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The Morgan Hill Earthquake: An Overview

By Seena N. Hoose
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INTRODUCTION

The Morgan Hill earthquake, a moderate-size
(Mg=6.1, M;=6.2, M=6.2) event, was felt throughout
central Cahlfomia on April 24, 1984. The epicenter of
the earthquake was located near Halls Valley
southwest of Mount Hamilton, and the event is
presumed to have occurred on the Calaveras fault.
Damage, however, was concentrated near the south
end of the Anderson Reservoir and in the town of
Morgan Hill. A preliminary assessment by the
California Office of Emergency Services estimated
damage to private property at $7.0 million and to
local-government facilities at $0.5 million, for a total
of $7.5 million in damage.

Acknowledgments.—-I appreciate the helpful
suggestions of Joseph I. Ziony and Robert D. Brown,
dJr. These studies were aided by the generous
cooperation of the many landowners who permitted
access to their properties.

Geologic and Tectonice Setting

The Calaveras fault is one of many active faults
in the complex San Andreas fault system, the
transform plate boundary between the Pacific and
North American plates in the San Francisco Bay
region. The San Andreas fault system also includes the
Hayward, Sargent, San Gregorio, Silver Creek, and
many other faults (fig. 1.1). The Calaveras fault
diverges from the east side of the San Andreas fault

south of the town of Hollister. The Hollister and Santa
Clara Valleys lie between the San Andreas and
Calaveras faults.

The overall sense of plate motion is right lateral,
and both the San Andreas and Calaveras faults are
right-lateral strike-slip faults. The orlentatlon of the
San Andreas fault ranges from N. 35° to N. 37° W.,
believed to generally parallel the plate boundary The
orientation of the Calaveras fault is N. 27° W., and
individual segments deviate as much as 24° from the
general fault direction.

Relative motion between the Pacifiec and North
Ameriean plates is 5.6£0.3 em/yr (Minster and Jordan,
1978), accommodated in a broad zone between the
continental slope and the Sierra Nevada, but primarily
concentrated along the San Andreas fault system.
Within this fault system, transform plate motion is
recognized by geodetic measurements, observed creep,
seismicity, and offset geologic units.

Using geodetic methods, Prescott and others
(1981) measured 1.2210.39 em/yr of right-lateral
deformation in a zone a few kilometers wide along the
San Andreas fault on the San Francisco peninsula,
although the fault itself is not creeping. Aydin and
Page (1984) determined approximately 0.7 em/yr of
movement across the Hayward fault zone and 0.7
em/yr across the Culaveras fault zone, using
techniques similar to those of Prescott and others.
Geologic evidence indicates 0.01 to 0.07 em/yr of
movement on the Greenville fault (Sweeney, 1982;
Wright and others, 1982). Offset marine terraces
along the San Gregorio-Hosgri fault indicate an
average slip rate of about 0.6 em/yr during the past

1. The Morgan Hill Earthquake: An Overview 1



200,000 years (Weber and Lajoie, 1977). Aydin and
Page (1984, p. 1308) concluded, "Thus the aggregate
dextral motion rate across the area shown in Figure 1
[1.1] is probably on the order of 3.6 em/yr--a result
consistent with an earlier geodetic determination of
3.210.5 em/yr" (Savage and Burford, 1973).

Some plate motion is accommodated by ereep
along active faults. South of Hollister, the San
Andreas fault is creeping at a rate locally as high as 20
mm/yr, but more commonly from 8 to 13 mm/yr
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(Nason, 1973). The San Andreas fault is locked from
near San Juan Bautista northward through the
peninsula and into Marin County. The San Gregorio-
Hosgri fault is also locked through the peninsula. Just
south of Hollister, creep along the San Andreas fault
transfers to the Paicines-Calaveras fault. The creep
rate along the Calaveras fault in and near the town of
Hollister is from 9 to 13 mm/yr (see chap. 5),
decreasing northward. Apparently, the segment of the
Calaveras fault that includes the aftershock zone of
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Figure 1.1. San Francisco Bay region, showing locations of active faults (dashed where inferred) and epicenter of
the Morgan Hill earthquake (star). HO, Hollister; MH, Morgan Hill; SF, San Francisco; SJ, San Jose. From Jen-
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the Morgan Hill earthquake was not creeping before
the earthquake. All of the creep and much of the
seismicity on the Calaveras fault are transferred to
the Hayward fault from the vicinity of the Calaveras
Reservoir northward (Page, 1984, p. 116).

Plate motion not accounted for by creep is
accommodated by regional strain and by slip on faults
during earthquakes. Seismicity is associated with
active faults throughout the bay region, although
seismicity is not entirely confined to recognized
faults. The seismologic setting is discussed below.

The summary of bay-region tectonies by Aydin
and Page (1984) presents the regional geology, as
shown in figure 1.2. The San Andreas fault separates
two fundamentally different terranes that have been
brought together by right-lateral movement along the
transform fault during Cenozoic time (Dibblee, 1980).
West of the San Andreas fault zone, the Salinian block
(Ross, 1978; Page, 1982a) basement is composed of the
granitic rocks of Montara Mountain and the Ben
Lomond Quartz Diorite (Baldwin, 1967) and associated
metamorphic rocks of Cretaceous age. East of the San
Andreas fault, the basement is the late Mesozoic
Franciscan Complex (Bailey and others, 1964; Berkland
and others, 1972). The Franciscan Complex includes
coherent blocks of sandstone, greenstone, and chert,
and a melange of highly sheared shale and serpentinite
enclosing blocks of graywacke, basaltic greenstone,
chert, and other rocks. This subduction-zone complex
is partially metamorphosed and severely deformed.

West of the San Andreas fault, a thick sequence
of Paleocene and Eocene marine sedimentary rocks is
in depositional contact with the underlying Salinian
basement. East of the San Andreas fault, Upper
Jurassic to uppermost Cretaceous marine sandstone
and mudstone of the Great Valley sequence are in fault
contact with the Franciscan basement.

Miocene deposits are similar on both sides of the
San Andreas fault and include deep-water marine
clastic sedimentary roecks, siliceous mudstone, and
porcellanite, such as the Monterey Formation. These
Miocene deposits locally include mafic and
intermediate volcanic rocks. Semiconsolidated
Pliocene sedimentary rocks unconformably overlie
older rocks and include marine-shelf deposits and some
nonmarine sandstone.

Pliocene and Pleistocene nonmarine unconsoli-
dated sediment, such as the gravels of the Santa Clara
Formation, is found in many parts of the bay region.
The Santa Clara and Hollister Valleys are covered with
Holocene alluvial deposits, and the San Francisco Bay
is underlain by Pleistocene and Holocene estuarine and
alluvial deposits, as much as a few hundred meters
thick. Coastal marine terraces are covered with a thin
deposit of Quaternary sediment.

Folds, thrust faults, and normal faults are
related to strike-slip faulting throughout the bay
region. Pliocene and Pleistocene nonmarine sediment
is folded and faulted, as are all the older rocks. In
many places, Holocene deposits have also been offset
by faulting. Deformation indicates that some of these
structures began to form during the middle or late
Miocene and that nearly all have been active during
Pliocene and Quaternary time (Aydin and Page, 1984,
p. 1308). Pre-Miocene deformation is related to

subduction processes, and some of these structures
may be reactivated by transform tectonies.

The East Bay Hills structural domain of Aydin
and Page (1984; see Aydin, 1982; Page, 1982b, c, 1984)
lies between the Diablo Range and the Santa Clara
Valley. The boundaries of the East Bay Hills domain
are the Culaveras fault zone on the east and the
Hayward fault zone on the west, and a series of thrust
faults continuing southward from the Hayward fault
zone (fig. 1.3). The region affected by the Morgan Hill
earthquake is in the southern part of the East Bay Hills
domain, where the west boundary of the domain is a
series of thrust faults dipping northeast, toward the
Calaveras fault zone.

Geologic maps of the Calaveras fault zone (see
chap. 6; pl. 1) show a complex zone of discontinuous
fault strands. In some areas, the fault is obscured by
landslides, recently deposited alluvium, and reservoir
waters. Fault strands are straight to curvilinear, and
there is no clear, consistent echelon pattern to the left
and right stepovers between fault strands. The fault is
near-vertical. In map view, the Calaveras fault zone
is angular, with several bends in its strike. Various
segments of the fault deviate from the general strike
of the fault zone by as much as 24°, and the angle
between adjacent fault segments ranges from 3.5° to
22° (Page, 1984, p. 112).

Echelon folds and thrust and reverse faults are
common in the East Bay Hills domain, as elsewhere in
the Coast Ranges. "The trends of the fold axes are
similar to those of the reverse faults, that is, most are
oblique to, but some are parallel with, the main strike-
slip zones" (Aydin and Page, 1984, p. 1309). Several
faults, such as the Silver Creek and Coyote Creek
faults, that trend parallel to the major strike-slip
faults curve abruptly and connect with the strike-slip
faults. Aydin and Page (1984, p. 1313) attributed the
relation between the folds, the reverse and thrust
faults, and the strike-slip faults to compression of the
entire East Bay Hills domain due to the left stepover
between the Calaveras and Hayward-Rodgers Creek
faults (inset, fig. 1.3).

Stepovers between discontinuous fault strands in
a right-lateral fault system behave differently,
depending on the direction of the stepover. Right-
stepping discontinuities cause tension, whereas left-
stepping discontinuities cause compression (Rodgers,
1980; Segal and Pollard, 1980). This difference is
expressed as pullapart basins at right stepovers, such
as Halls and San Felipe Valleys, and Coyote and San
Felipe Lakes; and as uplift at left stepovers, such as
the foothiils ridge between Anderson Lake and the
Santa Clara Valley.

Fault complexities observed at the surface
(bends, changes in strike, left and right stepovers,
related reverse and thrust faulting, and other disconti-
nuities) appear to exist at depths where earthquakes
are generated along the Calaveras fault zone (Bakun,
1980; Reasenberg and Elisworth, 1982). Mavko (1982)
proposed that different segments of the fault would
have a different likelihood of producing earthquakes,
depending on the geometry of the fault and the forces
acting on a particular fault segment. Fault
complexities and segments of the fault where slip is
difficult may become the loci of repeated eurthquakes

1. The Morgan Hill Earthquake: An Overview 3
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in the Calaveras fault zone (Bakun, 1980). These fault
complexities appear to have influenced the locations
of the Morgan Hill and Coyote Lakes earthquakes and
their aftershocks.

Seismologic Setting

Earthquakes of M>5 occurred along the south
half of the Calaveras fault in 1897, 1911, 1949, 1955,
1979, and 1984. On June 20, 1897, an M=6 earthquake
occurred along the same segment of the Calaveras
fault system as the August 6, 1979, Coyote Lake
earthquake, on the basis of an analysis of historical
accounts and intensity data by Toppozada and others
(1981). "If the 1979 earthquake represents a repeat of
the 1897 event, then it is possible that the hypocentral
region of the fault was locked for as much as 82 years
between events" (Reasenberg and Ellsworth, 1982, p.
10652).

An instrumentally recorded earthquake of M=6.6
occurred on July 1, 1911 (Richter, 1958, p. 469;
Toppozada, 1984), near Mount Hamilton. If the epi-
centers of aftershocks of that earthquake are
constrained to the Calaveras fault, published
information is adequate to locate them. The 1911
aftershock epicenters plot within a 20-km-long zone
from near Mount Hamilton southeastward to the 1979
Coyote Lake main-shock epicenter (Bufe and others,
1979). This zone, which is basically equivalent to the

EXPLANATION
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Figure 1.2. Continued

aftershock zone of the Morgan Hill earthquake (fig.
1.4), indicates a recurrence interval of 73 years for
that segment of the fault. In 1980, it was recognized
that a repeat of the 1911 event might reasonably be
expected. No short-term precursors were noted,
however, and the time of the Morgan Hill earthquake
was not predicted, although both its magnitude and
location had been anticipated in 1980 (Bakun, 1980;
Bakun and others, 1984).

The 1979 Coyote Lake earthquake (Mj=5.9)
occurred on the section of the Calaveras fault
immediately to the southeast of the Morgan Hill
earthquake rupture zone (Bakun, 1980; Reasenberg and
Ellsworth, 1982). The 1949 M| =5.2 shock was located
in the southeastern part of the 1979 Coyote Lake
aftershock zone (Bufe and others, 1979).

During the past 6 years, several M; =3-4 earth-
quakes have occurred immediately to the northwest of
the Morgan Hill earthquake rupture zone, including
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T T
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[ .
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Fold axes
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Figure 1.3. Simplified structural map and hypothetical
model for the East Bay Hills compressional domain
between the left-step from the Calaveras to the

Hayward and Rodgers Creek fault =zones (from
Aydin and Page, 1984, fig. 7). Major faults: 1,
Calaveras; 2, Hayward; 3, Rodgers Creek; 4,

Southampton; 5, Franklin; 6, Pinole; 7, Lafayette; 8,
Las Pampas; 9, Bolinger; 10, Moraga; 11, Mission; 12,
Evergreen; 13, Silver and Coyote Creek.
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earthquakes near Halls Valley on January 15, 1981
=4.8), and on October 23, 1983 (M; =3.8) (Bdkun,
g‘b Bakun and others, 1984) In 1955, an M;=5.5
shock occurred about 10 km northwest of Mount
Hamilton (Bufe and others, 1979).

No clear changes in the pattern of seismicity
immediately before the Morgan Hill earthquake have
been identified that would have permitted prediction
of the earthquuke. The Morgan Hill earthquake
rupture zone lies within a dense network of seismo-
graphic stations operated by the U.S. Geological
Survey (USGS) in central California, so that all
earthquakes of ) M;j21.5 in the vieinity are recorded and
located. During the 24 hours before the main shock,
only two small earthquakes occurred on April 24, dt
0341:37.0 G.m.t. (coda-duration magnitude, 0.7) ‘and
1811:37.7 G.m.t. (coda-duration magnitude, 0.4), both
located at the main-shock epicenter (Bakun and others,
1984). For comparison, more than 150 earthquakes
(coda-duration magnitude, 21.0) occurred within the
rupture zone during the 12 months before the main
shock. An increase in earthquake activity did occur
near the two ends of the rupture zone during the 16
months before the Morgan Hill earthquake (fig. 1.5C);
this pattern of precursory seismicity near the ends of
the rupture zone is consistent with seismicity observed
near the ends of rupture zones before large
earthquakes on plate boundaries (Kelleher and Savino,
1975) and before M;=4-6 earthquakes on the San
Andr)eas fault system {'Bakun, 1980; Bakun, and others,
1980

POSTEARTHQUAKE OBSERVATIONS

Seismologic Observations

Seismologic observations included the
determination of: aftershock patterns; location, foeal
mechanism, and magnitude of the main shock; and
source parameters of the two largest aftershocks, as

Figure 1.4. Calaveras and Hayward fault zones (stip-
pled bands) outside rupture zone of the 1984 Morgan
Hill earthquake (solid box) and aftershock zone of the
1979 Coyote Lake earthquake (Reasenberg and Ells-
worth, 1982) (dashed box), relative to locations of
selected geophysical instruments. Stars denote epi-
centers: 1, main shock; 2, delayed source; 3, 1979
Coyote Lake main shock. Open triangles, strong-
motion accelerographs: Halls Valley (HVY), Anderson
Dam, downstream (AND)}, and Coyote Lake Dam abut-
ment (COY or CYC). Solid triangle, Shore Road
creepmeter. X, locus of severe damage in the unincor-
porated Jackson Oaks area of Morgan Hill. A, Length
of the line Loma Prieta-Mount Hamilton as a function
of time. Insert shows recent measurements at an
expanded time scale; error bars are z0. B, Length of
the line Llagas-Sheep. From Bakun and others (1984,
fig. 1).

well as a presentation of strong-motion records from
the main shoek.

The Morgan Hill earthquake of April 24, 1984,
occurred at 2115:18.78 G.m.t. (1:15 p.m. P.d.t); its
epicenter was near Halls Valley along the Calaveras
fault zone east of San Jose, Calif. (fig. 1.1). This
moderate earthquake had a surface-wave magnitude
(Mg) of 6.1 and a body-wave magnitude (m,) of 5.7,
according to the U. S. National Earthquake Information
Service in Golden, Colo. A local magnitude (M) of
6.2 was measured by the University of Cahforma,
Berkeley, Seismographic Station from seismographs
north and northwest of the epicenter. A moment
magnitude (Hanks and Kanamori, 1979) of 6.2 was
calculated by using a geodetic moment of 1.9x10
dyne-em (Prescott and others, 1984). The relatively
small my, of 5.7 reflects the size of the initial source;
the larger My, moment magnitude, and M; estimates
reflect the extended source, including an energetie
source 16 to 20 km southeast of the main-shock
epicenter near the end of the earthquake rupture zone
(Bakun and others, 1984).

