquake.
Another unanswered question is how the
1906 earthquake relates to the 1989 event
and, in fact, what actually happened in 1906.
Ponti et al (1990) have reviewed the observations made for Lawson's (1908) report,
and conclude that the southernmost welldocumentedright-lateraloffset in 1906 was
at Lyndon Canyon, about 8 km north of the
junction of Summit Road and Highway 17.
They question whether surface breakage in
the 1906 event actually extended through the
area of subsurface rupture in 1989, as is assumed by most authors. Since the 1.9 m of
right-lateral offset in 1989 is roughly the
amount of strain accumulated since 1906
(USGS Staff, 1990), perhaps the two events
broke the same portion of the San Andreas
Fault; such circumstantial evidence, however, is farfromconclusive.
Ponti et al (1990) also raise the question
of whether the 1989 event was a characteristic event. The simple answer seems to be
"no," but again the evidence is far from
compelling. Since Loma Prieta, the highest
peak in the Santa Cruz Mountains, went
down during the earthquake, another type of
event must be invoked to give its height.
The elevated marine terraces in Santa Cruz
and the Quaternary scarp on the Sargent
Fault, showing Loma Prieta (on the block
east of the fault) downdropped, however,
both show that 1989-type events have occurred before, but their frequency and,
again, their relation to 1906-type San Andreas events is still in question.
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Figure 19. Map and cross-sections of seismicity, October 18-30,1989 [UTC],fromDietz and
Ellsworth (in press). Abbreviations: SAF, San Andreas Fault; Sar, Sargent Fault; SC, Santa
Cruz.
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36.1 miles

Depart Field Trip Stop #2, Vista Point.

36.4

Take Freeway 280 south again, toward San Jose.

38.7

The San Andreas Fault is still to the right. The freeway here begins to
bend to the left, away from the fault, and for the next mile or so is
near the trace of the Canada Fault

40.2

The freeway has a broad turn to the left and we leave the Canada Fault
behind. Both the Canada Fault and San Andreas Fault remain in the
mountains while the freeway heads toward the valley. To the left of
us, up on the hill, is Canada College.

44.2

Pass the Sandhill Road exit and continue south on 280. Sandhill
Road leads into Palo Alto and is a good way to get to either Stanford
University or the U.S. Geological Survey in Menlo Park.

45.2

Cross the Stanford Linear Accelerator (SLAC), a particle accelerator
that has recendy been upgraded to have colliding electron and positron
beams. The western end of the accelerator, 2500 meters to the right,
is 1500 meters northeast of the San Andreas Fault, so motion on the
fault won't offset the accelerator, though it may be thrown out of
alignment At the eastern end, 800 meters to the left, are the detector
rooms, where the collisions of subatomic particles take place and
where all the experiments are done. One end of SLAC was displaced
10 mm right-laterally on October 17, due to tectonic deformation, perhaps on the Canada or Monte Vista Fault (R. A . Haugerud, pers.
comm., 1990).

49.2

In this area, a Highway 280 curb was broken on October 17 in either
strike-slip or compression, in line with compressional deformation
seen ahead in Los Gatos (Haugerud and Ellen, 1990).

51.2

To the right is Foothill College.

54.0

To the right and a little ahead is De Anza College. Off to the left in the
distance, you have a nice view of the South Bay and Silicon Valley.
The large hangers you see are at Moffet Field Naval Air Station.
Forming the skyline across the Bay are the East Bay hills. The tallest
peak visible from here is Mount Hamilton (4380') at our 11:00 position; on top of it is the Lick Observatory. In a quite general sense, the
Hayward Fault and related faults are at the base of the East Bay hills.
We will visit that area later in this field trip.

56.9

Pass the Saratoga-Sunnyvale exit and continue on Highway 280. To
the right of us on Highway 85, many of the buildings house Apple
Computer operations.

61.7

Take the Highway 17 exit toward Santa Cruz from the right lane. As
we drive up Highway 17 towards the mountains, we pass through the
city of Los Gatos. At the foot of the mountains and into Los Gatos
during the Loma Prieta Earthquake, there was some compressional deformation of the streets and structures (Haugerud and Ellen, 1990).
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69.7

Enter the Santa Cruz Mountains. As we drive up Highway 17, you'll
see several landslides, many of which were caused by the Loma Prieta
Earthquake last October.

70.7

To the left is Lexington Dam, at the mouth of the Lexington Reservoir, which supplies water to the South Bay area. Peak acceleration
of the dam on October 17,1989, was 0.45g (Fig. 20).

72.4

We traverse a long 75° bend to the left in Highway 17. Just before the
bend, the highway crosses the San Andreas Fault. After this the
highway runs parallel to the fault for about two miles, except for an
upstream bend around Moody Gulch. Here the fault separates the
"Permanente Terrane" of the Franciscan Formation on the northeast
from the Salinia Terrane on the southwest (Blake et al, 1984).

74.7

We traverse a major 100° bend to die right. Here we leave the San
Andreas Fault behind us. This portion of the San Andreas is near the
northern end of what broke in October in the Loma Prieta Earthquake.
There was no surface rupture associated with the earthquake. The
portion of the fault that broke was at roughly 6 to 18 kilometers depth.

75.7

Exit on Summit Road. C A U T I O N ! There is a very sharp turn as
you exit onto Summit Road, so slow down before you get off the
freeway. After exiting, turn left onto Summit Road.

75.8

Turn left onto M l Charlie Road, then park on the right shoulder.
Field Trip Stop #3 is on the left shoulder of the road, across the guard
rail, overlooking Highway 17. Don't get too close to the edge, as the
slope may be unstable! Here Bill Cotton will describe die evidence for
repeated bedding-plane faulting in a shale member of the Vacqueros
Sandstone.