The Morgan Hill earthquake ruptured a 26-km-
long subsurface segment of the Calaveras fault zone to
the east and southeast of San Jose, Calif. The
aftershock hypoecenter distribution (figs. 1.4, 1.5B) is
used to define the subsurface "rupture zone" of the
earthquake, although rupture during the main shock
probably did not extend over this entire length. The
epicenter (lat 37918.56' N., long 121°40.68" W.) of the
main shock was located near the Calaveras fault zone,
5 km west-southwest of Mount Hamilton and about 65
km northwest of the junction of the Calaveras and San
Andreas faults (see chap. 3). Nearly all the
aftershocks locate on the 26-km-long section of the
Calaveras fault zone southeast of the epicenter of the
main shock; aftershocks were concentrated near the
San Felipe Valley and the Anderson Reservoir (fig.
1.5). The distribution of aftershocks in space and time
suggests that the source mechanism of the earthquake
can be described by a unilateral rupture propagating to
the south-southeast from the main-shock epicenter to
the south end of the Anderson Reservoir.

An analysis of more than 1,000 aftershocks of
M=20.5, plotted on a map view, reveals a central band of
aftershocks parallel to the Calaveras fault, less than 1
km wide and more than 30 km long (see chap. 2). The
aftershock pattern is simpler than the mapped strands
of the Calaveras fault in the aftershock region.
Longitudinal cross sections showing the hypocentral
locations of aftershocks show two quiet zones in the
aftershock pattern on the inferred fault surface.
These quiet zones are represented as adjacent 3- by
10-km and 5- by 13-km patches that are believed to be
devoid of aftershocks because they broke during the
main shock. The transition between these quiet
patches coincides with a 6° change in strike of the
inferred fault surface. Selected transverse
stereoscopic plots of aftershock loecations show a
conspicuous group of aftershocks southwest of the
principal band of aftershocks that appear to be
bounded by the Calaveras fault on the northeast and by
the Silver Creek (or u related, reverse) fault below and
on the southwest. These aftershock patterns suggest
that the Morgan Hill earthquake was accompanied by,

1. The Morgan Hill Earthquake: An Overview 7



or stimulated movement on, one or more nearby
reverse faults.

The results of analyses of the hypocentral
location, focal mechanism, and magnitude of the main
shock, based on records from the USGS northern
California seismograph network and the
USGS/California  Institute of Technology (CIT)
southern California seismograph network, are reported
in chapter 3. The hypocentral location was calculated
by using three different crustal models. All three
locations fall to the east of mapped traces of the
Calaveras fault. The epicentral region is geologically
complex, and the crustal-velocity structure is poorly
understood there. One possible explanation for the
hypocentral location east of the fault is that the
crustal velocity at depths of 6 to 10 km is substantially
higher east than west of the fault. First-motion plots
for all three hypocentral solutions are almost identical
and indicate right-lateral strxke-shp movement on a
fault plane striking N. 33° W. and dipping 84° SW.
Magnitude calculations from northern California
stations (M; =6.2) and southern California stations
(M =6. 5—6_)Ld1ffer significantly; this difference may
be due to a strong directional variation in the energy
radiated by the earthquake.

Unilateral rupture propagation toward the south-
southeast from the main-shock epicenter, and an
energetic late source of seismic radiation located near
the southeast end of the rupture zone, contributed to
the highly focused pattern of strong motion, including
an exceptionally large horizontal aceceleration of 1.29
g at a site on the Coyote Lake Dam abutment near the
southeast end of the rupture zone. Strong-ground-
motion recordings (see chap. 5) show that ground
accelerations were generally larger south of the
rupture zone than to the north. For example, peak
horizontal accelerations were 5 to 8 times higher to
the southeast of the rupture zone than to the
northwest at distances of 25 to 50 km from the ends of
the rupture zone. Severe damage was limited to the
vicinity of Morgan Hill (see chap. 11), and the largest
horizontal accelerations were recorded near there as
well (fig. 1.6). These observations are consistent with
pronounced focusing of seismic energy to the southeast
of the rupture zone, caused by the predominantly
unilateral southeastward rupture expansion. A large,
late pulse on some of the strong-motion records, such
as the pulse 11 s after triggering on the station HVY
accelerogram, shows the existence of an energetic
source of seismie radiation (fig. 1.6) near the southeast
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end of the rupture zone. The timing of S waves from
this source is consistent with a location near the
Anderson Reservoir (fig. 1.5B) that is noticeably
defic)ient in located aftershocks (Bakun and others,
1984).

Six General Earthquake Observation System
(GEOS, a miecroprocessor-based digital recorder)

within 8 hours of the main shock. Each instrument was

attached to a three-component force-balance
accelerometer and a three-component velocity
transducer. From 6 to 13 GEOS stations collected

data for more than a month after the earthquake. As
of May 30, 1984, a total of 126 aftershocks had been
recorded by 4 or more GEOS stations. As many as 11

strong-motion-recording instruments were deployed GEOS stations recorded some of the larger
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aftershocks. Source parameters calculated for two of
the largest aftershocks include seismic moment,
corner frequeney, source radius, and stress drop (see
chap. 4). These two aftershocks occurred on April 29
(Julian day 118) at 1648 G.m.t. and on May 5 (Juli%
day 124) at 1307 G.m.t. S-wave moments of 1.2x10
and 6.2x10°° dyne-cm were obtained for these two
events. Source radii (S waves) of 0.4 and 0.6 km
yielded similar stress drops of 12.2 and 14.6 MPa. P-
wave moments were smaller than S-wave moments by
factors of 4 and 6. These stress drops are considered
high in comparison with the norm for California data.

An important set of strong-motion records was
collected from the main shock of the Morgan Hill
earthquake by the permanent accelerograph networks
of both the USGS and the California Division of Mines
and Geology (CDMG). About 75 stations within the
combined networks were triggered at epicentral
distances ranging from 4 to 100 km. Chapter 5
provides information for readers wishing to obtain
copies of these records, as well as a summary of
information from 25 USGS stations, inecluding the
maximum acceleration for each component and the
duration (in seconds) for which the acceleration
reached amplitudes greater than 0.1 g. Digitizing and
processing of film records for five stations has been
completed, and chapter 19 presents computer plots of
data collected from strong-motion seismographs,
including: (1) uncorrected accelerograms; (2)
corrected acceleration, velocity, and displacement; (3)
relative-velocity-response spectra plotted on linear
scales; (4) response spectra plotted on tripartite
scales, (5) Fourier-amplitude spectra plotted on linear
scales; and (6) Fourier spectra plotted on log-log
scales.

Geologic Observations

Geologic observations sought to identify and
measure possible surface fault rupture associated with
the earthquake, to measure postearthquake surface
displacement on the fault zone southeast of the
aftershock zone, and to document earthquake-induced
ground failure.

No unequivocal evidence of surface faulting was
found during an intensive investigation of abundant
ground cracks associated with the main-shock and
aftershock zones of the Morgan Hill earthquake.
Cracks at two localities in the San Felipe Valley were
aligned with Quaternary fault traces but did not show
convincing evidence of tectonic origin, nor did they
show  measurable postearthquake displacement.
Cracks near the southeast end of the Anderson
Reservoir are within an area of extensive landsliding;
some of these cracks could be tectonie, but their
absence of consistent slip direction and orientation
suggests a nontectonic origin (see chap. 6).

On the day after the earthquake, ground cracks
with recent surface displacement were found along a
5.8-km-long segment of the Calaveras fault from 48 to
54 km southeast of the epicenter, beyond the
aftershock zone. These fresh cracks were found at
Shore Road and at three localities near San Felipe
Lake where the Calaveras fault trace was mapped by

Radbruch-Hall (1974). This surface displacement may
have occurred shortly before, during, or shortly after
the earthquake. However, the creepmeter at Shore
Road recorded an offset shortly after the earthquake.
On August 10, new cracks were found where the
Calaveras fault crosses California Highway 25 near
Hollister. This new set of cracks indicates continued
movement and the possible development of a new
surficial fault trace at California Highway 25 (see
chap. 7).

A large landslide in the central Santa Cruz
Mountains near the town of La Honda, Calif., 53 km
northwest of the epicenter, was probably triggered by
the Morgan Hill earthquake (see chap. 8). This
translational block slide occurred in an area of
prehistoric deep-seated landslides. The basal shear
zone of the landslide is in material that was probably
weakened by previous landslide movement. Winter
rains, which contributed to a perched water table
within the old landslide, provided optimum conditions
for renewed landslide movement. The La Honda
landslide is at about the maximum distance from the
epicenter where an M_=6.1 earthquake is likely to
cause a block slide in highly susceptible material, on
the basis of earthquake-magnitude relations
determined from a worldwide data set for coherent
slope failures (Keefer, 1984).

Engineering Observations

Engineering reports include: a discussion of
seismie velocities in relation to local geology; an
assessment of the influence of ground failure on
damage and the occurrence of liquefaction; a
description of the damage in Morgan Hill and Jackson
Oaks, near the Anderson Reservoir; and a discussion of
the response of two buildings in San Francisco to the
Morgan Hill earthquake.

Interpretation of the strong-motion data from
five stations in the Gilroy strong-motion array and the
Coyote Lake Dam, South Abutment, station requires
information about the geologic materials underlying
each site, including the shear-wave velocities.
Geologic and P- and S-wave-velocity logs from borings
are provided for these six stations, which extend a
distance of 10 km from sandstone of the Franciscan
Complex on the southwest, across alluvium of the
Santa Clara Valley, to Tertiary sandstone on the
northeast. The Coyote Lake Dam instrument pad is
located on or partly on a mass of silica-carbonate rock
and serpentine embedded in sheared rock of the
Franciscan Complex, which composes the western dam
abutment. The USGS borehole, 70 m to the southwest
of the instrument and across a fault strand, penetrated
only sedimentary rocks, and so the relatively low
shear-wave velocities (250-480 m/s) measured in the
borehole should not be used to characterize the Coyote
Lake Dam instrument site nor to interpret the 1.29-g
horizontal acceleration recorded there (see chap. 9).

Several houses were damaged in the Jackson
Oaks area on the southwest side of the Anderson
Reservoir (see chap. 10). A conspicuous east-west
fissure along Oak Ridge Court cracked driveways and
the street, and broke pipes. Although this fissure
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probably marked the head of an incipient slope failure,
the fissure had no detectable direct influence on the
damage to houses in the viecinity. Damage to the
Cochrane Bridge across the Anderson Reservoir may
have Dbeen caused by deep-seated landslide
movement. Dunne Road was damaged by landslides.
Details of the various cracks are deseribed in chapter
6. Liquefaction effects were found at only one
locality on the east shore of the Anderson Reservoir,
where sand boils and fissures a few centimeters wide
oceurred.

Unreinforced-masonry buildings sustained the
most external damage in downtown Morgan Hill (see
chap. 11). Some windows were broken, and in many
places items were thrown from shelves and knocked
over, commonly falling to the north. At the Emilio
Guglielmo Winery, damage included the shifting of
both empty and full 10,500-gal stainless-steel tanks.
Water tanks were also damaged during the
earthquake. Damage at the Madrone Mobile Estates
was confined to one small section of the park, where
many trailers were twisted or toppled from their post
foundations. Other mobile-home parks in the vieinity
were not damaged. Five wood-frame homes in the
Jackson Oaks subdivision were abandoned immediately
after the earthquake, owing to damage presumably
related to strong ground shaking.

Chapter 12 evaluates the significunce of minor
damage to two buildings on the southwest side of San
Francisco, approximately 100 km from the epicenter
of the Morgan Hill earthquake. These buildings are 8
and 9 stories tall and are connected by walkways at
the third and sixth floors. People in the buildings
experienced strong shaking during the earthquake.
Nonstruetural cracks ocecurred in both buildings,
particularly on the fifth and sixth floors. At least 16
and possibly as much as 29 m of moist sandy sediment
overlies bedrock at the building site. The strong
similarity of the fundamental frequencies of the
structures and the soil indicates a probable resonance
between the buildings and the underlying soil.
Preliminary amplification ratios determined for the
site also indicate a strong probability for amplifieation
of ground motion at the building site. This
combination of resonance and amplification factors
may explain the minor damage at such a great distance
from the earthquake.

Geodetic Observations

Geodetic investigations included measurements
of creepmeter response and alignment arrays,
Theodolite measurements, tiltmeter measurements,
magnetic-field measurements, and determinations of
ground-water response.

Earthquake-triggered creep at Shore Road, one
of the more unusual phenomena of the Morgan Hill
earthquake, is discussed in chapter 13. The USGS
creepmeter at Shore Road (sta. SHR1, fig. 1.4)
recorded 12.9 mm of afterslip within the first 18 hours
after the earthquake. The Shore Road creepmeter,
which crosses the Calaveras fault 50 km southeast of
the epicenter, was the closest creepmeter to the
earthquake. Ground breakage was associated with

postearthquake creep. The afterslip at Shore Road is
the largest creep event recorded in the 13-year history
of this creepmeter. On May 26, an additional creep
event of 7.9 mm occurred at Shore Road. Three
creepmeters in downtown Hollister showed only normal
activity after the earthquake, and so the creep at
Shore Road did not propagate so far south as
Hollister. In.comparison, the slip at Shore Road in the
24 hours after the 1979 Coyote Lake earthquake was
8.3 mm (Burford and Schulz, 1984). The Coyote Lake
earthquake ended a 3-year creep lag at Shore Road
(Raleigh, 1979; Schulz and others, 1983). The Morgan
Hill earthquake was preceded by an 18-month creep
lag at Shore Road.

A small-aperture alignment array in the San
Felipe Valley, well within the aftershock zone,
provided no evidence of afterslip associated with the
earthquake (see chap. 14). The San Felipe Valley
array, 4 km south of the epicenter, was installed 2
days after the earthquake to monitor possible
afterslip.  This array crosses the Calaveras fault
traces identified by Radbruch-Hall (1974) and D.G.
Herd (unpub. data, 1982). Measurements of the array
indicated 1.8 mm of left-lateral movement and 0.5 and
0.4 mm of right-lateral movement, with error bars of
as much as 1.0 mm, during the 2 months after the
earthquake. Therefore, the cumulative total slip after
four remeasurements of the array does not indicate
appreciable postearthquake movement beyond the
error limits.

Data from three Theodolite triangulation sites on
the Calaveras fault (two near Hollister and one near
San Ramon) indicate no significant change in long-
term creep rates before the earthquake, nor was any
surface displacement observed after the earthquake
(see chap. 15). The San Ramon site has had a creep
rate of 1 mm/yr for the past 3.75 years, and three
measurements after the earthquake were all normal
relative to the overall average at the site. At Wright
Road, 1.5 km north of Hollister, the slip has averaged
13 mm/yr for the past 4.5 years. Five
remeasurements, including one on the day after the
earthquake, showed a net right-lateral slip of more
than 13 mm in the 3.5 months after the earthquake.
This slip is nearly 1 em greater than the average rate,
but similar slip oceurred at Wright Road in 1981
without an earthquake. At Seventh Street in
downtown Hollister, the overall average rate of right-
lateral movement has been 6.5 mm/yr for the past 4.5
years. At the time of the Morgan Hill earthquake this
site was in a left-lateral phase, but during the 3.5
months after the earthquake a net right-lateral
movement of 10.5 mm occurred. This slip exceeds the
long-term rate at Seventh Street by 9 mm; however, a
similar change in direction and amount of creep
occurred during 1982 without an earthquake, Three
other sites on the Hayward and San Andreas faults
were also remeasured, but no anomalous movement
was detected.

The rupture zone of the Morgan Hill earthquake
also lies within a frequently measured, dense geodetic
network, and so regional displacements associated with
the earthquake are relatively well determined.
Baselines range from 12 to 43 km in length, and
coseismie changes associated with the Morgan Hill
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earthquake average a few centimeters (Prescott and
others, 1984). Selecting a 25-km-long rupture length
and using the 4- to 10-km depth range of the main
shock and aftershocks as the rupture width, the
observed line-length changes are consistent with a
right-lateral displacement of 42+4 em over a surface
25- by 6-km in area. This analysis allows the
calculation of a geodetic moment of 1.9x10°° dyne-cm
(Presecott and others, 1984). For comparison, the
geodetic m énent of the 1979 Coyote Lake earthquake
was 1.6x10“° dyne-cm.

Observations of the 32-km-long Loma Prieta-
Mount Hamilton geodetic line (fig. 1.4) limit the
amount of any preearthquake slip that might have
oceurred during the week before the earthquake to less
than 7 em, if this slip oceurred over the entire rupture
area (Prescott and others, 1984). A small-aperture
geodetic network at Grant's Ranch in Halls Valley, 5
km northwest of the main-shock epicenter, showed no
anomalous deformation 2 weeks before the earthquake,
nor was any coseismic fault slip observed at Grant's
Ranch (Prescott and others, 1984).

After the 1979 Coyote Lake -earthquake,
significant postseismic slip occurred along the 20-km-
long section of the Calaveras fault south of Coyote
Lake (Michael Lisowski and N.E. King, unpub. data,
1979); this afterslip probably accounts for all the
accelerated extension of the Llagas-Sheep geodetic
line (fig. 1.4). During this same 4-1/2-year period,
three M=4.5 shocks (fig. 1.5C) near Halls Valley and
Coyote Lake may have increased the shear stress on
the fault segment along which the Morgan Hill
earthquake and its aftershocks occurred (Bakun and
others, 1984).

A bubble-level tiltmeter located near Mount
Hamilton, 1.5 km east of the epicenter of the Morgan
Hill earthquake, indicated a tilt change of about 9
microradians down to the east-southeast between April
5 and 24. This tilt change is similar to tilt events of
short duration preceding the earthquakes on August 29,
1978, and January 5, 1981. In contrast, no precursory
tilt was observed for an earthquake on May 8, 1979,
which had an epicenter very near the epicenter of the
Morgan Hill earthquake. However, Mortensen and
Liechti (see chap. 16) found that tiltmeter response
before the April 24, 1984, earthquake correlated well
with rainfall and so could not be attributed to the
earthquake.

The USGS operates a network of magnetometer
stations in central California to detect local magnetic-
field perturbations generated by changes in tectonic
stress. A  comparison of the magnetic-field
differences after the earthquake with those 16 months
earlier indicated no significant variations greater than
0.75 nT. Variations in magnetic-field differences were
less than 1.0 nT during the 12 days after the main
shock and were not clearly related to aftershock
activity (see chap. 17).

A large increase in the flow rates of two springs
along the Hayward fault at Alum Rock Park was
observed on the day after the earthquake (see chap.
18). The spring water carried an abnormally high
amount of suspended sediment, although the increase
in flow was not due to rainfall. These springs are
located within the compressional quadrant of the

earthquake. An anomalous change in water quality
began 2 years before the earthquake. The springs,
which have been monitored since 1975, showed a
gradual decline in salinity and conductivity by 40
percent since the end of 1981.

CONCLUSIONS AND IMPLICATIONS

1. The aftershock distribution shows activity on both
the Calaveras and Silver Creek faults (see chap.
2). This seismologic finding provides support for
the contention by Page (1984, p. 113) that the
foothills ridge between the Calaveras fault and the
edge of the Santa Clara Valley near Morgan Hill is
"a rootless prism undercut by thrusts." These
findings demonstrate the active relation between
strike-slip and thrust movements in the Calaveras
fault zone.

2. A horizontal acceleration of 1.29 g was measured at
the Coyote Lake Dam, South Abutment, strong-
motion seismograph. This instrument is located
partly on artificial fill and partly on a prominent
outerop of silica-carbonate rock incorporated
within the dam abutment. Fault strands ocecur in
the Franciscan Complex on both sides of the silica-
carbonate rock outerop. Thus, loeal topographic
and site effects may strongly influence the records
from this instrument.

3. A 13-mm creep event occurred within the first 18
hours after the earthquake at a creepmeter 50 km
south of the aftershock zone. Fresh ground cracks
found along mapped traces of the Calaveras fault
on the day after the earthquake at localities 48 and
54 km southeast of the epicenter are presumed to
have formed concurrently with this postearthquake
creep event.

4. The search for surface fault rupture within the
aftershock zone was largely inconeclusive. Ground
cracks in line with mapped fault traces did not
show offset, and where offset was present, so were
landslides.

5. Distant effects of this earthquake included a
landslide near La Honda, 53 km from the epicenter,
and minor building damage in San Francisco, 100
km from the epicenter.
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Abstract

Aftershocks of the earthquake clearly outline a
near-vertical fault surface that is parallel to, but
much simpler in structure than, the mapped strands of
the Calaveras fault in the aftershock area. A central
quiet zone in the aftershock pattern on this inferred
fault surface marks out adjacent 3- by 10-km and 5- by
13-km patches that are believed to outline the rupture
region of the main shock. The transition between
these patches coincides with a 6° change in strike of
the inferred fault surface. A conspicuous group of
aftershocks southwest of the principal band of
aftershocks appears to be bounded by the Calaveras
fault on the northeast and by the Silver Creek (or a
related, reverse) fault below and on the southwest.
These aftershocks suggest that the Morgan Hill
earthquake was accompanied by, or stimulated,
movement on one or more nearby reverse faults.

INTRODUCTION

At 2115:18.8 G.m.t. April 24, 1984, an M, =6.2
earthquake occurred on the Calaveras fault about 20
km east of downtown San Jose, Calif. (fig. 2.1A). This
earthquake was felt throughout central California
(Bakun and others, 1984). Because of the
concentration of damage in a suburb of the town of
Morgan Hill, the event has been called the Morgan Hill
earthquake (Bakun and others, 1984).

The work reported in this chapter is based
primarily on data recorded by the U.S. Geological

Survey (USGS) northern California seismic network and
processed by a computer-assisted system for analysing
seismie data. For the main shock, however, P-wave
onset times and first-motion directions, as well as
maximum amplitudes and associated periods, were
read from magnetic-tape playbacks from both the
northern and southern California network stations.
The principal objectives of this chapter are: (1) to
develop a one-dimensional veloeity model and
associated station corrections for use in locating
earthquakes in the Morgan Hill area; (2) to determine
the hypocenter, local magnitude, and fault-plane
solution of the main shoek; and (3) to determine the
distribution of aftershock hypocenters.

SEISMIC NETWORK

The USGS seismic network in the Morgan Hill
area consists primarily of high-gain, short-period,
vertical-component seismic systems (fig. 2.1A).
Several low-gain seismic systems at the north and
south ends of this network wrote unclipped records of
the main shoek from which maximum amplitudes and
associated periods were measured. During the first 2
days after the main shock, additional seismic stations
(fig. 2.1B) were installed in the aftershock area to
augment the network.

The progress of aftershock activity was
monitored in Menlo Park, Calif., by means of locations
provided by an Allen/Ellis real-time processor (RTP;
Allen, 1978). The RTP located several hundred
earthquakes, with 30 to 40 reporting stations per
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event, during the first 72 hours of the aftershoek
sequence. During the early hours of this sequence, the
rapid locations provided by the RTP allowed selection
of the most critical sites for portable stations while
field erews were still on their way to the epicentral
region.

DATA SELECTION

The telemetered data were digitized and
analyzed by an improved online/offline, computer-
assisted seismic-analysis system based on an original
design by Johnson (1983). The incoming signals were
digitized at 100 samples per second; automatically
detected seismic events were saved and demultiplexed
for offline analysis. For analysis, which was
interactive, seismograms were displayed on a high-
speed graphics terminal. P- and S-wave onsets were
picked and timed to 0.01 s, and coda lengths were

hypocenter determinations were carried out with the
HYPO71 program (Lee and Lahr, 1975).

CRUSTAL-VELOCITY MODEL

The station traveltime corrections (table 2.1) and
the P-wave crustal-velocity model (table 2.2) used in
this study were obtained by a full inversion of P-wave
arrival times from 40 aftershocks of the earthquake,
using the procedure of Roecker and Ellsworth (1978)
and following the method of Crosson (1976). The
events used in this inversion were all of M>2.0 and
were recorded by 30 or more stations, including 10 or
more temporary stations. These events were
distributed along the entire length of the aftershock
zone.

The starting model for the velocity inversion was
based on the results of Bllimling and others (1985),
whose crustal model for the Morgan Hill area was

measured for magnitude determinations. All determined from explosion data recorded within and
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Figure 2.1. Sketch maps of Morgan Hill, Calif., area. A, Locations of epicenter of the earthquake (star),
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Table 2.1. Locations and delay times for stations used in locating aftershocks of the earthquake

[Delay times calculated using the VELEST program
(Roecker and Ellsworth, 1978). Asterisks denote

Station Latitude N. Longitude W. Delay(s) Station Latitude N. Longitude W. Delay(s)
temporary stations installed to augment the per-
manent network immediately after the April 24
main shock] CsH 37°38.88' 122°02.57" .81 JHP 37°26.65" 122°18.09°* -.18
CST 37°38.35" 121°29.89" +39 JLT 37°21.22" 122°12.25" -.06
CVA 37°37.10" 121°45.49" .18 JLX 37°12.11" 121°59,17°* .03
Station Latitude N. Longitude W. Delay(s) CvVL 37°37.58"' 121°50.14" «31 JPL 36°58.62" 121°49,93" +56
HAZ 36°53.08" 121°35.45’ .37 JPP 37°15.81" 122012.78" 13
HBT 36°51.01' 121°33.04" «46 JPS 37°11.94' 122°20.90° -.09
BAV 36°38.75" 121°01.79°' -0.18 HCA 37°01.52" 121°29.02°' .01 JRG 37°02.22" 121°57.86" «23
BEM 36°39.68" 121°05.76" .15 HCB 36°55.88"' 121°39.63" .26 JRR 37°03.27"' 121°43.61°" =12
BHR 36°43.67" 121°15.83"* -.02 HCO 36°53.31" 121°42.34" «39 JSA 37°34.95" 122925.03" -.44
BHS 36°21.35"' 121°32.39" ~+44 HCP 37°11.67" 121°11.08' -.20 Jsc 37°17.07" 122°07.42° .01
BJC 36°32.82" 121°23.53' -.36 HCR 36°57.46" 121°35.01" =-.01 JSF 37024.31" 122°10,.55" -.02
BJO 36°36.65" 121°18.81" ~.20 HDL 36°50.12" 121°38.64"' .16 JSG 37°16.96" 122°03.00" 52
BRC 36°34.32" 121°37.56" ~-.09 HFE 36°59.00" 121°24.09° ~.15 JsJ 37°20.03" 122°05.48" .42
BSL 36°46.53' 121°20.,96" .12 HFH 36°53.29° 121°28.13" «36 JSM 37°12.74' 122°10.06° <14
BSR 36°39.,99' 121°31.12' -.15 HFP 36°45.22" 121°29.43" .24 Jss 37°10.17" 121°55.84" .09
BVY 36°44.96' 121°24.80" +55 HGS 37°05.75" 121°26.83" ~.15 JsT 37°12.41" 121°47.84" .22
CAD 37°09.83" 121°37.55' .39 HGW 37°01.02" 121°39.02' .09 JTG 37°01.71" 121°52.58" +46
CAI 37°51.68" 122°25.77° =-.52 HJIG 36°47.88" 121°34.43" 16 Juc 37°00.07" 122°02.91' .02
CAL 37°27.07°" 121°47.95" .00 HTS 36°48.99"' 121°17.92" -.03 AMSG* 37°09.60"' 121°36.90" .41
CAO 37°20.96" 121°31.96" -.10 HKR 36°54.10" 121°25.56" .42 BBLG* 37°18.78° 121°39.40° .07
CBS 37°49.06" 121°38.43" +68 HLT 36°53.07"' 121°18.49" -.19 COEG* 37°16.84"' 121°40.40' .35
cco 37°15.46" 121°40.35" .41 HMO 36°36.03' 121°55.06" =.29 DFLG* 37°17.35' 121°37.35" ~-.02
ccy 37°33.10' 122°05.45" -.32 HOR 36°55.03" 121°30.46" .05 GRTG* 37°19.90" 121°43.11"' «20
CDA 37°43.80° 121°43.70° -1.03 HPH 36°51.38" 121°24.37' «65 UTSG* 37°12.70" 121°39.72" 74
CDO 37°43.80' 121°50.12" «93 HPL 37°03.13' 121°17.40°" ~.28 LASG* 37°14.84" 121°40.41"' 62
cov 37°33.98" 121°40.81° «02 HPR 36°57.19" 121°41.70" «32 LONG* 37°11.43" 121°37.24" «57
CcMC 37°46.88' 122°10.55" .05 HQR 36°50.02" 121°12.76" -.25 NBRG* 37°10.17" 121°38.76' +45
CMH 37021.57* 121°45.38' .29 HSF 36°48.72' 121929.37' .74 OCRG* 37012.60" 121°38.18°" .53
cMI 37931.25" 121°52.23' «10 HSL 37°01.16" 121°05.13" -.05 PHRG* 37°18.88"' 121°41.67"' 17
CML 37°28.64" 121°39.09° .12 HSP 37°06.91" 121°30.94" .09 RBHG* 37°14.07" 121°41.13" <71
cMM 37027.34" 121°29.62' -.01 JAL 37°09.50’ 121°50.82" 17 RSTG* 37°19.41" 121°40.13" .04
CMN 37°37.65°' 121°42.50" .14 JBC 37°09.62' 122°01.57' «23 SFLG* 37°14.01' 121°34.89" .09
CcMO 37¢48.68" 121°48.15" 1.02 JBG 37°20.52" 122°20.34" .03 SFRG* 37°16.96" 121°44.32' 67
CMP 37°21.46" 121°18.51" -.24 JBL 37°07.67" 122°09.98" =17 ECL* 37¢07.12' 121033.14' .27
CMR 37°35.68" 121°38.22' +00 JBM 37°19.09' 122°09.16" .01 ECP* 37°11.18" 121°33.01° .09
cos 37°30.51" 121°22.44"' .00 JBZ 37°01.07" 121°49.15°" .46 ECW* 37°17.46" 121°27.75°* -.13
CPL 37°038.25" 121°57.64" <09 JCB 37°06.71" 121°41.33" .16 ELA% 37°13.16" 121°39.28' .54
CRA 37°46.03" 121°56.25" 1.07 JEC 37°03.04' 121°48.56' .23 EMK* 37923.00" 121°40.17" -.08
CSA 37°40.42° 121°42.25" .27 JEG 37°30.84' 122027.74°" -.37 ESC* 37°19.35" 121°40.12" -.02
csc 37°17.11" 121°46.35"' .68 JHL 37°06.56" 121°49.95"' .18

Table 2.2. P-
wave - velocity
model used in
this study

[Xp' P-wave veloc-—
ity; Z, depth to
top of layer]

V,

(xm7s) z
3.67 0.0
4.80 «5
5.27 2.0
5.76 4.2
6.05 10.0
6.20 14.0
7.60 25.0

transverse to the Calaveras fault zone. Their final
crustal model for this area has several wedges of
sedimentary material that cannot be taken into
account by the location program. A composite one-
dimensional model embodying the principal features of
their model was used as a starting model in the
inversion procedure for the aftershock data.

We compared the hypocentral determinations
based on our final model with those based on two other
models. Mayer-Rosa (1973) derived a model for this
section of the Calaveras fault from explosion data
recorded at short distances; however, his model
extends only to shallow depths (approx 6 km). The
second model used, which was developed by Ellsworth
and Marks (1980), is generalized for the region east of
the San Francisco Bay and was derived from explosion

and earthquake data in the Livermore area. The focal
depths computed with Mayer-Rosa's model are
somewhat shallower, and the locations computed with
the Ellsworth and Marks' model somewhat more
scattered, than those obtained with our model based on
the pattern of aftershocks. Although the overall
hypocentral-distribution patterns produced by these
three models are nearly identical, we believe that the
absolute locations based on the aftershock model are
superior to those based on the other two models
because the aftershock model was determined from a
more comprehensive local set of traveltime
observations.

THE MAIN SHOCK

The Morgan Hill earthquake occurred on the
Calaveras fault in a region of great geologic
complexity. In this region, the band of frequent small
earthquakes believed to be associated with the
Calaveras fault is located, according to the model and
station corrections routinely wused for central
California by the USGS, about 3 km east of the surface
expression of the fault. In a preliminary study of the
earthquake (Eaton, 1984), three different models were
used to locate the hypocenter of the main shoek so as
to assess the model dependence of this location. The
different models and associated station corrections
used were: (A) the standard USGS model and station
corrections for the central California Coast Ranges,
(B) the east-bay-regional model of Ellsworth and Marks
(1980), and (C) station corrections based on P time-
term differences in the central California Coast
Ranges (J.P. Eaton, unpub. data, 1980) and a crustal
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model designed to minimize the root mean square
(rms) of traveltime residuals of the main shock. The
hypocenters calculated from these three models were
within 1.5 km of each other in both epicentral location
and focal depth, but all three lay east of the surface
expression of the Calaveras fault. Distances to the
nearest mapped strand of the Calaveras fault from the
three epicenters were 1.8, 1.1, and 0.8 km for models
A, B, and C, respectively.

The hypocenter of the main shock calculated
with the model and station corrections derived for the
present study is almost identical to that from model
C: only 0.3 km shallower and 0.1 km due east. We
interpret this close agreement between the results of
these two models, derived by very different
procedures, as support for the validity of our result.
P-wave first motions of the main shock are plotted in
figure 2.2. Nodal plane I strikes N. 34° W. and dips
84° SE.; nodal plane II strikes N. 57° E. and dips 80°
NW. Nodal plane I can be confidently identified as the
fault plane because it parallels the long narrow band of
aftershocks as well as the Calaveras fault.

The most seriously discordant points in figure 2.2
are for stations CCO (A=5.8 km) and CMH (4=8.9 km),
both of whieh lie just west of the Calaveras fault but
recorded first motions more appropriate for the east
side of the fault. These discordant first motions, as
well as the apparent mislocation of the main shock and
its aftershocks about 1 km east of the surface

Figure 2.2. Equal-area lower-hemisphere first-motion
plot, showing focal-plane solution for the main shock.
Dots and crosses, «certain and questionable
compressional first arrivals, respectively; circles and
dashes, certain and questionable dilatational first
arrivals, respectively; X's, conflicting first arrivals; P
and T, inferred axes of maximum and minimum
compression, respectively; I and II, nodal planes; CCO
and CMH, discordant first-motion readings.

expression of the Calaveras fault, suggest that P-wave
velocities at upper-crustal and miderustal depths are
somewhat higher east than west of the fault.

A total of 3 low-gain horizontal-component
seismometers in northern California and 10 low-gain
vertical-component seismometers in southern
California produced records from which maximum
amplitudes and associated periods could be measured.
Table 2.3 lists the distance and azimuth of each of
these stations from the epicenter, as well as the
magnitude computed for the main shock. The average
M;, for the three northern California stations is 6.17;
the 10 My values from southern California average
6.74, substantially larger than the northern California
average. A correction of +0.25 has been added to the
magnitudes computed from a vertical-component
instead of a horizontal-component seismometer to
compensate for the average ratio of horizontal to
vertical maximum amplitudes. This correction, which
was determined from a limited number of small to
moderate earthquakes recorded at distances less than
200 km in central California, may be inappropriate for
larger earthquakes recorded at much greater
distances.