MAX = 0.34

Figure 20. A portion ofthe strong-motion accelerogram from the right (east) crest of Lexington Dam during the Loma Prieta earthquake, from California Strong-Motion Instrumentation
Program (CSMIP) Station 57180 (Shakal et al, 1989). Two other sites on the dam had similar
accelerograms. This site is 19 km from the epicenter and is on slate and sandstone. The time
scale is 10 mm/sec, and the record starts at 00:04:21.6 GMT.
NARRATIVE AND ROAD LOG
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EXTENSIONAL GROUND CRACKS AND
COSEISMIC BEDDING-PLANE FAULTING
ASSOCIATED WITH THE LOMA PRIETA EARTHQUAKE
2

2

2

2

1

W. R. Cotton , B. C. Hardin , G. T. O'Regan , W. L. Fowler , and J. E. Van Velsor

3

Wjlliam Cotton and Associates, 330 Village Lane, Los Gatos, California 95030
Calif. Dept. of Transportation, District 4, San Francisco, Caifomia 94120

The zone of greatest ground breakage accompanying the Loma Prieta earthquake was
in the Santa Cruz Mountains, particularly in
the Summit Ridge area. Initial speculation
was that these cracks represented offset on a
previously unmapped strand of the San Andreas Fault, or perhaps die Sargent Fault or
the Zayante Fault (see map, page 2 of
Plafker and Galloway, 1989). Subsequent
mapping, described here, detailed analysis of
seismograms from the event, and locations
of aftershocks led to the conclusion that the
fault rupture was confined to depths of 6-18
km. The observed surface breakage, then,
was caused by. earthquake shaking, rather
than being the cause ol the shaking.

Coseismic ground deformation at the
crest of the Summit Ridge area is characterized primarily by northwest-trending extensional ground cracks and, to a much lesser
extent, compressional mole tracks and leftlateral fissures. A detailed engineering geologic map (original scale 1:120; reduced
scale at back of this guidebook) documents
an 1,100-foot long, 250-foot wide zone of
ground cracks along the northeast side of
Summit Ridge, approximately 2,500 feet
east of the intersection of Highway 17 and
Summit Road (site 2 of Fig. 21A). Extensional ground cracks, locally up to 3 feet
wide and 7 feet deep, compressional mole
tracks up to 50 feet long, and left-lateral
displacement across Summit Road of up to

Figure 21. A, map of Summit Ridge area; B, geology ofcutslope along Highway 17; C, details of relationship between bedding-plane fault and young surficial deposits.
Abstractsfromthe American Geophysical Union December 1989 Fall Meeting, reprinted with permission.

40

1990 NCGS FIELD TRIP: THE OCTOBER 17,1989, EARTHQUAKE: GEOLOGY & IMPACTS

2.8 feet horizontally and 1.4 feet vertically,
make this feature - and the pink Tranbarger
residence - one of the largest and most
highly publicized of the Loma Prieta earthquake. Through much of its length, the
crack is associated with geomorphic features
such as topographic furrows and side-hill
benches that suggest the topographic features
may be related to repeated deformation along
this zone. Geometric analysis (three-point
solution) of the crack where it crosses a
drainage swale near the western end indicates that the crack strikes N40°W and dips
59° to the southwest This attitude conforms
with the regional bedrock attitudes of the
Vaqueros Sandstone (generally N40-65°W,
dip 50-60°S) and suggests that the crack may
be related to movement along bedding
planes.

two cutslopes. The primary zone of active
faulting was defined by a 15-cm-wide zone
of clay gouge that parallels bedding (strike
N55°W, dip 82°N) and has been mapped
through the road cuts on both sides of the
faulted road section (inset C of Fig. 21).
Near the top of one cutslope, the fault cuts
an 8-m thick, charcoal-rich deposit of surficial materials. The stratigraphic relationships
there indicate that the fault has a well-established paleoseismic history of repeated
episodes of normal fault displacement. The
surficial materials are interpreted to have
formed as infilling deposits of a faultboundedridge-topdepression.
The origin of theseridge-topdepressions
and associated topographic furrows that
characterize the crest of the Summit Ridge
area has been a topic of geologic debate for
several decades. Bedding-plane faulting
with normal slip is presented as a likely geologic model to explain the origin, orientation,
and distribution of both the ridge-top depressions and the numerous ground fissures
that developed along die crest of the ridge as
a result of the Loma Prieta earthquake (Fig.
22). The bedding-plane faults are, in turn,
structurally controlled by the strike of the
bedrock and the location of the weak shale
intervals. They represent second-order,
bending-moment faults that result from
extension of theridgecrestas a result of large
earthquakes on the San Andreas Fault.
N

Coseismic bedding-plane faulting of approximately 40 cm has been documented in
two 20-m high road cuts and highway
pavement located just south of the intersection of Highway 17 and Summit Road (site 1
of Fig. 21A). The site is near the norm end
of the earthquake rupture zone and approximately 2 km south of the mapped trace of the
San Andreas Fault Ground rupture in the
form of normal faulting is characterized by
ground cracking and uplifted highway
pavement. The faulting is confined to the
shale interbeds of a thick section of massive
Vaqueros Sandstone that are exposed in the
N

SAF

SAF

Bedding Strikes and
Fracture Trends and
Regional Slope Directions
Slip Directions
Figure 22. Rose diagrams of fracture trends (left, shaded), slip-vector azimuths (left, outlined), bedrock strikes (right, shaded), and regional slope directions (right, outlined), from
Ponti et al (1990). Fracture trends and slip vectors are from fissures in the Summit Road Skyland Ridge area unrelated to obvious landslides. These diagrams strongly suggest that the
fractures are down-slope failures on bedding-plane faults.
STOP 3: HIGHWAY 17 CUTSLOPE
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TRANBARGER FISSURE OFFSETS
C. S. Prentice, T. E. Fumal, and D. P. Schwartz
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, California 94025

The locations of these offsets are shown on the map by O'Regan and Hardin, in the back of
this guidebook.
Station
B-1A
B-1B
B-1C
B-2
B-3A

Slip Vector
Length Azimuth Plunge
63°
20 Oct 29 cm 240°
n
14°
9.5 cm 225°
n
5.5 cm 215°
30°
56°
35.5 cm 200°
11 cm 195°

B-3B
B-4
B-5

13.5 cm 195°
19 cm 345°
21 Oct 13 cm 005°

B-6
B-7A
B-8
B-9
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Date

ii

it

•I

n
•I

Crack
Strike
145°
130°
140°
100°
155°

42°
45°
50°

145°
125°
130°

9.2 cm
14 cm

185°
035°

40°
18°

130°
135°

28 cm
17 cm

200°
220°

50°
10°

120°
130°

Comments
2.14mNEofB-lA
1.25 m N W of B-2
Crack segments strike 185°
and 135°
~2 m along crack from B-3A
B-3B & B-5 are 2 sides of
graben
Fracture thru fill area; to SW
of main zone of fractures
Continuation of fracture at
B-8 on NW side of ravine
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75.8 miles

Leave Field Trip Stop #3 by cautiously turning around on Mt. Charlie
Road and retracing the short distance to Summit Road. Turn right
onto Summit Road and take the Summit Road bridge over Highway
17. On the right are the roadcuts we discussed at stop #3. Turn left at
the T intersection onto Summit Road.

76.6

Cross the Tranbarger Fissure on Summit Road (see USGS Circular
1045, Figure 10). This is the largest of several normal faults that
broke in sympathy during the earthquake. There is about a 0.8-meter
offset of the highway in a left-lateral sense. Along Summit Road
many small faults have broken the road; some show left-lateral and
some show right-lateral offset of a few inches, typically. One of the
cracks further south on Summit Road, where it crosses Morrill Road,
was offset similar amounts, in both cases left-laterally, during the
1906 and the 1989 earthquakes (see USGS Circular 1045, Figure 13).

76.7

Turn off to the left onto a gravel patch just before Melody Lane. If
you wish to take a photo of the offset centerline, park here; otherwise
turn around and retrace the route northwest on Summit Road. As you
cross the Tranbarger Fissure again, on the right the crack approaches
the pink Tranbarger house. The crack is now filled in. You may have
seen this house in many photographs, such as on the cover of Plafker
and Galloway (1989), with the crack in the front yard.

77.3

Turn right onto Highway 17 and head north toward San Jose. To the
left is the big road cut and landslide scar that we saw in stop #3.

80.3

Cross the San Andreas Fault near the southern end of Lexington
Reservoir.

84.1

Take the Highway 9 exit from Highway 17, toward Los Gatos (go
under the bridge, men exit).

84.6

Turnrightonto University Ave.

85.1

Turn right onto Blossom Hill Road.

85.2
85.4

Turn left into Vasona Park. We will stop here for lunch.
Leave Vasona Park. Turn right onto Blossom Hill Road, then turn
right onto University Ave. As we drive on University Ave., on the
right is Vasona Reservoir, which is a dammed part of Los Gatos
Creek. Vasona Dam is near the northwest end of die "Blossom Hill"
zone of compressional deformation mapped following the Loma Prieta
earthquake (Haugerud and Galloway, 1990).

86.9

Turnrightonto Lark Ave. and get into the left hand lane.

87.3

Turn left and enter the Highway 17 freeway going north. Highway
17 becomes 880 in a few miles.

95.1

On the left is San Jose International Airport.
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96.3

On the right you can see the East Bay Hills, Mt. Hamilton (4380'),
and the Lick Observatory on a clear day. To the left, but not visible,
the southern part of San Francisco Bay is used for manufacturing salt
by evaporation. During the winter the ponds are flooded with salt
water and the dikes are closed off. Then, during the summer, the
water evaporates and in September, October and November the salt
and brine are mined for table and industrial salt. Those of you who
have flown into San Francisco International Airport or Oakland may
have seen ponds that have a pinkish tint to them. These are the salt
pans and the pink is from algae growing in the brine.

101.9

Pass the Dixon Road exit and continue going north on 880. To the
right, at the foot of the hills, is the Hayward Fault. The rocks to the
northeast of the fault are part of the Great Valley Sequence. The
Hayward Fault Zone joins the Calaveras Fault about 30 km southeast
of here, and the San Andreas Fault about 30 km beyond that

104.1

Take the Mission Blvd. exit to the right.

105.4

Pass under the 680 Freeway and continue on Mission Blvd.

105.7

Where Mission Blvd. bends to the left, the Hayward Fault crosses the
road. On the right the grapevines belong to the Weibold Champagne
Vineyards. From here northwestward, the 1:24,000 maps by Radbruch-Hall (1974) are an excellent reference.

107.7

Pass Ohlone College on the right The Ohlone were the Indians native
to this area before the Spanish settiement began.

108.1

Turn left onto Washington Blvd. On the right as you turn is Mission
San Jose. It was founded as Mision del gloriostsimo patriarca Senor
San Jose, honoring Christ's step-father, on June 11, 1797, by Padre
Fermin Sasuer, in a thatched-roof structure north of here near Mill
Creek. The first permanent chapel was built of adobe on this site and
completed in 1809. This church was destroyed by the 1868 earthquake on the Hayward Fault, and a wooden church was erected on the
old foundation. The wooden church was moved in 1982 to make
room for a replica of the original adobe church (hopefully more earthquake-resistant than the original), which you see now. Two statues
now on display in the church survived the 1868 earthquake. The
church and adjoining museum are open to the public daily from 10 to
5.
The Mission Fault, a possibly inactive strand of the Hayward Fault
Zone, is at the foot of the hills behind the mission.
After turning onto Washington Street, the first building on the right
marks the site of the adobe home of Don Jose de Jesus Vallejo, administrator of Mission San Jose for the Mexican government. The
home stood there from 1839 to 1890 and was rebuilt in 1949.

109.3
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Cross the 680 Freeway again and continue on Washington Blvd.
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109.7

Washington Blvd. makes a 30° bend to the left. The Hayward Fault
crosses Washington Blvd. between Bruce Drive and Osgood Road.

110.0

Turnrightonto Railroad Avenue (before the railroad tracks), then bear
left onto High St.