We also note the rather narrow range in azimuth
of the stations reporting magnitudes in northern
California (328°-353°) and southern California (125°-
134°).  The difference in northern and southern
California magnitudes may arise from the northwest-
to-southeast direction of rupture propagation in the
event (Bakun and others, 1984). Chapter 3 summarizes
the parameters for the main shoek.

SPATIAL DISTRIBUTION OF THE AFTERSHOCKS

Figure 2.3 shows the locations of the earthquake
and its aftershocks from April 24 through September
30, 1984. The primary feature of the aftershock-
distribution pattern is a narrow central band of
aftershocks that parallels the trend of the Calaveras

Table 2.3. Local-magnitude determina-
tions for the main shock

[Average magnitudes: northern California,
6.17; southern California, 6.74-~(0.00-0.25)=

6.5-6.7]
Station Distance Azimuth Magnitude
(km) (°) My
LTCN 324 353 6.2
KMPN 405 328 6.0
KMPE 405 328 6.3
RLBZ 459 131 6.7
RBRZ 481 132 6.6
RGAZ 525 134 6.4
RBIZ 548 127 7.0
RRFZ 571 129 7.0
RPBZ 590 133 6.5
DCUzZ 607 125 6.8
REWZ 609 128 6.9
ECYZ 656 132 6.8
ICWZ 663 127 6.7
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fault zone from Halls Valley on the northwest to the
north end of Coyote Lake on the southeast. This band
is generally less than 1 km wide and more than 30 km
long. Notable secondary features of the aftershock
distribution include: (1) three 5- to 7-km long north-
south-trending alignments of shallow earthquakes that
lie east of the northwest half of the central band, (2) a
6-km-long alignment of hypocenters at a depth of 7 to
8 km that parallels the central section of the central
band southwest of the San Felipe Valley and is offset
1.5 to 2 km southwest of it, and (3) a dense, 2-km-wide
by 3-km-long cluster of shallow aftershocks just west
of the central band at the south end of Anderson Lake.

At its northwest end, the central band of
aftershocks is located about 0.5 km east of mapped
strands of the Calaveras fault. In its 30+ km extension
to the southeast, this central band curves very gently
to the west. Nowhere does it depart more than about
1 km from the straight line striking N. 33° W. that
joins its end points. At the south end of Anderson
Lake, the central band lies 1 to 1.5 km east of the
principal mapped strand of the Calaveras fault. The
mapped strands of the Calaveras fault between Halls
Valley and Coyote Lake suggest a more complex
structure there than does the central band of
aftershocks. Between San Felipe Valley and the center
of Anderson Lake, mapped strands of the fault are
offset 1.5 to 2 km southwestward of a line joining
strands of the fault at Halls Valley on the northwest
and Coyote Lake on the southeast. This offset is
adjacent to the Silver Creek fault and related faults
(Page 19824, b), which strike more east-westerly than
the Calaveras fault and appear to terminate at or near
the Calaveras fault between the San Felipe Valley and
Coyote Lake. This offset also has the same sense and
size as the offset of the alignment of the 7 to 8-km
deep aftershocks southeast of the San Felipe Valley
from the central band of aftershocks. Although we
note a possible systematic mislocation of the main
shock and its aftershocks, as well as a biasing of the
dip of the fault surface corresponding to the central
band of aftershocks that would result from P-wave
velocities higher east of the fault than west of it, we
believe that the hypocenters presented herein (fig. 2.3)
are not systematically mislocated toward the east
between San Felipe Valley and the south end of
Anderson Lake. In fact, using P-wave arrival times
from a refraction shot (SP4 of Blimling and others,
1985) and the erustal-velocity model and station delay
terms reported herein, the computer location of the
shotpoint is less than 0.5 km both laterally and
vertically from the actual shotpoint. This shotpoint is
located 1.3 km south of seismie station CCO (fig. 2.3)
within the mapped fault strands of the Calaveras fault.

Figure 2.4 compares the map pattern of
aftershocks at all depths (fig. 2.4A) with those for the
depth intervals H<2.5 km (fig. 2.4B), 2.5<H<7.5 km
(fig. 2.4C), and H>7.5 km (fig 2.4D). In the pattern of
shallow ~events (fig. 2.4B), the central band of
aftershocks is visible, though no more conspicuous than
the alignments of shallow aftershocks that lie east of
the northwest half of the central band and west of the
southeast half of the central band. In the pattern of
intermediate-depth aftershocks (fig. 2.4C), the central
band is well developed and is flanked by scattered

events to the east along its northwest half and by a
more concentrated band of aftershocks to the west
along most of its length, particularly from the
southwest end of San Felipe Valley to the southwest
end of Anderson Lake. In the pattern for deep events
(fig. 2.4D), the central band consists of several very
narrow segments that can be grouped into northwest
and southeast halves with average strikes of N. 35° W.
and N. 29° W., respectively. Similar changes in the
strike direction of the central band ocecur at shallow
(fig. 2.4B) and intermediate (fig. 2.4C) depths. Below
7.5-km depth, a subparallel band of aftershocks lies
opposite and about 2 km southwest of a gap in the
central band between its northwest and southeast
halves, just southeast of San Felipe Valley.

The root of the aftershock zone is narrow and
simple below 7.5-km depth. The central band of
aftershocks and the aftershocks southwest of that band
are best expressed in the depth range 2.5-7.5 km. The
pattern of aftershocks above 2.5-km depth and its
relation to mapped strands of the Calaveras fault
suggest that these aftershocks are concentrated on
local shallow structures bordering the Calaveras fault
and that the Calaveras fault does not cut cleanly
through this shallow region, above the principal trace
of the fault at depth, over muech of the break
associated with the April 24 earthquake. A small but
clear change in the strike of the central band of
aftershocks apparently occurs about 5 km southeast of
San Felipe Valley, from N. 35° W. in the northwest to
N. 29° W. in the southeast.

The longitudinal cross sections of the aftershock
zone in fig. 2.5 are projected onto a vertical plane
through the line R-R' (azimuth 327°, fig. 2.4D). In
figure 2.5A, aftershoeks within 10 km of line R-R" are
included in the plot; in figures 2.5B and 2.5C only
aftershocks within a 2.1-km-wide band along line R-R!
are included to permit aftershocks along the principal
fault to be separated from those bordering the fault.

Figure 2.5B shows a central quiet zone
surrounded and almost completely outlined by
aftershocks. The main-shock hypocenter lies within
this quiet zone at its northwest end. We interpret this
quiet zone to be the section of the fault that slipped
during the main shock, and the surrounding zone of
aftershocks to be the subsequent extension of this
slipped section on the fault surface. Reasenberg and
Ellsworth (1982) found a zone of subdued aftershock
activity around the main shock of the 1979 Coyote
Lake, Calif.,, earthquake, which occurred on the
Calaveras fault just southeast of the Morgan Hill
aftershock zone. King and others (1985) presented
evidence that the main shocks of the 1981 Corinth,
Greece, earthquake sequence lie between clusters of
aftershocks and suggest that "* * * de-stressed regions
associated with the main event faulting are relatively
free from aftershocks compared to regions where the
motion on the main fault planes increased stress."
Figure 2.5C shows that aftershocks of M>2.0 generally
show the same pattern as those in figure 2.5B, but with
poorer definition. These M>2.0 aftershocks are most
numerous in the distance range 1-7 km along the
profile, which is the region just southeast of San Felipe
Valley with the alignment of 7- to 8-km-deep
earthquakes southwest of the central band. Figure
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2.5A, in comparison with figure 2.5B, shows that the
off-fault aftershocks are predominantly shallow.
Transverse cross sections of the aftershock zone
(fig. 2.6) are projected onto a vertical plane
perpendicular to the average trend of the central band
of aftershocks (azimuth 327°) and parallel to line T-T'
in figure 2.4D. In figure 2.6B, for aftershocks with
M >2.0, the fault surface appears as a very narrow zone
of aftershocks, dipping about 85° NE. and passing
through the main shock. Most of the off-fault
aftershocks are 2 to 4 km deep and lie southwest of
the fault. The fault zone appears to be complex
between 8- and 11-km depth, centered on the main
shoek. In figure 2.6A, which shows the entire set of
aftershocks, the nearly vertical fault is the most
striking feature, but the off-fault features of the
pattern are also well defined. The shallow alignments
of aftershocks northeast of the principal fault are well
separated from it. A diffuse horizontal zone of
aftershocks at 5- to 8-km depth extends outward to
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Figure 2.6. Transverse sections of aftershock

distribution along line T-T' (and perpendicular to line
R-R') for all events between points R and R' (fig.
2.4D). A, All events. B, Events of M >2.0.

about 8 km northeast of the fauit. Aftershocks
southwest of the fault are much more numerous than
those northeast of it. Most of these events are
concentrated in two groups, at 2- to 4-km depth and at
6- to 8-km depth; they appear to be bounded on the
southwest by a line that dips about 60° NE. and which
would outerop about 7 km southwest of the central
band of aftershocks near the Silver Creek fault.

Figure 2.7 shows transverse sections for three
zones along the fault (fig. 2.4D): N (8 km<R<19 km),
C (-3 km<R<8 km), and S (-19 km<R<-3 km). Sections
N and C are perpendicular to azimuth 327° (same as in
fig. 2.6), but section S is perpendicular to azimuth
3319, reflecting the gradual change in strike of the
central band of aftershocks from north to south. In all
three sections, the fault appears as a very narrow zone
of aftershocks, but its dip changes progressively from
north to south: 88° NE. in section N, 84° NE. in
seetion C, and 81° NE. in section S. In section N, the
locations of aftershocks nearest to the main shock, at
depths of 7.5 to 9 km, suggest that this part of the
fault surface may dip very steeply southwest, in
agreement with the main-shock fault-plane solution.

Maps and cross sections fail to show adequately
the spatial relation of the structures defined by
concentrations of hypocenters in the Morgan Hill
aftershock sequence. These relation are shown more
clearly by selected stereoplots that view the
aftershock distribution from favorable directions. The
stereoplot program was provided by Paul Reasenberg
(oral commun., 1984), who had extended an earlier
program by German and Johnson (1983). Each of the
stereoplots in figures 2.8 through 2.10 is enclosed in a
frame whose central axis parallels the central band of
aftershocks (azimuth 327°). In figure 2.8A, the
aftershock region is seen from below. Most features
of the aftershock distribution described above are
visible here, including the change in strike direction of
the central band of aftershocks southeast of San Felipe
Valley. In Figure 2.9A, the shallow clusters northeast
of the fault are clearly separated from aftershocks
along the fault, but the scattered deeper events at the
far end of the plot (north-west) appear to approach the
fault. In figure 2.9B, most of the off-fault events
southwest of the fault are enclosed in a triangular
prism with its bottom edge near the fault at a depth of
about 8 km. One upper edge is along the fault (at
approx 2-km depth), and the other is at about the same
depth and 7 km southwest of the fault. In figure
2.10B, the off-fault earthquakes southwest of the fault
appear to be bounded on the southwest by a northeast-
dipping plane that intersects the fault at a depth of 8
km or more. In figure 2.10C, the principal
concentration of off-fault aftershocks is only 2 to 4
km deep and lies directly against the fault on its
southwest side. Here and in figure 2.7C, the northeast
edge of this shallow cluster appears to be bounded by a
curved surface that dips about 40° SW. at its lower end
and merges with the main fault (dipping about 80° NE.)
at its upper end.

DISCUSSION

The earthquake and its aftershocks are of great
importance to our understanding of tectonic processes
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along and east of the Calaveras and Hayward faults in
central California. These events occurred at the south
end of the East Bay Hills (Aydin, 1982), where the
Hayward and Calaveras faults approach each other and
where  clear examples of other structures
characterizing the tectonies of the region are found
(Page, 1982a, b), including pullapart valleys (Halls
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Figure 2.7. Transverse sections of events in frames N,
C, and S (fig. 2.4D). Sections N and C are
perpendicular to azimuth 327° (line R-R', fig. 2.4D);
section S is perpendicular to azimuth 331°,

Valley, San Felipe Valley, and Coyote Lake) along the
Calaveras fault and high-angle reverse faults (Silver
Creek and Coyote Creek faults) that appear to be
associated with the Calaveras fault. Complexities in
the aftershock pattern appear to be associated with
some of these structures.

In comparing the locations of the aftershocks
with mapped surface features, we should allow for a
possible systematic mislocation of the aftershocks by
about 1 km toward the northeast. The occurrence of
higher crustal velocities northeast of the fault than
southwest of it, as was suggested by the mainshock
first-motion plot, could lead to such a misloeation. The
most intriguing feature of the aftershock distribution
is the large quiet zone outlined by aftershocks in the
longitudinal sections (see fig. 2.5B). We argue that
this zone, which contains the main-shoeck hypocenter
at its northwest end, represents the area on the fault
surface that slipped during the main shock and
remained quiet thereafter. The encircling band of
aftershocks represents the subsequent extension of the
slipped zone on the fault surface. This quiet zone can
be divided into two sections on the basis of the depth
to its top. The 10 km-long northwest section averages
about 3 km in height and extends from about 6- or 7-
to about 10-km depth; the 13-km-long southeast
section averages about 5 km in height and extends
from about 4- to about 10-km depth. The boundary
between these two sections is approximately at the
change in strike of the central band of aftershocks.
Bakun and others (1984) interpreted a conspicuous late
pulse on strong-motion records of the main shock as a
second, delayed source of the earthquake. This pulse
appears to have originated 5 s after and 16 to 20 km
southeast of the initial source. In figure 2.5, this
second source would plot between -7 and -11 km on the
distance axis, in the southeast half of the southeast
section of the quiet zone. Where the aftershock area
bounding the quiet zone descends below about 11 km,
this area disappears. We take that depth to be the base
of the seismogenic layer in the area.

The most conspicuous group of aftershocks
outside the eentral band (fig. 2.3) lies southwest of the
central band from San Felipe Valley to the southeast
end of Anderson Lake. The lower limit of these
aftershocks appears to be a northeast-dipping surface
that would crop out in the region of the Silver Creek
and Coyote Creek faults, if projected to the Earth's
surface, and intersects the central band of aftershocks
at a depth of 8 to 10 km near the southeast end of San
Felipe Valley. These aftershocks are concentrated at
depths of 7 to 8 km near the central band, just
southeast of San Felipe Valley. At the southeast end
of Anderson Lake, they are concentrated at depths of
2 to 4 km and are immediately adjacent to the central
band. From their spatial distribution, these
aftershocks suggest that movement on the Silver
Creek or nearby related reverse faults either
accompanied or was stimulated by the earthquake.

The mapped strands of the Calaveras fault step
to the right about 2 km as they traverse San Felipe
Valley. No such offset is seen in the fault surface
outlined by the central band of aftershocks at this
locality. However, from the southeast end of San
Felipe Valley to the northwest end of Anderson Lake,

24 The Morgan Hill, California, Earthquake of April 24, 1984



the offset mapped strand of the Calaveras fault is
mimicked by the 7- to 8-km-deep alignment of
aftershocks that is offset about 2 km southwest of the
central band.

Although the structure of the fault surface
suggested by the spatial distribution of aftershocks in
the central band is simple in comparison with that of
mapped strands of the fault, several important changes

occur along the central band, including a small but
clear change in strike (N. 35° to 29° W., from
northwest to southeast) about 5 km southeast of San
Felipe Valley, and a progressive change in dip from the
northwest end (88° NE.) to the southeast end (81° NE.)
of the aftershock zone.

A closer examination of the relation of
aftershocks of the earthquake to the Calaveras fault
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Figure 2.8.
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Stereopairs of the earthquake and its aftershocks from below (A) and

above (B). Main shock is plotted as a circle lying in the fault plane deduced from
focal-plane solution; aftershocks are plotted as crosses and are scaled weakly ac-
cording to magnitude. In figure 2.8A, viewpoint is 50 km deep, approximately below
southwest corner of frame. In figure 2.8B, viewpoint is 30 km above the Earth's sur-

face and approximately above southeast corner of frame.

In both figures, area is

combined frames N, C, and S in figure 2.4D; the frames are 12 km high, with 2-km
intervals marked on one face. A 1-km reference cube, with its edges oriented N-S.
and E-W., is shown in southeast corner of both frames.
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and related structures will require the determination
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Abstract

Records of the main shock from the entire
northern California U.S. Geological Survey (USGS) and
southern California USGS-California Institute of
Technology (CIT) networks were analyzed to determine
its hypocenter, focal mechanism, and magnitude.
Although some problems in the determination of each
of these parameters are still unresolved, the preferred
solutions are:

Origin 2115:18.74 G.m.t. April
24, 1984

Latitude (N.)-——=----=----——-- 37°18.56'

Longitude (W.)-——-----—--—-—- 121°40.74"

Depth (km) 8.7

M 6.2 (S. Calif., 6.5-6.7)

Fault-plane orientation-——---—- N. 33° W., 84° sW,

Auxiliary-plane orientation-— N. 579 E., 86° NW,
Movement Right-lateral strike-
slip.