110.3

Turn right onto Union St The fault goes through the buildings on the
right hand side of Union St and it offsets the fence about 15 cm right
laterally (Fig. 23; Cluff and Steinbrugge, 1966a and 1966b; Radbruch
et al, 1966).

110.3

Turn left onto Walcott Dr. The Hayward Fault apparendy goes
through the new condominiums on theright-handside of Walcott Dr.

110.5

Turn left onto Chapel Way.

110.6

Turn right onto High Street

110.8

Turn right onto Grimmer.

111.0

Turn left onto Paseo Padre. The Hayward Fault runs through the
open lot on the right, through this intersection, and along the right
(north) side of Paseo
Padre. Water pipelines buried to the
right of Grimmer
have been offset by
creep (Cluff and
Steinbrugge, 1964).
As you drive west
and northwest on
Paseo Padre Parkway, to the right is
Fremont Central
Park. The lake in
this park is a pond
formed in a depression or graben
between the two
traces of the Hayward Fault in this
region and has since
been modified by
man.

112.6.

Turn right onto
Mowry Ave.

113.1

Pass under the Bay
Area Rapid Transit
( B A R T ) tracks.
Where the road
bends to the left it
crosses the trace of
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Figure 23. Map of features offset by the
Hayward Fault north of Washington Blvd.,
Fremont, after Cluff and Steinbrugge
(1966a).
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the Hayward Fault The fault runs just north of the BART tracks and
there is a sag pond in the field to the right. About 0.1 mile further
Mowry Ave. bends back to the right and the Hayward Fault continues
to the left, between the two new housing subdivisions. About 300
meters to the left (northwest) there is documented creep on the
Hayward Fault where it crosses the Western Pacific and Southern
Pacific Railroads (Bonilla, 1966).
114.2

Turn left onto Mission Blvd.

114.3

Cross Alameda Creek. Alameda Creek is probably offset about 100
meters by the Hayward Fault, which is to your left

115.5

Cross Nursery Road (to the left) and pass a nursery to the left. The
Hayward Fault cuts through the nursery, obliquely crosses Mission
Blvd., and will be parallel to Mission Blvd. for the next several miles.
In general, the Hayward Fault is at the foot of the low hills within the
first couple of hundred meters to the right of the highway.

117.1

To the right at the top of the fault scarp, is the Masonic Home. From
here northwestward, the 1:24,000 maps by Herd (1978) are excellent
references.

119.4

Cross Fairway St. and continue northwest on Mission Blvd.

121.2

Pass Moreau High School on the right. Behind the high school are
some examples of streams and incised valleys apparendy offset to the
right by the fault, which is part way up the hillside.

121.8

On the hill forming the skyline is Cal State University, Hayward.

122.6

Cross Orchard Road and continue on Mission Blvd. The fault is close
to the highway here.

123.2

Stay in the left-hand lane to continue on Mission Blvd. (don't turn
right onto Foothill Blvd.). When a motel parking lot was being built
in 1959, where the St. Regis Retirement Center is now (on the right,
between Fletcher and E Streets), fault gouge was discovered in a zone
that lines up with the Hayward Fault traces that we will be seeing 0.1
miles ahead in downtown Hayward (Fig. 25; Nason and Rogers,
1971). An addition to the retirement center in 1984-87 was controversial, because (1) the location of a home for elderly citizens astride
an active fault was publicized, and (2) die addition skirted the AlquistPriolo Special Studies Zone Act, which prohibits most new buildings
within 50 feet of an active trace, but allows additions to existing
structures (Hirschfeld, 1987).

123.3

Stop and park for Field Trip Stop #4. Parking spaces can often be
found in front of the library, on C Street west of Mission, if there are
none on Mission Blvd. We will look at creep offset by the Hayward
Fault across D, C, B, and A Streets, and the bus will pick us up
further north, on Hotel Ave..
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DOWNTOWN HAYWARD
The city of Hayward was founded in part
because of the Hayward Fault. Rocks on the
west side of the fault form an impermeable
barrier to groundwater on the east side, so
that even during the dry summers, water was
always plentiful in a cistern between B and C
Streets. This was of considerable importance to farmers and merchants in the mid1800s, when the causes of earthquakes were
unknown. Even the existence of strike-slip
faulting was limited to an obscure Biblical
reference until the 1857 Fort Tejon earthquake on the San Andreas Fault in Southern
California.
Our tour of downtown Hayward will examine the creep offset of several man-made
structures. That creep is occurring is something of an enigma, because the Hayward
Fault is noted for relieving strain in major
earthquakes, rather than by small "creep
events" (microearthquakes) or constant
creep. The section through downtown Hayward ruptured in the 1868 event, as noted in
contemporary newspaper accounts that have
been summarized by Lawson et al (1908):

The crack past diagonally up Haywards Hill and crost 3 feet from the
south corner of the old Hotel; past
just east of the Odd Fellow's Building, through the Castro lot, tearing
off a corner of the adobe house
which stood where the jail now is,
on through Walperts Hill toward Decoto. By the Hotel the crack first
opened 18 to 20 inches, but soon
closed to 5 or 6.
The Hayward Hotel was at the corner of A
and Main (Figure 25), according to the
Hayward Historical Society (Hirschfeld,
1987). The Castro adobe was near where
the Old City Hall presently stands, in the
middle of the block bounded by C, D, Mission, and Main Streets.
How can a fault that ruptured in a magnitude 6.8 earthquake also be releasing its
strain by creeping? One possible answer is
that the creep is a post-seismic phenomenon,
related to the 1868 event; this is unlikely because most such effects last only a few
weeks. Another possibility is that the fault's
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Figure 24. Creep rates along the Hayward Fault, from Lienkaemper (1989).
Downtown Hayward is about 50 km southeast ofPt. Pinole. The box between
20 and 40 km shows the "Oakland Creep Gap" hypothesized by several workers
but apparently disproven by Lienkaemper (1989). For most of its length, the
Hayward Fault appears to be creeping at 5-6 mmlyr.
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character has changed: before 1868, it was
locked, only able to release strain in major
earthquakes, but now it releases strain by
creeping. This would be welcomed by those
who fear that the next "Big One" will be on
the Hayward Fault, through cities housing
about a million people, but the cause for the
change in character is not obvious. Another
possibility is that the upper few km of the
fault surface may be creeping, while the
lower portions are locked, as modeled by
Tse et al (1985). In this model, a M = 7
event would be possible, and the consequences very serious (Steinbrugge et al,
1977 and 1986).

creepmeters (Invar rods) across each trace in
1968 and 1969, and these have shown that
the creep has been gradual (not marked by
"creep events"). They have also recorded
higher creep rates, and some downhill motion, during the rainy winter months
(Hirschfeld, 1987).