HYPOCENTRAL LOCATION AND FOCAL
MECHANISM

Seismograms of the main shock were played back
from magnetic tape for both the northern and southern
California networks (Calnet). P-wave onset times and
first-motion directions, as well as maximum
amplitudes and associated periods, were read from
paper playbacks. The hypocenter was calculated from
several different crustal models (with associated
station delays), and first-motion plots were made for
each solution. Magnitudes based on peak amplitudes
were calculated from available unclipped records.

The epicentral region of the earthquake is
geologically complex, and its crustal-velocity

structure is poorly understood. The complexity of this
region is illustrated by a map of P, time-term
differences (fig 3.1), which shows severa_l{hasin-shaped
areas with anomalously large values (low-veloeity
region), superposed on a regional trend of increasing
values from west to east across the Coast Ranges (J.P.
Eaton, unpub. data, 1980). The band of persistent
microearthquakes located by standard Calnet
procedures, which apparently is associated with the
Calaveras fault, is offset several kilometers eastward
of the fault zone mapped at the surface. This offset is
probably an artifact of the crustal model and station
delays, but substantially higher velocities at
miderustal depths (6-12 km) east of the fault than west
of it would be required to move the microearthquake
hypocenters onto the fault.

Hypocentral solut ons of the April 24 main shock,
based on three different crustal-model/station-delay
sets (fig. 3.2), all lie east of the principal strands of
the Calaveras fault mapped by D.G. Herd (unpub. data,
1982). First-motion plots for all three solutions are
almost identical as to the strikes and dips of the nodal
planes, but they differ in the number and degree of
misfit of discordant observations. The three erustal
models were: (A) the standard northern California
model and station-delay set, (B) a model and station
delays developed by Ellsworth and Marks (1980) by
inversion of explosion and local earthquake arrival
times in the east-bay area, and (C) station delays
derived from the P, time-term-difference map by
subtracting the regional trend (0.0 near the coast to
+1.0 at the edge of the Great Valley) from individual
station values, and a crustal model developed from the
standard northern California model by an iterative
process in which layer velocities and depths were
modified to minimize the root mean square (rms) of
onset-time residuals and to permit separation of
compressional and dilatational first motions is to
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different fields. Table 3.1 lists the crustal models, and
table 3.2 lists the corresponding station-delay sets for
stations at epicentral distances less than 35 km
(stations beyond 35 km were not used in the solution).
In figure 3.2, the hypocenters are labeled A, B, and C,
corresponding to the crustal models used to obtain
them.

Figure 3.3 shows first-motion plots for these
three models. The nodal planes in all three solutions
are nearly identical. Solutions B and C are preferred
to solution A because they have fewer discordant
points, but otherwise there is little basis for choosing
between solutions B and C. In all three solutions, the
two stations nearest the epicenter, CCO and CMH, are
seriously discordant; this result suggests that the
epicenters are too far east. Accordingly, a trial
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Epicenter of April 24 earthquake

Figure 3.1. P time-term-difference map for the
Calaveras fault area.

hypocenter for another first-motion plot was obtained
by moving hypocenter C 2.6 km southwestward to D
(about 1 km southwest of the principal mapped trace
of the fault). The nodal planes of the first-motion plot
for this trial hypocenter are the same as for solution
C, and the plotted points for stations CCO and CMH
have moved much closer to concordant sectors of the
plot. An additional shift of several hundred meters
southwestward would be required to move stations
CCO and CMH into appropriate fields.

An alternative explanation of the discordant
points for stations CCO and CMH is that the average
crustal velocity just east of the fault is several tenths
of a kilometer per second higher than just west of the
fault, and that the first arrivals at those stations left
the focus along paths east of the fault and were then
refracted across the fault. For a focal depth of 9 km,
a fairly modest veloecity contrast brings such refracted
waves to the surface as first arrivals considerably west
of the fault: for V,=5.7 and V., =5.5, refracted waves
from the region east of the fault would be first
arrivals as far as 2.5 km west of the fault.

This brief analysis suggests the range of
uncertainty in the location of the earthquake, but it
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Figure 3.2. Sketch map of epicentral region of the
earthquake. Epicentral designations (dots A-D) corres-
pond to model used to determine them (see fig. 3.3).
Directions and distances to nearest stations are indi-
cated for epicenter C; H, hypocentral depth. Solid
lines, traces of the Calaveras fault (from D.G. Herd,
unpub. data, 1982); dashed where inferred.
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Table 3.1. Crust- Table 3.2. Station corrections Table 3.3. Magnitude determinations for
al models for stations less than 35 km from the April 24 earthquake
the epicenter of the April 24
earthquake [Average magnitude: northern California sta=~
Velocity Depth tions, 6.17; southern California stations,
(km/s) (km) 6.74]
Model
Model A Station
. Distance Azimuth Magnitude
A B c Station (km) (*) (M)
4.00 0.00
5.90 3.50
6.80 15.00 cco +0.31 +0.13 +0.50 Northern California
8.05 25.00 CMH +.16 +.02 +.20
cse +.27 +.43 +.50
CAO -.01 —.29 +00 LTCN 324 353 6.2
Model B JsT -.10 -+15 +.30 KMPN 405 328 6.0
CAD ~-.09 -.04 +.10 KMPE 405 328 6.3
cML .00 -.09 -.10
3.40 0.00 CAL -.01 -.11 .00
4.70 1.00 CMM - 00 -.26 -.10 Southern California
5.20 3.00 JCB -.07 -e29 +.10
5.60 5.00 JAL -.1 =e22 .00
5.70 7.00 HSP -00 =37 =10 RLBZ 459 131 6.7
5.80 9.00 JHL -.15 =27 .00 RBRZ 481 132 6.6
6.00 11.00 cov -00 -.18 +10 RGAZ 525 134 6.4
6.80 13.00 Jss -.09 =13 +.10 RBIZ 548 127 7.0
8.00 28.00 CcMI =10 +.04 +00 RRFZ 571 129 7.0
JRR -.20 -.38 +.10 RPBZ 590 133 6.5
JLX -.07 -.31 +.10 DCUZ 607 125 6.8
Model C CMR -.06 -.02 =10 REWZ 609 128 6.9
HGS =.07 =+56 -.10 ECYZ 656 132 6.8
JEC -.04 =.25 +.50 ICWZ 663 127 6.7
3.50 0.00 CMP .00 -.58 -.10
5.20 1.00 HGW ~.24 -.39 -.20
5.50 3.00 cos .00 -.31 .00
5.70 7.00 JSG +.15 -.01 +.50
6.10 9.00 CVA .00 .00 -.10
6.50 15.00 CMN -.10 .00 -.10
8.00 28.00
horizontal to vertical maximum amplitudes. This
correction was determined from a limited number of
does not resolve this uncertainty. Hypocentral recordings of small to moderate earthquakes recorded

solution C and first-motion plot C are tentatively
adopted for the earthquake, with the caution that
some evidence supports a location 2 km or more
farther southwestward.

MAGNITUDE

A group of 3 low-gain horizontal-component
seismometers in northern California and 10 low-gain
vertical-component seismometers in southern
California produced records from which maximum
amplitudes and associated periods could be measured.
Table 3.3 lists the distance and azimuth of each
station from the epicenter, as well as the calculated
magnitude. The average M; of the three northern
California stations is 6.17. The 10 M;'s from southern
California average 6.74, substantially larger than the
northern California average. A correction of 0.25 is
added to magnitudes calculated from a vertical-
component instead of a horizontal-component
seismometer to compensate for the average ratio of

at distances of less than 200 km in central California,
and so it may be inappropriate for larger earthquakes
recorded at much greater distances.

We also note the rather narrow range in azimuth
of the stations regorting maghnitudes in northern
California (328°-353° and southern California (125°-
1349, The difference between the northern and
southern California M;'s may arise from a strong
azimuthal variation in the energy radiated by the
earthquake.

Allowing for the uncertainty in the magnitude
correction applied to the vertical-component
seismometers, the M; determined from the northern
California station data is 6.2, and from the southern
California station data 6.5-6.7.

REFERENCE CITED

Ellsworth, W.L., and Marks, S.M., 1980, Seismicity of
the Livermore Valley, California, region, 1969-
1979: U.S. Geological Survey Open-File Report
80-515, 42 p.
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Solution A Solution B

Figure 3.3. First-motion plots for different hypocentral solutions of the earthquake (A-D, fig. 3.2). Circles, dila-
tational first motions; dots, compressional first motions; circled dots, pressure (P) and tension (T) axes; X's, con-
flicting first motions. Points for discordant stations CCO, CMH, and JSS (see fig. 2.1) are labeled.
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Abstract

In this chapter, we present a tabulation of near-
source digital seismograms for selected aftershocks of
the April 24, 1984, Morgan Hill, Calif., earthquake.
For two of the larger aftershocks, we estimate their
source parameters: seismic movement, corner
frequency, source radius, and stress drop.

FIELD PROCEDURES

Within hours of the main shock, we beguan the
deployment of General Earthquake Observation System
(GEOS; Borcherdt and others, 1985) recorders with
three~-component force-balanced accelerometers and
three-component velocity transducers into the area
near the epicenter and along the assumed rupture zone
of the Calaveras fault (fig. 4.1). Because of the dense
coverage of this area with standard U.S. Geological
Survey  (USGS)  California  network  (Calnet)
seismometers, location of aftershocks was not a
primary conecern. Our principal objective was onscale
recording of all large (M>3.0) aftershocks, with a
special emphasis on possible aftershocks of M>5.0.
Thus, we placed most of our instruments in the
immediate vicinity of the Calaveras fault trace.
Although many of the aftershocks (fig. 4.1) appear to
lie east of the Calaveras fault {locations from USGS
Calnet; R.S. Cockerham, written commun., 1984), this
is probably an artificial result of the Ilocation
programs, which do not properly account for the
differences in velocity structure east and west of the
fault.

In the first 8 hours after the main shoeck, six
GEOS recorders were placed in the area; seven more
were added during the next week. During the
aftershock period, the number of GEOS recorders in
the field has ranged from 9 to 13. The locations of the
recorders and their days of operation are listed in
table 4.1.

121°45 121240 121°35° 121°30°

37°20'+—

37°15' |~

I

37°10'

0 5 KILOMETERS
I W S S

| I I

Figure 4.1. Sketch map of earthquake source region,
showing locations of main-shock epicenter (star),
GEOS stations (triangles), epicenters of events of
M21.5 recorded by one or more GEOS stations (circles,
size proportional to magnitude), and approximate
surface trace of the Calaveras fault (heavy diagonal
line). Arrows point to epicenters of two events for
which source parameters were calculated.
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Table 4.1.—Locations and days of operation for GEOS
stations

[April 24 is Julian day 116]

Operating interval

Station Latitude N. Longitude W. (Julian days)
AMS 37° 9.63' 121°36.92" 117-140
BBL 37°18.46"' 121°39.41" 116-117
COE 37¢15.82" 121°40.45" 116-157
DFL 37°17.36" 121°37.76" 118-156
GRI 37°19.91°' 121°43.11" 116-154
LAS 37°14.85" 121°40.41"' 116-150
LON 37°11.43" 121°37.24° 116-129, 135-143,
153-156
NBR 37°10.17" 121°38.76" 130-152
OCR 37°12.67" 121°38.19" 116-118, 129-157
PHR 37°18.88"' 121°41.67° 116-127
RBH 37°14.10" 121°41.15" 116-127
RST 37°19.00" 121°40.13" 116-129
SFL 37°15.54" 121°34.86"' 116-119
SFR 37°16.95"' 121°44.32' 116-128
uTs 37°12.72" 121939.74' 116-152
INSTRUMENTATION

The GEOS instrument is a microprocessor-based
digital recorder, capable of sampling at 1,200 samples
per second with a 16-bit analog-to-digital converter.
For each of the six components of ground acceleration
and velocity, the sampling rate is 200 samples per
second. Variable gain settings (max 60 dB), coupled
with different types of sensors, uallow onscale
recording of a wide range of seismic events. For
aftershocks, we set the recorders in a trigger mode
that is based on the ratio of the short-term-average
(STA) signal to the long-term-average (LTA) signal.
The gains were deliberately set low to ensure against
clipping for events with accelerations less than 1 g.
The velocity transducers and force-balanced
accelerometer had natural periods of 2 and 80 Hz,
respectively. The horizontal components were
oriented at azimuths 000° and 090° for both sensors.

DATA

As of May 30, we had recorded more than 126
aftershocks at 4 or more stations (table 4.2). For
events 1181648 and 1241307, we computed source
parameters by the method of Brune (1970, 1971).
Figures 4.2 through 4.11 show the three components of
particle velocity and their respective displacement
spectra, from which we determined & long-period
level Qg and a corner frequency f, for event 1181648,
Figures 4.12 through 4.16 show similar plots for event
1241307. The spectral parameters and derived seismie
parameters for both of these events are listed in tables
4.3 and 4.4. An average value of the source
parameters was obtained by the method of Archuleta
and others (1982). Hypocentral distances are based on

depths of 9.97 and 9.76 km for events 1181648 and
1241307, respectively. In our caleulations of the
source parameters, we used a density of 2.8 g/cm3, a
shear-wave velocity of 3.3 km/s, and a. P-wave
veloeity of 5.8 km/s. The P- and S-wave parameters
calculated from these physical values are listed in
tabie 4.5.

For both events, the seismic moment and the
source radius determined from the P-wave spectra are
significantly smaller than those determined from the
S-wave spectra. Although the recorders were very
close to the source, it is clear from the curvature of
the spectrum that attenuation is influencing the
ground motion. We did not consider any attenuation
for these preliminary calculations. The net effect of
whole-path attenuation would be to give lower corner
frequencies and consequently lower stress drops
(Archuleta and others, 1982). These events were
assigned coda magnitudes of 3.1 and 3.7 by the USGS
real-time processor used to locate the events.
However, if we apply the relation of Bakun (1984) that
log Mj=1. 2MD+17 0 for central California earthquakes,
we Obtdln Mp's of 4.2 and 4.8 for events 1181648 and
1241307, respectively.  Further analysis of more
aftershocks may show that these two events are the
exceptions rather than the rule.
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Table 4.2. Aftershocks of the earthquake

[First three digits of origin time are the Julian day, next two are the hour, and last two are the minute.
Letters, which are used for computer-file identification, denote recording of a particular event by a sta-
tion. Only events recorded by four or more GEOS stations are listed]

Station
Origin M
time (coda)

AMS BBL COE DFL GRT LAS LON NBR OCR PHR RBH RST SFL SFR uTs

1160416
1160435
1160518
1160733
1160744
1161204
1161414
1161837
1162026
1162102
1162214
1162256
1170042
1170050
1170111
1170214
1170227
1170329
1170410
1170515
1170629
1170659
1170752
1171532
1171535
1171600
1172059
1180312
1180410
1180721
1180725
1180748
1180910
1181024
1181048
1181108
1181319
1181605
1181648
1181752
1181903
1181955
1190000
1190004
1190116
1190143
1120354
1190443
1190718
1120826
1190838
1191115
1191130
1191451
1191543
1191612
1191748
1191752
1191853
1192033
1192108
1200103
1200143
1200601
1201920
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Table 4.2. Aftershocks of the earthquake-—Continued

Station
Origin M
time (coda)

AMS BBL COE DFL GRT LAS LON NBR OCR PHR RBH RST SFL SFR UTs
1202358 2.6 G -_— H H H H G —-— —— H H H - H H
1210053 1.6 -— -— -— - B ~— — J— -—— _— B B - B _—
1210113 1.9 —— == 1 H —— H — = e I H _— I H
1210312 1.2 —-— —-_— - I —— —— - -— - — I I — I _—
1210352 1.6 ——— m—e eee N e o o o} —_— e} -
1211128 1.0 - - D D N UIVHES OV 5] D _— D ———
1211446 1.4 — ——— A A - — _— -—— _— _—— A a _— a —
1220220 2.3 -—— —-_—— A A B B _— - - —_— B B —_— B A
1220400 2.4 — -— D o] D D — -_— J—— — D D —_— D D
1221518 2.6 P -— o 0 P o T S——" P — e o P
1222323 2.6 D -— D D D D D === === === D === === D  --=
1230444 2.7 —— e H H H H H e e e H —— e H —-
1231918 1.9 —— -— D €  eem  mme e eme mem e D em= === D eem
1230401 2.3 - —_— Q P Q _— _— _— I — Q _— R - _—
1241050 1.8 -— -— H H H -— -— — _—— -e- H — == _— —
1241302 2.0 R —-— R Q R -— — _— —-—— — R -— — _—— -
1241307 3.7 E — E D D — —a- -— ——— - E J— —_— —_— —-—
1251842 2.7 -— —— T T T T —-— - —— ——— T —_— - P -
1260331 2.2 -_— == s s s s —— mmm e e s s —— e e
1260352 1.9 -— -—- D D E D -— — _— - E D _— P _—
1260550 2.7 —-— - F F - F —_— —— - _— F — _— ~—— -—
1260632 1.7 -—— === Q Q Q R ——— mmm e e R o) —— - =
1261142 1.9 - -—- -— B _— B _— - — _— B B — —_— —
1261501 1.8 ——= -—- I I -— I —me mme e mem e I _— e -
1262330 1.7 —— eem emm X K L ——— e mee K K K e e eeo
1271129 2.5 — - c c D e D --—- C —— emm —ee
1281427 2.6 —-— —-— G G G —_— - —— — -— -— G _— —— —
1291334 1.9 —— = C c -— c UV ORIV, c e
1310110 2.1 —-— -— N N -— N -— N N -— . - —— _— -
1310307 2.3 —-— —-_— E E _— E —_— E _— — _— - —_— _— _—
1320025 2.1 -— -— R R s s —— s _— _— _— J— — ——— —
1320044 1.5 —-— —-— E E -_— F —— _— E —— —— _— J— _— _—
1320308 —-— —-— -— J J - —— — I J _— J— _— ——_— —— _—
1320431 —_— J —-— X X -— K —— J K [p— — —_— _— J— —
1322326 2.3 —-— -— B B c c -—— c —— —_— — _— — —— -—
1362252 2.2 -— — J J I J -— -—— -—— —_— — - — _— -_—
1370745 1.9 - —_— -_— M M N J— N - _— pe— —_— —_— — _—
1371709 — ——— emm e J J K . X e e e e e e e
1380843 3.0 B —-— -— A B B B B B _— P _— J— —_— _—
1381557 2.1 ——— = —— P P Q === P mmm mmm mmm mmm mmm e e
1390207 2.0 —-— —-— —-—— - I I —_— I I —_— —_— _— -— _— —
1391417 2.8 F —-— ———- —-—— F F -— F E —— - — — _— —
1391930 2.4 —_— —-— — —_— I I - I —-— —_— —— —_— - —— —
1401649 2.8 —— === R R Q R -— R ——— mmm mmm e mem mmm e
1410016 1.6 —— - G G G H -_— H — e mmm e e e e
1430254 2.4 —— e E E E F — E F e e e mmm e e
1441835 1.7 — === T T T T ——— mem mme mmm mem mem mem mme e
1442141 2.3 —-—- —— —-— X K X —-—— K K —_— _— —_— — — _—
1482023 1.8 —— e P P P P VU VUGV
1502132 2.3 —— e G G H —— - G G ——— mmm e e e e
1510328 —— —— - F E F — - F F U o
1511238 -— ——— - D D D —_—— e D D ——— = mem mee e -

Figure 4.2. Three components of particle velocity for event 1181648 at station AMS, followed by their
displacement spectra. Comp., component orientation; H, horizontal component; V, vertical component. Three-
digit numbers after H indicate compass heading of positive ground motion for that component. Trace
amplitudes noted at left include a constant scale factor; for example, the initial P wave at 2.1 s would have an
amplitude of about 3x10™ " cm/s. Parameters to upper right of each trace, which are calculated over interval
denoted by bar above each trace, are as follows: ARMS, root-mean-square acceleration; DUR, duration of
window (in seconds); t-star, attenuation parameter; VIF, integral squared velocity. At top are instrument
parameters: G, Geophone coil constant; gains, amplifier gains; filter, corner of antialiasing filter used. A
value is given for each component. Spectra are spectral-density plots of ground displacement (velocity divided
by w). Picked values for asymptotic long-period level (level), corner frequency (corner, denoted by arrows), and
weight (weight) are given in each plot. Below leftmost spectrum is additional information on corrections used
in calculating each spectra: divided by W, Fourier spectra of velocity was divided by w to determine
displacement spectra; instr., response of Geophone was removed. FN, natural frequency of the sensor; damp,
damping coefficient. Spectral parameters and derived source parameters are listed in table 4.3.
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PARTICLE VELOCITY, IN CENTIMETERS PER SECOND (x0.1)
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Figure 4.3. Three components of particle velocity for event 1181648 at station COE. Same conventions as in
figure 4.2.
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Figure 4.4. Three components of particle velocity for event 1181648 at station DFL. Same conventions as in

figure 4.2.
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Figure 4.5. Three components of particle velocity for event 1181648 at station GRT. Same conventions as in
figure 4.2.
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Figure 4.6. Three components of particle velocity for event 1181648 at station PHR. Same conventions as in

figure 4.2.
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Figure 4.7. Three components of particle velocity for event 1181648 at station RBH. Same conventions as in
figure 4.2,
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Figure 4.8. Three components of particle velocity for event 1181648 at station RST. Same conventions as in
figure 4.2.
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Figure 4.9. Three components of particle velocity for event 1181648 at station SFR. Same conventions as in

figure 4.2.
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Figure 4.10. Three components of particle velocity for event 1181648 at station UTS. Same conventions as in

figure 4.2.
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Figure 4.11. Three components of particle velocity for event 1241307 at station COE. Same

conventions as in figure 4.2.
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Figure 4.12. Three components of particle velocity for event 1241307 at station DFL. Same conventions as

in figure 4.2.
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Figure 4.13. Three components of particle velocity for event 1241307 at station GRT. Same conventions as
in figure 4.2.
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Figure 4.14. Three components of particle velocity for event 1241307 at station RBH. Same conventions as

in figure 4.

2.
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Figure 4.15. Three components of particle velocity for event 1241307 at station UTS. Same conventions as in
figure 4.2.
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Table 4.3. Source parameters for event 1181648

log Qg(p) log Qo(s) () £o(s 1og Mg (p) log My(s) r(p) x(s)
(cm-s) (cm-s) (Hz) (HZ) (102" dyne=cm) (1027 dyne=cm)  Tkm) T
Component-——====== z HO00 HO090 H (avg) z H00O  HO90 H (avg) 4 H (avg) 2z H (avg)
Station (Bkm)
COE 10.3 -4.00 -2.092 =-2.174 -2.133  15.1 3.5 3.3 3.4 20.770 21.903 0.14 0.42
DFL 10.2 ~4.081 -2.432  -2.292 -2.362  26.3 6.1 5.1 5.6 20.688 21.670 .08 0.22
GRT 13.3 -3.208 -2.027 -2.229 -2.128 7.9 4.2 5.9 5.0 21.673 22.019 27 0.24
PHR 11.6 -3.553 -1.770 -2.167 -1.969 8.7 2.3 4.0 3.1 21.269 22.118 .25 0.39
RBH 11.8 -3.523 -1.824 -1.886 -1.855  12.0 2.4 3.1 2.7 21.306 22.240 .18 0.45
RST 11.4 -3.377 -2.125 =2.277 -2.201  14.6 8.7 9.5 9.1 21.437 21.879 .15 0.13
SFR 13.0 -2.469 -2.770 -1.886 -2.328 12.8 6.5 4.2 5.4 22.402 21.809 .17 0.23
uTs 12.6 -2.921 -1.569  =2.292 -1.931  11.3 3.7 4.4 4.0 21.937 22.192 .19 0.31
BAMS 16.8 -3.143 -2.092 -2.092 -2.092 8.7 3.6 3.5 3.5 21.840 22.156 .25 0.35
Averag €=2.111>  =mmmmmmmmem—e—ae <4.6> <21.480> <21.998> <19> <.30>
Error: F R b +2.0 +.552 +.194 +.06 te11
Table 4.4. Source parameters for event 1241307
log 5 (p) log fig(s) f.(p) fe(s) log My(p) log Mj(s) x(p) x(s)
{cm-s) (cm-s) (Bz) (Hz) (1021 dyne-cm) (102" dyne=cm)  Tkm) Tkm)
Component=———-====~ z HO00 HO090 H (avg) 2 H000  HOS0 H (avg) 2z H (avg) z B (avg)
Station (%n)
COE 10.1 ~3.553 -1.201 -—- -1.201 9.3 1.6 - 1.6 21.208 22.826 0.23 0.76
DFL 10.2 ~3.102 -1.481 1.538 -1.510 7.9 2.0 2.4 2.2 21.664 22,522 .27 .56
GRT 14.0 -2.444 ~1.167 -1.444 -1.306 5.0 3.3 3.4 3.3 22.459 22.717 .43 .37
RBH 12.7 ~2.699 -1.000 ~-1.337 -1.169  11.0 1.3 2.5 1.9 22.162 22,958 .20 .64
uTs 14.3 -2.000 -.886 -1.569 -1.227 3.5 1.6 2.9 2.3 22.912 22.951 .61 .53
Averag <22.081> <22.795> <.35> <.57>
Error: +.666 +.182 +.17 .14
Table 4.5. P- and S-wave parameters for events
1181648 and 1241307
Seismic moment Source radius Stress drop
(1()21 dyne-cm) (km) {bars)
Event
2 wave _S‘ wave 2 wave _s_ wave 2 wave _S. wave
1181648 3.0 9.9 0.19 0.30 191 161
1241307 12 62 .35 .57 122 146
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Abstract

The significant strong-motion records of the
earthquake, from the permanent accelerograph
networks of the U.S. Geological Survey (USGS) and the
California Division of Mines and Geology, have been
processed.  This chapter describes the processing
decisions and the resulting computer plots for the
USGS records.

STRONG-MOTION RESULTS

The permanent accelerograph networks of both
the U.S. Geological Survey (USGS) and the California
Division of Mines and Geology (CDMG) have provided
an important set of strong-motion records from the
April 24 main shoek. Altogether, about 75 stations
were triggered among the combined networks, at
epicentral distances ranging from about 4 km (Halls
Valley, a CDMG-maintained station) to more than 100
km.

The loeations of the accelerograph stations in
both networks at the time of the main shoek are shown
in figure 5.1, and the data for the USGS-maintained
stations are summarized in table 5.1. A comparable
list for the CDMG-maintained stations (Shakal and
others, 1984) gives the maximum acceleration for each
component scaled from the original records, together
with the duration for which the accelerations reached
amplitudes greater than 0.1 g. Selected USGS and
CDMG film records of the earthquake at various
stations are shown in figure 5.2.

lcalifornia Division of Mines and Geology,
Sacramento, CA 95812,

Information on both the 70-mm film records and
digital reeords (Kinemetries DSA-1) is listed in table
5.1. For example, the entry "Hollister Differential
Array" refers to a film recorder included within the
Hollister Digital Differential Array, which provided
four digital records in addition to those from the listed
film recorder. Also, a set of three digital records was
obtained from various locations on a span of the San
Jose Freeway Interchange. The details listed in table
5.1 for this station are from the film recorder, located
within the bridge box girder but close to the
abutment. The Palo Alto Veterans' Administration
Hospital has two digital recorders located in separate
buildings.

The film records have been digitized and
processed for the following stations: Anderson Dam
(crest and downstream), Hollister Differential Array,
Hollister City Hall Annex, San Justo Damsite (right
and left abutments), and San Jose Freeway
Interchange.

Processing of corrected ground motions from the
digital records at the Hollister Differential Digital
Array (fig. 5.3) is included. The individual stations in
the array are arranged along the two legs of a V: four
stations along a 610-m length, and two more along a
305-m length at 33° to the first. This array is located
at the Hollister Airport, 4 km north of the Hollister
City Hall. At present, only the records from stations
1, 3, 4, and 5 have been processed. Malfunctions in the
other two recorders may limit the usefulness of their
records.

PROCESSING

All the records (seven film, four digital) have
been processed according to the descriptions in
AGRAM (Converse, 1984). Chapter 19 presents
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of Mines and Geology permanent networks.

Locations of accelerograph stations in both U.S. Geological Survey and California Division
Named stations yielded significant records, shown in figure 5.2.

Dots, triggered stations; circles, nontriggered stations.
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Table 5.1. USGS strong-motion data from the April 24 main shock

Station . .
Latitude Longitude Ep‘.lcentral Cc‘m\pon?nt Maxlmum’ Strong (?0-1 q)
distance direction acceleration duration
e R (i) ) () (s)
No. Name
1652 Anderson Dam, downstream=--- 37.165 121.631 16 340 0.301 4.0
Up .201 5.2
250 .409 4.4
1652 Anderson Dam, crest--—----- 37.166 121.631 16 340 «386 8.7
Up .202 3.3
250 +634 7.9
1575 Hollister City Hall 36.85 121.40 55 180 .078 —-—
Anne Xx. Up +425 —
090 077 --=
1656 Hollister Differential 36.888 121.413 51 255 .094 ——
Array. Up 222 2.0
165 .089 —-—
1655 San Justo Damsite, 36.827 121.445 55 360 059
right abutment Up .060
(dike). 270 076 ——
1655 San Justo Damsite, 36.815 121.447 56 360 074 -
left abutment. Up .034 —-—
270 .038 ——
1571 San Jose Freeway Inter- 37.340 121.851 12 322 <123 4 peaks
change, U.S.-101, Up .082 —
I-680, I-280. 232 .083 -
1227 Palo Alto Veterans' 37.40 122.14 37 302 022
Administration Up .018
Hospital, basement. 212 022 ——
1277 Palo Alto Veterans' 37.40 122.14 37 302 .084
Administration up .034
Hospital, roof 212 089 —_—
7th level).
1226 Livermore Veterans' 37.62 121.76 41 128 .022
Administration Up 011
Hospital, basement. 038 <016 -——
Roof (bldg. 62) 128 .027 -——
Up .016 -—
038 .047 —-—-
1610 Stanford University, 37.429 122.169 41 015 +027
Quadrangle. Up 022
285 .023 -
1602 Stanford University, 37.417 122.198 42 360 027 ——
Stanford Linear Up .020 ~—-
Accelerator Center, 270 .016 -——
Survey Hill.
1601 Stanford University, 37.419 122.205 43 360 +031 ——
Stanford Linear Up 022
Accelerator Center, 270 «032 -
Test Laboratory.
1481 Bear Valley sta. 12, 36.658 121.249 82 310 «057 -
Williams Ranch. Up +140 .6
220 .044 -—-
1479 Bear Valley sta. 10, 36.532 121.143 929 310 021 ——
Webb residence. Up <011 ——-
220 027 —-—
1475 Bear Valley sta. 6, 36.504 121.101 103 310 .024
James Ranch. Up +005
220 .016 —

5. Processing of Strong-Motion Recordings from the Main Shock
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Table 5.1. USGS strong-motion data from the April 24 main shock—Continued

Station .
i st >0.1
Latitude Longitude EpJ..central C(?mpom.ant Max:.mum. rong (.0 9)
distance direction acceleration duration
(° N (W () (*) (k) (s)
No. Name

1343 Bear Valley sta. 2, 36.636 121.234 85 130 .016 ——
Stone Canyon West. Up .019 -—-
040 «011 —-—
1210 Bear Valley sta. 1, 36.573 121.184 93 310 010 —-———
Fire Station. Up .010 —-———
220 015 —-—-
1474 Bear Valley sta. 5, 36.673 121.195 83 310 015 —-—
Callens Ranch. Up 022 -
220 «015 -———
1483 Bear Valley sta. 14, 36.569 121.043 100 310 .021 —
Upper Butts Road. Up 010 ———
220 .028 -_—
1657 Hollister, Damler 36.81 121.41 60 118 .078 —-——
residence. Up 076 -—=
028 .060 -
1032 Hollister, San Andreas 37.76 121.45 54 360 «026 ———
Geophysical Observa=- Up .026 -—
tory, vault. 270 <010 -—
1446 San Francisco, Standard 37.79 122.40 83 135 011 —-—
0Oil Co. of California Up 005 —-——
Building, basement. 045 .011 -
1239 San Francisco, Trans=- 37.80 122.40 83 261 .011 -
america Corp. Tower, Up .005 —-—
basement. 171 016 —-—-
24th floor 261 .021 -——
Up .021 -—
171 «027 ———
49th floor 261 .047 -—-
Up .032 ——
171 +037 —_—
58th level 261 .097 1 peak
Up .035 -—
171 .083 ——-
Figure 5.2. Film records of the main shock. A, Reproductions of original USGS film records from
Anderson Dam (downstream and crest), Hollister (Differential Array and City Hall Annex), San Jose
Freeway Interchange (I-680/280 overcrossing U.S.-101), and San Justo Damsite (right and left
abutments). B, Reproductions of original COMG film records from Halls Valley and Coyote Lake Dam
(south abutment). C, Photographic enlargement of high-amplitude section of Coyote Lake Dam record

shown in figure 5.2B. Peak value of 285° component scales at 1.29 g.
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computer plots of these records. Briefly, the steps are (iv) displacements of adjacent film and digital

as follows: recordings on the Hollister Differential Array.

1. Digitization of the film records by a commercial Chapter 19 includes plots of corrected
digitizing firm (IOM-Towill of Santa Clara, Calif.) acceleration, velocity, and displacements for the
on a trace-following, computer-controlled laser three components of each recording.
scanner, using unequal time spacing at an average 5. Calculation of response speetra for oscillation
of 600 samples per second. periods as long as 4 s. Chapter 19 includes linear

2. Reassembly of the separately digitized 10-s frames, plots of the relative-velocity-response spectrum
using specially inserted vertical lines, each and log-log tripartite plots of pseudovelocity-
digitized twice, once in each adjacent frame. response spectra.