D Street
Our walking tour begins on D Street
(Fig. 26), which crosses two creeping
strands of the Hayward Fault, the Prospect
(near Mission) and the Veterans (near Main).
Street curbs are offset across each trace, and
en echelon cracks can be seen in the street
pavement and the parking lot between D
Street and Old City Hall. Nason (1971)
measured offsets of about 100 mm on the
Prospect trace and about 150 mm on the Veterans trace in 1967; hence over the 45 years
since the curb was built, the average creep
rates were 2.2 and 3.3 mm/yr. He installed

Figure 26. Details of the Hayward Fault
traces crossing D Street, after Wahrhaftig
(1984). The Old City Hall building is about
200feet north ofD Street.
Old City Hall
The Prospect trace of the Hayward Fault
appears to run beneath Old City Hall. Only
minor damage is visible from outside the
building, which was constructed in 1930

Figure 25. Map of creeping Hayward Fault traces in downtown Hayward, after
Wahrhaftig (1984). OCH is Old City Hall. The Hazel trace, north of Main St. in the
upper left part ofthe map, was deduced by Nason (1971) because of a rotated abutment
on the Hazel St. bridge. Other investigators (Hirschfeld, 1987) think the rotation can
be explained by downslope soil creep. The Prospect and Veterans traces are both welldefined.
48

1990 NCGS FIELD TRIP: THE OCTOBER 17,1989, EARTHQUAKE: GEOLOGY & IMPACTS

(Hirschfeld, 1987). Inside, however, floor
tiles showright-lateraloffset across a crack
that runs across the ground floor.
C Street
Nason's (1971) survey of C Street in
1967 showed that the curb between the
Prospect and Veterans traces has rotated.
This is the most northerly evidence of the
Veterans trace. The total offset across the
two traces was 320 mm between 1913 and
1967, or 5.9 mm/yr, close to the 5.5 mm/yr
sum of the offsets on D Street.
The Hayward Historical Society, on the
comer of C and Main, has information about
the early days of Hayward and the 1868
earthquake.
B Street
Nason (1971) also measured offsets of
the sidewalk and curb on the north side of B
Street. The centerline of the sidewalk, built
in 1913, was offset 470 mm in 1968, corresponding to 8.1 mm/yr. The curb, built in
1939, however, was only offset 120 mm in
1968, for an average of 4.1 mm/yr. Since
the 8.1 mm/yr average offset of the sidewalk
is considerably greater than offset rates
measured elsewhere, it is likely that the
sidewalk was built with an offset in it. En
echelon cracks break the sidewalk.
A Street
The Prospect trace of the Hayward Fault
is also evident on A Street, where curbs and
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sidewalks are offset and left-stepping en
echelon cracks break the street pavement.
On the north side of A Street, the Oaks
Building appears to be resisting the creep, as
its foundation appears undeformed where the
curb and sidewalk offsets intersect it, about
6 feet from the western end of the building
(Hirschfeld, 1987). A 6-inch-wide crack in
the soil at the rear of the building suggests
that the entire building is moving southward,
as is the tectonic block east of the fault,
while soil west of the fault is moving north.
The soU, then, appears to be shearing along
the western margin of the building.
Hotel Avenue
Notice that Hotel Avenue goes rather
steeply up Prospect Hill to the east of Mission Blvd, in contrast to the flatness of A, B,
C, and D Streets. The Prospect trace of the
Hayward Fault trends along the west face of
this hill, and the hill is Franciscan Formation. On the south side of Hotel Avenue, the
house at number 923 is being sheared by
fault creep (Wahrhaftig, 1984). The righthand corner of the house's foundation, as
you face it from the street, has moved 200250 mm, twisting the wall and front steps.
En echelon cracks can be seen in Hotel
Avenue. PLEASE do not disturb or trespass on private property!
From here, the Prospect trace of the
Hayward Fault continues to trend northwestward (Fig. 25), along the west face of
Prospect Hill. We will next see it where it
crosses Rose Street, about 400 m from here.
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Depart parking space for Field Trip Stop #4. Drive north on Mission
Blvd.
Turn right onto Hotel Ave. and drive up the hill. This slope is a trace
of the Hayward Fault. It passes through the northwest corner of the
house at 923 Hotel St.
Turn left on Main St. After crossing McKeever, San Lorenzo Creek
is below and to the right, and difficult to see. It may be offset along
the Hazel trace of Hayward Fault, or may merely be deflected by the
high topography of Prospect Hill on our left. Prospect Hill, of
course, has been offset by the Prospect trace of the Hayward Fault
that we crossed on Hotel Avenue.
Cross Hazel Ave. Nason (1971) suggests that the Hazel Street bridge
has been rotated by the Hazel trace.
Main St bends left and turns into Rose St
Cross Prospect St and continue on Rose St. (Fig. 27). The Prospect
trace of the Hayward Fault passes under the west side of the intersection. There are Invar-rod creep meters installed underneath the street
intersection to measure creep on the fault. The curbs on both the left

Figure 27. Map ofthe Prospect trace of the Hayward
Fault, at Prospect and Rose Streets, after Hirschfeld
(1987).
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and right sides of Rose St. were offset 200 mm between 1930 and
1967, at an average rate of 5.5 mm/yr (Nason, 1971).
124.4

Turn right onto Mission Blvd. As you drive northwest on Mission
you might get a glimpse of the BART tracks again, to the left. Three
of the bents that support the BART track have accelerometers on them;
they recorded peak accelerations in the Loma Prieta Earthquake of
0.15g at ground level and up to 0.60g on the track (Fig. 28; Shakal et
al, 1989).