3. Preparation of uncorrected accelerograms by 6. Calculation of Fourier amplitude spectra by fast-
subtracting out the reference traces, using the Fourier-transform methods. Chapter 19 includes
time marks for the x-eoordinates, and subtracting both linear and log-log plots of these spectra.
the average value. Chapter 19 includes plots of the
uncorrected data. REFERENCES CITED

4. Passing of the data from both film and digital
recordings through a correction algorithm that Converse, A.M., 1984, AGRAM: A series of computer

applies a high-frequency (50 Hz), filter instrument programs for processing digitized strong-motion
corrections, and decimation to 200 samples per accelerograms. Version 2.0: U.S. Geological
second. A low-frequency high-pass Butterworth Survey Open-File Report 84-525, 98 p.

filter (0.25 Hz, order 8) removes all periods longer  Shakal, A.F., Sherburne, R.W., and Parke, D.L., 1984,
than 4 s from the data. These parameters were CDMG Strong-motion records from the Morgan
chosen after consideration of: (i) the strong- Hill, California, earthquake of 24 April, 1984:
motion duration of the records, (ii) any distortion California Division of Mines and Geology, Office
during preevent memory on the digitals, (iii) of Strong Motion Studies Report OSMS 84-7, 101
displacements calculated at the Anderson Dam, and P
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Abstract

Postearthquake investigation of abundant ground
cracks associated with the Morgan Hill earthquake
revealed no unequivocal evidence of surface faulting.
Cracks in two places in the San Felipe Valley were
aligned with late Quaternary fault traces but showed
no tectonic displacement. Cracks near the southeast
end of the Anderson Reservoir showed right slip of
more than 0.1 m but were either in or near active
landslides or in short zones that had no continuity of
displacement or trend along strike in the fault zone.
Although we conclude that the evidence does not
demonstrate surface faulting, we cannot deny that
some of the cracks may have been tectonic.

INTRODUCTION

This report summarizes our initial investigations
to determine whether surface faulting accompanied
the Morgan Hill earthquake. Our investigations
started the day of the earthquake and continued daily
through April 27 as we inspected traces of the
Calaveras fault mapped by Dibblee (1972, 1973), and
Radbruch-Hall (1974), and nearby traces of the
Hayward fault (fig. 6.1). On May 2-4, we checked
additional recent traces mapped by D.G. Herd (unpub.
data, 1982) in the epicentral and aftershock zones. We
reinvestigated in detail the area at the southeast end
of the Anderson Reservoir on May 11 and 16. On April
10, 1985, we checked the easternmost fault mapped by
Dibblee (1972, 1973) and the Madrone Springs fault, in
response to concentrations of aftershocks located east
of the most recently active traces of the Calaveras
fault. Although we found no unequivoecal evidence for
surface faulting associated with the earthquake, we

cannot eliminate faulting as the origin for some of the
many cracks that we found.

To distinguish tectonic eracks from those formed
by other processes, such as downslope movement,
lateral spreading, or differential settling, we used two
main guidelines: (1) displacement commonly lies in the
plane of tectonic cracks, and (2) slip and trend show
broad consistency or continuity along strike for
tectonic ecracks or zones of tectonic ecracks. In
addition, cracks that had a northwest-southeast
orientation, or that were located along mapped or
suspected late Quaternary traces, suggested a tectonic
origin. Some cracks clearly displayed evidence for all
these  tectonic factors and also  displayed
characteristics of nontectonic processes; thus, their
origin is uncertain. Afterslip in the plane of any of
these cracks would have been strong evidence for
tectonic origin, but absence of afterslip does not allow
us to rule out such an origin.

OBSERVATIONS

Plate 1 shows our routes, sites of primary
interest, and the fault-trace interpretations of Dibblee
(1972, 1973), Radbruch-Hall (1974), and D.G. Herd
(unpub. data, 1982). The faults mapped by Herd and
Radbruch-Hall  were  primarily located from
geomorphic evidence of recent displacement, whereas
those mapped by Dibblee were also located from
lithologie, stratigraphic, and structural evidence; thus,
some of Dibblee's mapped faults show little evidence
of recent slip. Our field observations are summarized
in table 6.1, and the locations of the sites investigated
outside of the area of plate 1 are shown in figure 6.1.

We interpreted most of the abundant cracks in
the epicentral and aftershock zones to be caused by
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Table 6.1. Field observations after the Morgan Hill earthquake of April 24, 1984

[Data from Harms and others (1984); see plate 1 for localities 1 through 78, and figure 6.1 for localities A through K. Detection limit is
minimum visible offset or opening of a crack. Investigators: MB, Manual Bonilla; MC, Malcolm Clark; KH, Katherine Harms; EH, Edwin Harp; DH,
Darrell Herd; KL, Kenneth Lajoie; JL, James Lienkaemper; SM, Scott Mathieson; JP, James Perkins; MR, Michael Rymer; RW, Robert Wallace; and JZ,

Joseph Ziony.

do., ditto}

: : Date
Feat .
Locality . eature Azimuth Displacement Comments investigated Investigator
inspected of crack vector
(1984)
1 Landslid No unequivocal evidence for movement of Apr. 24 SM, KL
old slide.
2 Dirt road Road crosses fault zone; no cracks-—————===—=- Apr. 24 SM, KL
3 Fault lineament. No displacement at fault mapped by D.G. May 2 JL, SM
Herd (unpub. data, 1982).
4 Quimby Road -—— -— No evidence of displacement at fault/ Apr. 24 SM, KL
(paved). lithologic contact; no movement of
large landslide to south.
5, 6,8 Fault lineament No displacement at fault mapped by D.G. May 2 JL, SM
Herd (unpub. data, 1982).
7, 10 Dirt road No cracks in road that crosses faults—-——=-—=- Apr. 24 SM, KL
12, 13 Tectonic bench No cracks: Apr. 24 SM, KL
14 Dirt road: No tectonic cracks on road in fault zone----- May 2 JL, SM
15 Swal No evidence for movement in apparently Apr. 24 SM, KL
tectonic swale.
16 Dirt road No offset on road along fault======-=-=—--=-- May 2 JL, SM
17 do Cracks along road appear to be related May 2 SM, JL
to desiccation only.
21 Linear scarp: No cracks: Apr. 25 RW, MB
22 Dam- No cracks in road to dam Apr. 24 JL, JP
No cracks in dam abutment or in fault Apr. 25 RW, MB
zone for 0.6 km to SE.
23 Dirt road: Cracks in road associated with slumping------ Apr. 25 RW, MB
24 Fault lineament: No cracks crossing fault zone—-—=—--—=———===—-- May 2 JL, SM
25 do No tectonic cracks Apr. 24 JL, JP
Tectonic swale, ——— —— Hairline cracks along tectonic swale; Apr. 25 RW, MB
quadrilateral. small quadrilateral installed and
measured.
do Quadrilateral remeasured; no change-- Apr. 26, 27, JL, SM
May 2, 3
26 Fault lineament. Well-defined fault lineation showed no Apr. 25 RW, MB
tectonic cracks.
27 Trails No cracks on trails surrounding pond-------—- Apr. 24 JL, JP
28 Fences Fences appear to be offset but may have Apr. 26 SM, JL
been installed crooked.
29 Dirt road No cracks in E-W. rcad within fault zonew==---- Apr. 25 MC
30 do No cracks in road along fault—————====—c———-— May 2 sM, JL
33 San Felipe Ranch —-—— -—— Cracks present in this area, but not Apr. 25 RW
(graded fill). tectonic.
34 Dirt road ---- No cracks in road Apr. 25 MC
35 Dirt road near —-— - Many extensional cracks in road near San Apr. 24 JL, JP
San Felipe Felipe Creek and on fill of bridge
Creek. abutment. A hump in the road was re-
ported here, but the road was graded
before it could be investigated. No
cracks or compressional features be-
side the road.
36 Paved road: No unequivocal tectonic cracks—-—-—-—-—-====cew-- Apr. 24 JL, JP
Narrow zone of fresh discontinuous Apr. 24 JZ, DH
cracks parallels road; possibly of
tectonic origin.

Quadrilateral: Temporary quadrilateral installed across Apr. 25 JL, Jp, MC,
these cracks; cracks have been degraded MR, KH
significantly.

Measured quadrilateral, no change - Apr. 26, 27, JL, SM

May 2, 3
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Table 6.1. Field observations after the Morgan Hill earthquake of April 24, 1984--Continued

. : . Date
Locality . Feature Azimuth Displacement Comments investigated Investigator
inspected of crack vector
(1984)
38 Paved road No cracks in road across fault zone~=————=—=-= Apr. 25 MC
39 do- No cracks in road: Apr. 25 RW
40 Scarp: Scarp is probably stream cut; no cracks------ Apr. 25 RW
41 Paved road: No tectonic cracks along road-- Apr. 25 RW
42 do Cracks along trace of the Las Animas Apr. 24 JL, JP
fault; probably related to slumping.
44 Roadcut No throughgoing cracks in gouge of fault Apr. 24 JL, JP
zone, but hairline cracks present in
dirt road. No lateral displacement.
Dirt road and - —-— Bedrock and exposed fault gouge contained Apr. 27 Jp
San Felipe many fresh cracks that exhibited no
Creek. offset.
46 Dirt road and - -— Many randomly oriented cracks in road; Apr. 27 Jp
sag pond. cracks subparallel to fault exhibited
no offset. No cracks in mud surround-
ing sag pond.
47 Saddle No cracks, but detection would be diffi- Apr. 27 Jp
cult in surrounding vegetation. De-
tection level, about 10 mm.
48 Dirt road ~ No offset of road along fault zone. Apr. 27 Jp
Detection limit, about 2 mm.
49 do No cracks with consistent trends on road Apr. 27 JP
along fault zone. Detection limit,
about 2 mm.
50 do Many desiccation cracks but no tectonic Apr. 27 JP
rupture. Detection limit, about 2 mm.
52 do Many desiccation cracks, but none con- Apr. 27 JP
sistently oriented parallel to fault.
Detection limits: on road, about 2 mm;
off road, 5 mm.
53 Paved road--——-==-==- 016° (southern) 5 mm, 085° Two cracks in road that extend into May 3 KH, MR
018° (northern) 5 mm, 091° shoulder both show left-lateral dis-
placement.
54 dom=wmmm e ——— 320° (western) 40 mm, 280° Two cracks aligned with mapped fault Apr. 26 KH
345° (eastern) 40 mm, 075° trace. Right-lateral offset continues
off road, where detection limit is
about 20 mm.z
55 011e 12 mm, 097° Cracks in road with right-lateral dis- Apr. 26 KH
7 mm, 078° placement. Cracks are aligned with
7.5 mm, 095° mapped fault trace; they continue off
road, where detection limit is about
10 mm.
56 Dirt driveway 3250 —_— Small extensional cracks parallel to Apr. 26 KH
(to Jackson fault zone; no lateral displacement.
Ranch).
57 Paved road-—--=-—---- NW-SE. 5 mm, 085° Two cracks display a small amount of Apr. 25 MC
right~lateral displacement.
58 do No cracks present on road in line with Apr. 25 MC, KH, MR
either linear valley or ridge to
southeast.
59 Aommmmmm e E-W. - A crack with right-lateral displacement, Apr. 26 KH
probably related to slumping.
60 do- wide zone of cracks at north end of slump Apr. 26 KH
block; zone of cracks is arcuate.
61 do—————mm—m——— 175¢ —— Zone of extensional cracks, 6 m wide; Apr. 26 KH
minor left-lateral component.
62 do=======—==—ma—~ Approx 120° 20 mm, 075° Six cracks across road in zone 20-25 m Apr. 25 MC
wide.
----------------- 130° —— Set of fresh cracks, trending 130°, with Apr. 26 KH
extensional and left-lateral displace-
ment.
63 Paved road Abundant cracks across road and south of Apr. 26 MC

road; many appear to be related to
lateral spreading or slope movement.
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Table 6.1. Field observations after the Morgan Hill earthquake of April 24, 1984--Continued

Date
Comments investigated Investigator
(1984)

Feature Azimuth Displacement

Localit :
b inspected of crack vector

64 325° (eastern) 20 mm, 275° Site of cracking during 1979 Coyote Lake Apr. 25 MC
earthquake. Series of large cracks
307¢ 30 mm, 260° across road. Westernmost two cracks
320° 50 mm, 295° are 8 m apart and trend 170°; eastern

342° (western) 60 mm, 294° of these two shows right-lateral slip
of 70 mm at 115°, and western shows
compression. Six more cracks farther
east in zone 30 m wide.

Cracks trend 130°-160°, with generally Apr. 25 KH, MR
increasing azimuth from east to west.
Cracks are located on ridge crest and
parallel ridge.

Rechecked painted cracks; no movement-—-

Apr. 27, KH, MR
May 3, 11, 16
South of road- Abundant cracks with no dominant trend Apr. 25, KH, MR
or sense of displacement; cracks seem May 3
to be related to slumping. Liquefac=-
faction occurred between lake and a
closed depression that could be fault
related but more likely is caused by
slumping. If so, the liquefaction
occurred along the edge of this slump
block.
North of road: Cracks continue for 10-15 m before they Apr. 25 KH, MR
are dominated by more westerly trending
cracks. These cracks define several
small slump blocks, but no lateral
cracks were found at the west end of
these slump blocks.
Cracks curve to the west, stepping right May 11, 16 KH
for 75-100 m; overall trend is about
350°. These cracks show less than 50
mm extension and no apparent lateral
displacement.

65 Paved road 300°-310° 25-50 mm, 255° Distinctive cracks extend about 50 m SE. May 3 KH
of road.
120 mm, 095° Two cracks across road. Northern crack May 4 MC
100 mm, 105° has 120 mm of right slip at 095°;
southern crack has 100 mm of right
slip at 105°. 1/2- to 2=-m=-long, left-~
stepping echelon cracks lie on trend
to SE. at top of roadcut; these cracks
enter heavy brush about 30 m SE. of
top of cut. No cracks 50-60 m from
cut on other side of brush.

67 Scarp No cracks along scarp and notch. Detec= May 4 MC
tion limit, about 5 mm.

68 Corral and barn No cracks on trend with those seen at May 4 MC
site 65. Many dilation cracks trend-
ing 90°~205°, with 50 mm of extension
and 50 mm down on NE. side; they appear
to relate to free faces to N. and E.

69 Jackson Oaks —— —-— A conspicuous crack beginning at ridge May 25 SM
tract. crest; probably related to slope
failure.
Crack trends E-W. and shows no relation May 16 EH
to landslide movement. Cracks could
be due to differential settling of
fill along a grading contact.

70 Notch No rupture in notch. Detection limits: Apr. 24 MC, KH
on dirt road, 2-4 mm; in grass, 5=15
mme

71 do No rupture in grassy valley and notch. Apr. 24 MC, KH
Detection limit, 5=15 mm.

72 do No rupture in notch. Detection limits: Apr. 24 MC, KH
on dirt road, 2-4 mm; in grass, 5-15
mme

73 Dirt road: No ruptures on road or fields along Apr. 24 MC, KH
mapped trace of fault. Detection
limits: on dirt road, 2-4 mm; in
fields, 5-15 mm.

74 Linear flat. No rupture on small linear flat-=-———==—c—o—- Apr. 24 MC, KH

75 Lakeshors Cracks trend 165° with 110 mm of exten- May 3 KH, MR
sion. No lateral component of slip.

76 Linear valley========= 160° 10-20 mm, 250° A long continuous crack follows linear May 16 KH
valley for 50 m.
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Table 6.1. Field observations after the Morgan Hill earthquake of April 24, 1984--Continued

. : Date
. Feat Azimuth D: 1 N .
Locality R ure 24 isplacement Comments investigated Investigator
inspected of crack vector
(1984)
77 Linear valley--—----—= 145° 10 mm, 235° A crack parallels road and linear valley May 16 KH
for 30-35 m.
78 Lakeshor: Cracks show 35 mm of left-lateral offset May 3 KH, MR
and 30 mm of extension. This site is
part of a slump toward lake, on NW.
side of a young fan deposit.
79 Fault lineation No evidence for recent ground rupture Apr. 10, 1985 MC, KH
along lineaticn.
80 Vegetation - — No cracks observed at linear edge of Apr. 10, 1985 MC, KH
lineation. small hill.
81 Fault lineation No cracks along break in slope-=----===---=--- Apr. 10, 1985 MC, KH
82 Dirt road No evidence for recent movement on road Apr. 10, 1985 MC, KH
at Dibblee's (1972, 1973) eastern
mapped fault trace. No rupture in
notch to SE., where detection limit
is 10 mm.
83 Dirt road and —— —~—— No evidence for recent movement on mapped Apr. 10, 1985 MC, KH
creek. fault lineament.
86 Dirt road No evidence of recent ground rupture Apr. 10, 1985 MC, KH
along road.
87 Fault lineation Apr. 10, 1985 MC, KH
88 do: No evidence of movement on this possible Apr. 10, 1985 MC, KH
fault strand.
A Paved road No cracks on trace of Hayward fault---------- Apr. 25 KH, MJ
do Apr. 26 JL, SM
C Dam: Cracks due to slumping, but no tectonic May 2 JL, SM
offsets.
D Fault lineation No cracks. Detection limit, about 3 mm=---~-- May 2 JL, SM
E Paved road- No fresh cracks on left-stepping echelon May 2 JL, SM
cracks in road.
G do-m=emmommme 146° 1 mm, 128° Some fresh cracks at north side of road, Apr. 27 MR
extending from older cracks.
H do Fresh cracks on SE side of rnad with a Apr. 27 MR
net right-lateral offset of 3.5 mm.
On NW. side of road, fresh cracks show
2 mm of right-lateral displacement.
Creepmeter at this site showed 13 mm
of coseismic slip.
I do: No fresh tectonic cracks Apr. 27 MR
J Notch No evidence of recent faulting=-——-=—-====e--- Apr. 10, 1985 KH, MC
X Fault lineation No evidence of recent faulting along the Apr. 10, 1985 KH, MC

Madrone Springs fault at road or in
Packwood Valley.

nontectonie, near-surface movement in young deposits
or artificial fill. However, the origin of the cracks in
two areas in the San Felipe Valley (sites 25, 36, pl. 1)
and near the southeast end of the Anderson Reservoir
(sites 64, 65, pl. 1) is equivocal.