125.0

Turn right onto Mattox Ave., just beyond the Lucky's shopping center
and the Long's Drug Store. The street is not labeled. After turning
right, the street bends back to the left 45° at the base of the hill. This
bend is where the Mattox trace of the Hayward Fault crosses Mattox
Ave.; the Prospect trace does not extend this far north (Nason, 1971).

125.4

Enter Freeway 580 (West) from the right hand lane by making a 270°
right turn, so we will be headed northwest on Highway 580. As we
drive along 580 the first thing we come to is a major interchange with
Freeway 238. The fault is roughly 200-300 meters to the left (west)
of the interchange.

126.6

The 580 Freeway bends 20° the left and crosses the Hayward Fault
very obliquely. After this, the Hayward Fault is to the right and
bearing slighdy away from us.

127.2

Take the Fairmont Dr. offramp and stay in the right hand lane. Then
turn sharprightand drive southeastward on Foothill Blvd.

127.8

Turn left into the south entrance of Fairmont Hospital, for Field Trip
Stop #5. Refer to Special Publication 62: Proceeding of the Conference on Earthquake Hazards in the Eastern San Francisco Bav Area.

Figure 28. A portion ofthe strong-motion accelerogram from the BART elevated structure in
Hayward during the Loma Prieta earthquake, from CSMIP Station 58501 (Shakal et al, 1989).
This site is 73 km from the epicenter, and the BART tracks are supported on reinforced concrete bents on pilings in alluvium. W refers to the horizontal direction perpendicular to the
tracks, or S40°W. Note that, in a 35-second interval, at track level, there were six oscillations
of one-third g or more, with a peak acceleration of0.60g; at ground level, the maximum was
only 0.14g. In the along-track direction (not shown), the maximum acceleration was only
026g at track level and 0.14g on the ground, and the maximum vertical acceleration was only
0.05g on the ground. The time scale is 10 mm/sec, and the record starts at 00:04:35.0 GMT.
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1982 (Taylor, 1982; Messinger, 1982; Peshon, 1982). At this stop at
Fairmont Hospital we will see where the " E " Building has had one
wing shortened because the Hayward Fault active trace crossed it.
The "F" and " G " Buildings were demolished in January 1990 because
they stood astride the fault

Figure 29. The collapsed section ofthe 1-880 Cypress Street two-level viaduct in Oakland.
The upper level collapsed onto the lower when the columns supporting the upper level failed
near their connections to the lower level; in the center of this photo three of the failed columns
can be seen hanging from the upper level.. As discussed by EQE Engineering (this volume),
the failure was due to insufficient horizontal reinforcing steel tying the vertical steel reinforcing
rods.
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Photo by Tom Levy, San Francisco Chronicle.
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FAIRMONT HOSPITAL-JUVENILE HALL COMPLEX

1

2

C. L . Taylor , D. L. Messinger , and H . Peshon
2

Geomatrix Consultants, One Market Plaza, Spear Street Tower, Suite 717, San Francisco, California 94105
D. L. Messinger and Associates, 40Q9 Webster St., Oakland, California 94609
Retired

Two active traces of the Hayward Fault
traverse the Fairmont Hospital-Juvenile Hall
sites in a generally north-south direction.
The Alquist-Priolo Special Studies Zone
Map of the Hayward Quadrangle shows that
numerous fault traces cross the hospitaljuvenile hall complex. The locations of these
faults were uncertain and did not provide a
sufficient data base on which to assess the
potential seismic hazards at the two faculties.
Alameda County therefore authorized
Woodward-Clyde Consultants to (1) locate
the active traces, (2) evaluate the potential
surface-faulting hazard, (3) evaluate other
seismic hazards, and (4) provide a data base
from which confident planning decisions
could be made regarding the hazards of active faulting. That study (Woodward-Clyde
Consultants, 1978) concluded that two active
traces of the fault traversed the complex
(Fig. 30) and represented a potential surfacefaulting hazard.
The geologic data provided the input
necessary to evaluate the effects of ground
shaking, potential fault displacement, and
continuing fault creep on structures at these
sites. Alameda County engaged David L .
Messinger and Associates and H . J.
Degenkolb and Associates to conduct a study
to identify and assess the relative hazards
posed to structures at the sites. The investigation considered the potential for damage or
possible collapse resulting from the geologic
hazards. The age, type of construction, and
relative relationship to the identified fault
traces of each structure were reviewed.
At this stop we will discuss the geologic
conditions at the Fairmont Hospital and Juvenile Hall sites, the structural assessments,
and the resulting actions. We will only dis-

cuss those buildings traversed by the fault
and will show damage caused by continuing
fault creep. We will also discuss structural
performance evaluations of the structures
and the recommended strengthening, modification, or abatement actions.
Laundry Building
A trench south of the Laundry Building
(building 9 of Fig. 31) by Woodward-Clyde
Consultants (1978) crossed the reported locations of 1868 faulting (Radbruch, 1974),
Herd's (1978) reported fault location, and a
tonal change visible on 1947 aerial photographs. This trench exposed an active
fault trace near the top of the steep, westfacing scarp at location 2 of Fig. 31. This
trace is in line with the creeping western
trace identified by left-stepping en echelon
cracks across Foothill Blvd., 1400 feet to the
south. This western trace projects northward into a northwest-facing cutslope (Point
A in Fig. 31). Here the fault has been identified by careful hand digging and groundwater seeps. P L E A S E do not dig on this
slope!
E Building
E Building is a three-story reinforcedconcrete structure, built in 1950. Until the
mid-1980s, the western trace of the Hayward Fault passed through the southeast
corner of the building. The building itself
showed no visible distortion due to fault
creep, but en echelon cracks in the parking
lot south of the building (Point B of Fig. 31)
and cracks in sidewalks and concrete slabs
suggested that the trace passed through the
building, about 20 feet west of the its southeast corner. The map in Fig. 31 shows the E

ExcerptsfromHirschfeld (1987), reprinted with permission.
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Figure 30. Map ofthe Fairmont Hospital-Juvenile Hall complex, showing the eastern and
western Hayward Fault traces, from Taylor et al (1987).
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Building to be H-shaped; on our visit we
will see that the threatened wing has been
shortened to lessen the risk of damage to the
building in a major earthquake. The remainder of E Building has been seismically
strengthened.

fault creep was evident by cracks in concrete
beneath the west portion of the auditorium,
cracks in the north and west walls, and
warped walls and doors. The engineering
studies recommended demolition of the
building, which has since been carried out.

At point C of Fig. 31, a series of borings
were drilled perpendicular to the fault trace to
further attempt to define the fault's location.
These borings clearly showed the fault to be
an effective groundwater barrier across the
site. A boring west of the fault was dry to
an elevation of 82 feet, while water was
seeping into a trench east of the fault, 30 feet
away, at an elevation of 104 feet, a difference of at least 22 feet in 30 feet.

Fairhome
Fairhome is a two-story wood-frame
structure built in 1920 (point I in Fig. 31).
Fault creep has cracked the exterior stucco
and foundation of the southeast comer of the
building. The engineering studies recommended that, like E Building, the portion of
the building in the fault zone be removed,
and the remainder of the building be
strengthened.

F Building
F Budding was located at point D of Fig.
31. It was a three-story wood-frame structure built in 1930. Fault creep was evident
in cracks in curbs and gutters west of the
building and in its concrete slab, showing
that the Hayward Fault went through the
middle of the building. The engineering
studies recommended converting the building to non-essential filing and storage. Recognizing the hazard and the age of the structure, the hospital administration demolished
the structure in January 1990.
Auditorium
The auditorium (location 4 in Fig. 31)
was built in 1915 on Central Avenue, adjacent to the G Building. It had a steel frame,
but both interior and exterior walls were
made of unreinforced hollow clay tile. A
significant portion of the building lay over
the western trace of the Hayward Fault, and
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Further evidence of fault creep includes
damage and distortion of the concrete roadway (point J of Fig- 31) east of Fairhome,
apparent counter-clockwise rotation of a concrete slab in a carport (point K in Fig. 29),
and offset curbs (point L of Fig. 31) in the
cottage area.
Juvenile Hall
The Hayward Fault continues northward
from Fairmont Hospital to the Alameda
County Juvenile Hall. In the valley between
the hospital and the hall, two fault traces
were well-located by trenching. The eastern
trace, which passes east of Fairmont Hospital, also passes east of Juvenile Hall. The
western trace passes beneath Snedigar Cottage and the Administration Building. For
further information, readers are advised to
refer to Hirschfeld (1987) or Messinger
(1982).
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Figure 31. Map of Fairmont Hospital, circa 1982, from Taylor et al (1987).
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127.8 miles

Depart Field Trip Stop #5, Fairmont Hospital. Turnrightonto Foothill
Blvd. Cross 150th St.

128.2

After crossing 150th St., enter Highway 580 West. As we drive
along this part of 580, the fault is several hundred meters to the right
(northeast) of the highway.

130.2

Pass the Foothill Blvd. offramp and continue northwest on 580. To
the right is the steep southwest-facing scarp at the Hayward Fault.
There is also a spring in the valley.

131.2

On the right, behind the hill, is the northeast-facing scarp that runs
through the Knowland State Arboretum, near the Oakland Zoo.

131.4

The fault crosses the freeway where 580 bends to the right. To the
left of us there is an en echelon step to the right, so when we see the
fault again it will be another trace, running down the middle of the
freeway. To ourrightthe fault goes through the Oakland Zoo.

132.9

Pass the Keller Ave. exit and stay on 580. From here to the Highway
13 interchange, the fault is inferred to be running down the freeway,
from aerial photographs taken in 1939.

133.6

There is a nice quarry to the right.

134.1

Keep to the right and take the Warren Freeway (Highway 13) exit.
One fault trace, visible on 1939 aerial photographs, is thought to be
going through the interchange.

134.9

There is another scarp offset to the right of the previous one, that we
cross as the freeway makes a short jog to the north. Another is offset
to the left, about 800-1000 meters to the left (southwest) of the freeway.

135.6

The freeway crosses a massive landslide (Herd, 1978) that is about a
mile wide where the freeway crosses it. Several major buildings are
built on it, including Golden Gate Academy and Holy Name College.

136.4

Exit the freeway on the Joaquin Miller Rd.-Lincoln Ave. exit. After
you exit the freeway, turn left and cross the freeway (Fig. 32).

136.7

Turn left and park in the Mormon Church parking lot, for Field Trip
Stop #6. On a clear day from this view point you can see the Bay
Bridge, both the cantilever span and the suspension span, Treasure
Island, Alcatraz, Angel Island, the Golden Gate Bridge in the distance, downtown San Francisco, downtown Oakland, and the TV
transmission tower on the skyline beyond San Francisco. You are
standing on the Hayward Fault scarp; the most recent trace passes under some of the Mormon Church buildings (Fig. 32; Herd, 1978).
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MORMON TEMPLE

Figure 32. Fault map in the vicinity of the Mormon Temple, Oakland,
from Herd (1978).
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136.7 miles

Depart Field Trip Stop #6, Mormon Temple. When leaving the Mormon Temple, turn right and drive up the hill. Cross the freeway, turn
left, and get on the freeway (Highway 13) going north. As you drive
northwest along Highway 13, one fault trace is virtually in the freeway; it was visible in 1939 aerial photographs. There is another trace
of the fault uphill to the northeast at the base of the hills, forming an
occasional northeast-facing scarp as well as southwest-facing scarps
(Fig. 32; Herd, 1978). OfT to the right is the Montclair part of Oakland. There is a small sag pond here that has formed along the fault

139.2

Near the Berkeley Terrace exit, the fault trace trends obliquely to the
left (Fig. 33). To the left of the freeway is Lake Temescal, which is
probably formed between two traces of the Hayward Fault, dammed
perhaps by a landslide to the northwest (Herd, 1978). Bear to the left
and follow the signs toward Highway 24 West

140.2

Turn very sharp right onto Tunnel Road. From this road you can see
Lake Temescal on the right

140.8

Turn sharp right and enter Freeway 24 West Beneath us and to the
right as we drive on Highway 24 West are the BART tracks, in a tunnel (Fig. 33).

Figure 33. Map offault traces in the Lake Temescal area, Oakland,
from Herd (1978). The offset culvert in the University of California
Memorial Stadium (Radbruch and Lennert, 1966) is 3500feet northwest
of the map.
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141.6

To the right is where the BART tracks cross the Hayward Fault (Fig.
33), between the northeast shore of Lake Temescal and the offset
water tunnel (Blanchard and Laverty, 1966). Any significant movement of the Hayward Fault will probably close this section of the
BART system for several days or longer, due to bent rails, though the
tunnel is expected to survive unharmed except for offset of its walls
by faulting.

143.8

Drive through the Mac Arthur Maze freeway interchange. Continue on
980 (Highway 24 becomes 980) toward downtown Oakland.

145.7

Take the 11th and 12th Street exit from 980 and go straight ahead on
Brush Street when you exit the freeway.

146.3

Turn right onto 7th Street

147.0

Turn right onto Cypress St. The end of the surviving 880 freeway is
on the right The collapsed portion of 880 used to run down the median of Cypress St, ahead and on your left (Fig. 29).

148.2

Stay to the left and enter the 80 Freeway to the Bay Bridge to San
Francisco. To the left is the other surviving end of the Cypress elevated structure.

149.8

The Bay Bridge Toll Plaza. Following the earthquake and the closure

Figure 34. Geologic map of Oakland, showing location of the 1-880
freeway, from Hough et al (1989). AB is the portion of the Cypress
viaduct that collapsed; BC was damaged but did not collapse. S1-S6
are seismograph sites occupied by Hough et al (1989) following the
Loma Prieta earthquake. Qm is Holocene mud, 0-40 m thick; Qal is
Quaternary alluvium, 0-50 m thick; KJF is Franciscan Formation.
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of the Bay Bridge, the entire length of the bridge was repaved and it is
still in very good shape. CALTRANS estimated it got about 2 */2
years of maintenance work done during the one month the Bay Bridge
was closed while it was being repaired.
150.5

Start up the incline section of the Bay Bridge. Several 2"-diameter
bolts connecting truss base plates to the top of Pier E23, near the eastern end of the incline section, sheared during the Loma Prieta Earthquake (Astaneh et al, 1989).

151.4

Cross the section of the Bay Bridge that collapsed during the earthquake. It is noted by having a rougher texture than the rest of the
bridge. It is where the cantilever section joins the incline section, and
also where the bridge bends, causing the motion of the two pieces of
the bridge to be different. While repairing this section of the bridge,
CALTRANS workers welded a small metal troll (not visible from die
roadway) onto the bridge, to bring good luck. On a clear day going
across the cantilever section of the Bay Bridge, you can see the
Richardson Bay Bridge off to the right. The Golden Gate Bridge is
ahead about 1:00. Alcatraz is about 2:00, Angel Island about 2:30.
On the left you can see Alameda Naval Air Station and many ships at
anchor in San Francisco Bay.

152.7

Go through the tunnel in Yerba Buena Island. To the right is Treasure
Island. Treasure Island was the site of the 1939-1940 Golden Gate
International Exposition in San Francisco. It is land reclaimed out of
the Bay, using the rock that was dug out of the tunnel you're passing
through (Dillon et al, 1979). The peak acceleration on October 17 was
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Figure 35. Seismograms recorded by Hough et al (1989) of a
M = 4.1 aftershock at three sites shown in Fig. 34. All traces are
plotted at the same scale, and instrument response is essentially flat
from 2-40 Hz.
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0.16g on Treasure Island's fill, but only 0.06g on Yerba Buena
Island's Franciscan sandstone (Shakal et al, 1989). As a result, some
minor damage was sustained on Treasure Island.
As you cross the suspension span of the Bay Bridge, move to the
right lane to be prepared to exit onto Fremont Street in die city.
153.7

Cross the "center anchorage" in the Bay Bridge. The suspension span
of the Bay Bridge is actually two suspension bridges combined in the
middle at this "center anchorage," a caisson beneath which the suspension cables are anchored in Franciscan bedrock beneath the Bay
(Dillon et al, 1979). On the right you can see downtown San Francisco and Coit Tower on top of Telegraph Hill. To the left on a clear
day you can see the San Mateo Bridge.

154.9

Stay to the right and take the Fremont Street exit This offramp used
to feed into the Embarcadero Freeway, before it was closed due to
earthquake damage. At the stop light at the end of the freeway offramp, turn left onto Fremont, then turn left again onto Howard Street

155.8

Return to the front of the Moscone Convention Center, on the left side
of Howard between 3rd and 4th Streets.
We hope that this field trip has encouraged you to ponder some of the
questions posed by the Loma Prieta earthquake, and has shown you
some of the tasks San Franciscans have undertaken to mitigate the
hazard posed by this and future earthquakes.

Figure 36. The camp set up for San Francisco victims of the April 18,1906, earthquake.
Although many people were left homeless by the 1989 Loma Prieta earthquake, considerably more homes were damaged in 1906. Photo by Eric Swenson, U. S. Geological Survey.
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Figure 37. This is one of many multi-story apartment buildings in the Marina District that collapsed when ground-floor garages failed because they lacked sufficient shear restraints in their
walls. Several buildings like this were later consumed by the major Marina Districtfire. Photo
by Vincent Maggiora, San Francisco Chronicle.
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Figure 38. The collapse of Union Street, San Francisco, west of Steiner, in the 1906
earthquake. This is near the bottom of Fig. 13, between Divisadero and Laguna. Photo
courtesy of the University of California, Berkeley, from U. S. Geological Survey archives.
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