The northern of the two sites in the San Felipe
Valley (site 25) included very small extensional cracks
that were aligned with clearly defined fault scarps to
the southeast and northwest but displayed no
recognizable tectonic displacement. We installed a
temporary 5-m quadrilateral of spikes across the
cracks on April 25 to help determine if they were of
tectonic origin.  Four unchanged remeasurements
through May 3 across this quadrilateral suggested that
the cracks were nontectonic.

North-northwest-trending cracks extended for
approximately 10 m along the east shoulder of the

paved section of San Felipe Road and for about 40 m
along the unpaved section of the road about 1-1/2 km
farther south in the San Felipe Valley (site 36). The
unpaved section of the road was cut in alluvium, with
no fill added. At the north end of this unpaved
section, the cracks were most abundant in the coarse
alluvium (granule to pebble gravel) and ended at the
north contact of this gravel with a finer deposit. We
installed a 2-m quadrilateral of nails and stakes at this
site on April 25, but it showed no movement through
May 3. The absence of afterslip suggests that the
cracks were nontectonie in origin.

Cracks of equivocally tectonic origin were also
observed at site 64, about 1/2 km northwest of the
Cochrane Bridge near the southeast end of Anderson
Lake. Cumulative right-lateral displacement was
about 15 em across five of these cracks in a zone

66 The Morgan Hill, California, Earthquake of April 24, 1984



about 30 m wide by only 5 m long. These breaks
crossed Dunne Road at the crest of a ridge and showed
generally increasing azimuth from east to west. South
of the road near the lakeshore, the fractures were not
continuous but merged with other randomly oriented
cracks. These shore-zone cracks were dominantly
extensional, with both minor left-lateral and right-
lateral components of slip, suggesting slumping or
lateral spreading. North of the road, the cracks were
extensional without clear evidence of right-lateral
slip, and they merged with east-west-trending ceracks
related to slumping. Although locally or individually
these breaks suggested a tectonic origin, they occurred
within a broad zone of active landslides and slumps and
showed little continuity of trend or displacement
within, and none beyond, the landslide-slump area.
This absence of continuity suggests a nontectonic
origin for these craeks.

West of the Cochrane Bridge, on the south side
of the Anderson Reservoir and on trend with the
cracks at site 64, fractures extended about 50 m
southeastward from Dunne Road (site 65) from about
20 m west of the side road up and beyond a steep
embankment. These fractures exhibited dominantly
right-lateral displacement with minor extension.
Although the cracks were not clearly related to
landslides, they were associated with steep
topography. The southeast end of these cracks was
hidden by a dense patch of poison oak, 20 to 30 m
long. The cracks were not on the other side of the
patch, nor on the benches and slopes farther to the
southeast. Two fractures, each with more than 0.1 m
of right-lateral displacement, that erossed Dunne Road
on trend with these cracks may be related to them;
however, these two fractures may also be related to
local failure of the road fill. No cracks displaying
lateral  displacement crossed the unvegetated
lakeshore on this trend northwest of the road, where
they would have been easy to detect. This set of
cracks showed the strongest evidence for a tectonic
origin. Their trend and displacement were consistent
along the length of the zone of cracks; however, the
zone of cracks was short, with clearly unfaulted
segments at each end. We believe that the absence of
continuity implies a nontectonie origin.

CONCLUSIONS

From our evidence, the question whether surface
faulting accompanied the April 24 earthquake is still
unanswered. If present at all, tectonic ruptures were
short and scattered, and showed only small offset.
Evidence favoring a tectonie origin for the surface
breaks in the San Felipe Valley and near the southeast
end of the Anderson Reservoir includes their
northwest-southeast orientation, their position along
mapped or suspected late Quaternary traces in the
fault zone, and their definite or possible component of
right slip. Evidence for a nontectonie origin, however,
is that: (1) the cracks near or along fault trends in the
San Felipe Valley displayed no lateral displacement
and no afterslip, and those at the Anderson Reservoir
lay in or near zones of active landslides or slope

failure; (2) all four zones (sites 25, 36, 64, 65) were
short, and both were internally discontinuous and had
clear boundaries on strike, beyond which there was
definitely no faulting; and (3) individual cracks lacked
the continuity of displacement or trend found
elsewhere for tectonic ruptures of small displacement
(for example, Brown and Vedder, 1967, Allen and
others, 1972; Clark and others, 1976; Fuis, 1982; Sieh,
1982). The balance of evidence convinced Hart (1984a,
b) that the ruptures near the southeast end of the
Anderson Reservoir were tectonie.  Although we
conclude that the evidence does not demonstrate
surface faulting associated with the Morgan Hill
earthquake, we cannot deny that some of the cracks
may have been tectonie.
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Abstract
On April 25, 1984, just 1 day after the
earthquake, the southeast limit of surface

displacement along the Calaveras fault was within a
5.8-km-long segment of the fault, about 48 to 54 km
southeast of the epicenter. About 3.5 months after
the earthquake, however, a newly developed trace of
the fault was observed in the asphalt of California
Highway 25 near Hollister, 54 km southeast of the
epicenter; and 9 months after the earthquake, yet
another new trace had developed at this site.

FIELD OBSERVATIONS

During the late afternoon of April 25, 1984, we
made field observations along five roads crossing the
Calaveras fault north of Hollister (fig. 7.1), to
determine any signs of surface displacement that may
have been associated with the earthquake of the
preceding day. In this chapter, we report our
observations and interpretations at these five sites,
progressing from Wright Road near Hollister northward
to California Highway 152, about 15 km northwest of
Hollister.

1San Francisco State University, San Francisco,
CA 94132

California

Wright Road

We observed left-stepping echelon ecracks
crossing Wright Road about 1.5 km north of Hollister,
at the approximate position of the fault as shown by
Radbruch-Hall (1974). However, we had observed
these cracks 3 months previously, and no significant
changes were apparent. No cracks or mole tracks
were seen in the fields to the north and south of the
site. In addition, Theodolite measurements on April 25
in comparison with measurements made on January 28
also indicated no displacement associated with the
earthquake at this site (see chap. 15).

McConnell Road

We found no evidence of displacement along
MeConnell Road about 4 km northwest of Hollister, or
in the recently plowed and smoothed fields to the
north and south.

California Highway 25

Two traces of the Calaveras fault (approx 6.5 m
from one another) were evident in the asphalt of
California Highway 25 about 4.2 km northwest of
Hollister on April 25. Both traces show well-developed
left-stepping echelon eracks. The more westerly trace
extended only across the north half of the road,
whereas the more easterly trace extended completely
across it. Neither set of cracks showed unequivoeal
evidence of recent displacement, and no related
cracking or mole tracks were found in the soil of fields
adjacent to the road.
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Shore Road

We found definite evidence of recent
displacement along the trace of the Calaveras fault
that crosses Shore Road, about 5.8 km north of
California Highway 25 and about 48 km southeast of
the epicenter as located by Bakun and others (1984).
The well-developed left-stepping echelon cracks in the
asphalt could be traced into fresh well-developed
cracks in the soil on either side of the road (fig. 7.2).
The fault trend measured from cracks in the soil on
the south side of the road to those in the soil on the
north side was N.17° W. A U.S. Geological Survey
creepmeter (see chap. 13) showed more than a
centimeter of right-lateral displacement at this site
associated with the April 24 earthquake.
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36°55' —
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36°50 " [— RN U \ —
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Figure 7.1. Sketch map of study area near Hollister,
Calif.,, showing locations of roads crossing the

California Highway 152 (Pacheco Pass Road)

We found evidence of fresh cracking in three
different places near San Felipe Lake, about 40 km
southeast of the earthquake epicenter. The trace
mapped by Radbruch-Hall (1974) that continues
southward of California Highway 152 (fig. 7.1) showed
well-developed cracks in the asphalt that could be
traced into poorly developed but fresh hairline cracks
in the soil on both sides of the road. The fault trend
measured from cracks in the soil on the south side to
those in the soil on the north side was N. 18° W. The
curb on the north side of the road was offset about
1 em right laterally (fig. 7.3). This offset, which was
also visible in the soil, was alimost certainly associated
with the earthquake. There was no unequivocal way to
determine whether this offset occurred shortly before,
during, or shortly after the earthquake, although it was
probably shortly after the earthquake, similarly to the
offset determined by the creepmeter at Shore Road,
about 5 km to the southeast (see chap. 13). We also

Figure 7.2. Calaveras fault at Shore Road on April 25,

Calaveras fault from Hollister northward to California
Highway 152. Fault traces from Radbruch-Hall (1974).

1984. Left-stepping echelon cracks appear in the
asphalt and also in the dirt.
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found two additional sets of fresh eracks about 4.6 m
from one another, about midway between the two
traces of the Calaveras fault that Radbruch-Hall
(1974) mapped northwest of California Highway 152
(fig. 7.1). The more easterlg of these unmapped sets
of cracks trends about N. 35° W. across the road (fig.
7.4), and the more westerly set about N. 40° W. Both
sets showed hairline cracks that extended from the
asphalt into the soil on both sides of the road. Several
other sets of northwest-trending cracks also crossed
California Highway 152 in this area; none of these sets
showed associated cracks in the soil bordering the
highway.

SUMMARY

On April 25,
earthquake,

1984, just 1 day after the
the two northernmost of five roads

crossing the Calaveras fault north of Hollister showed
strong evidence of recent displacement, whereas the
three southernmost roads showed no unequivocal
evidence of recent displacement. Thus, the southeast
limit of surface displacement along the Calaveras
fault associated with the April 24 earthquake appears
to be along a 5.8-km-long segment of the fault
between Shore Road and California Highway 25, about
48 to 54 km southeast of the epicenter.

On August 10, 3.5 months after the earthquake,
we revisited the site on California Highway 25 where
we found two active traces of the Calaveras fault on
April 25. We observed three traces of the fault
crossing the asphalt, all showing well-developed left-
stepping echelon cracks (fig. 7.5). A third trace, to
the southeast of the other two, had developed since
April 25. On January 26, 1985, we revisited this site
again and found a fourth, recently developed active
trace of the fault approximately 1 to 2 m southeast of
the third trace.

Figure 7.3. Calaveras fault at California Highway 152
(Pacheco Pass Road) on April 25, 1984. Crack in
darker upper part of photograph is in asphalt of the
road. Crack in lighter middle part above knife is in
road curb, which is offset about 1 cm right laterally.
Crack beneath knife in foreground, in dirt alongside
the road, also shows right-lateral offset.

Figure 7.4. Calaveras fault at California Highway 152

(Pacheco Pass Road) on April 25, 1984. Crack is
northeast of the one in figure 7.3. Crack in lighter
upper part of photograph to right of tape is in
asphalt. Crack in darker lower part is in dirt and runs
from underneath knife downward and underneath tape,
about 1.5 knife lengths from end of tape.

7. Surface Displacement near Hollister, California 71



Observed on April 25,

August 10, 1984,and
£ January 26, 1985
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Figure 7.5. Sketch map of four traces of Calaveras
fault crossing California Highway 25 in Hollister area
on January 26, 1985.

Surface displacement to the southeast of the
epicenter is consistent with the distribution of
aftershocks (Bakun and others, 1984). Chapter 15
presents additional detailed evidence that increased
rates of creep after the earthquake did not occur as
far south as Hollister.

Shifting of fault movement from an older active
trace to a newly developed one has serious
implications regarding how fault movement should be
monitored. A Theodolite triangulation site or an
alignment array covering 50 to 250 m of a fault zone
would have detected movement on the newly
developed traces of the Calaveras fault crossing
California Highway 25, whereas a creepmeter,
monitoring a much narrower zone, probably would have
missed it.
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Abstract

A large, deep-seated translational landslide in
the central Santa Cruz Mountains near the town of La
Honda, Calif., was probably triggered by the
earthquake. This landslide occurred approximately 53
km from the epicenter, which is the greatest
epicentral distance at which an M_=6.1 earthquake is
likely to trigger a landslide of this type, on the basis of
worldwide historical evidence. Earthquake triggering
of this landslide probably involved one or more rather
unusual conditions, such as significant focusing of
seismic energy at the site, anomalous perturbations of
the ground-water level by shaking, or a marginal
stability of the hillside before shaking began.

INTRODUCTION

The Morgan Hill earthquake was felt strongly
throughout the San Francisco peninsula and the Santa
Cruz Mountains (fig. 8.1). A large landslide near La
Honda, Calif., that was observed soon after the
earthquake was probably triggered by the Sarthquake.
This landslide, of approximately 67,000-m*“ area, was
first noticed by Henry Cunha on April 25, the day after
the earthquake, when he made a survey of his ranch.
He observed fresh ground cracks, crevices, grabens,
and other evidence of landslide movement. These
landslide features were absent when he had previously
traversed the area on April 20.

No nearby strong-motion records are available;
the triggered strong-motion instrument nearest to the
landslide, approximately 10 km to the east at Stanford
University's Linear Accelerator Center (SLAC) Test
Laboratory, recorded a maximum acceleration of 0.032

g (see chap. 5). The shaking in the La Honda area was
insufficient to knock groceries from the shelves of a
store 1.6 km southeast of the landslide but was so
strong that one resident ran from a house 850 m
southeast of the landslide; these obersvations suggest a
modified Merealli intensity (MMI) of V to VL

DESCRIPTION OF THE LANDSLIDE

The maximum dimensions of the landslide are
approximately 225 m wide by 430 m long. Its surface
consists of a gently rolling headward part covered with
grass and oaks (fig. 8.2A), and a steep frontal slope
covered with thiek brush. The average surface
inclination of the headward part is approximately 3° to
14°, and that of the frontal slope 12° to 24°, The
morphology and predominantly translational movement
of the landslide indicate that it is a bloek slide,
according to the landslide classification of Varnes
(1978). At the head of the landslide is a conspicuous
graben. The lateral margins of the landslide are
marked by jagged lateral-shear surfaces. The toe of
the landslide is marked in places by a low ridge, a few
tens of centimeters high, that contains an underthrust
shear surface where the landslide toe has been thrust
25 cem under the ground surface immediately
downslope. The landslide exhibits internal cracking;
however, most of the ground surface on the landslide is
intact, and most trees on the surface are not tilted.
The landslide thus moved largely as a single intact
translational bloek. Figure 8.3 shows the amounts and
directions of displacement.

The graben, the cracks along the lateral margins
of the landslide, and most internal eracks do not
conform to the topography but, instead, trend across
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topographic lows and highs. This nonconformity and
the absence of surface disruption suggest that the
landslide is deep seated. Along the southeast margin
of the landslide, cracks as much as 5 m deep disrupt
the surface of the ground at point A (fig. 8.3), which is
20 m lower in altitude than the top of the adjacent rise
at point B (fig. 8.3). Drilling in the landslide at point
C (fig 8.3) revealed a highly fractured zone at a depth
of 15 to 17 m, which we interpret as the basal shear
zone of failure. A descriptive log of the borehole is
presented in figure 8.4.

The landslide ocecurred in an area of prehistoric
deep-seated landslides; the relation of the present
landslide boundaries to the previous landslide deposits
is evident in figure 8.5. A basal shear zone is likely in
material weakened by previous landslide movements.

122°15°
1.

CLIMATOLOGIC AND HYDROLOGIC CONDITIONS

Although landslides are ecommon in this part of
the Santa Cruz Mountains, most are triggered by
intense storm rainfall in December, January, or
February or by ground-water levels that gradually rise
during the winter rainy season, which generally
extends from October through April (Wieczorek,
1982). During winter 1983-84, intense storms
terminated in late December 1983, and less frequent
showers of more moderate intensity continued until
March. Total 1983-84 seasonal precipitation before
the earthquake was approximately 20 percent below
normal. Some deep-seated landslides in the La Honda
area moved during the very wet winters of 1981-82 and
1982-83 and showed signs of renewed activity in
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Figure 8.1. Santa Cruz Mountains area, Calif., showing locations of epicenter of the April 24, 1984, Morgan Hill
earthquake (circled cross) and of landslide at La Honda (star). Arrow indicates distance from epicenter to land-

slide.
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Figure 8.2. Landslide at La Honda, Calif., probably
triggered by the earthquake. A, Scarp along
northeastern part of landslide. View northward. B,
Graben at head of landslide. Measurements across
graben show 1.2 m of displacement toward the
southwest.

November and December 1983 and (or) January 1984.
However, because of fewer late-winter storms and
below-average annual rainfall, landslide movements
ceased in January 1984 as ground-water levels in the
hillside materials began to decline (G.F. Wieczorek,
unpub. data, 1984). Henry Cunha observed no landslide
movements on his ranch during the winter before the
April 24 earthquake.

When we inspected the landslide on May 15 and
18, we observed no water standing in eracks and noted
that the soil exposed in scraps and cracks was dry or
only slightly moist. The bowl-shaped topography of

the area upslope from the landslide (fig. 8.3) suggests
that water infiltrates into the slopes above the
landslide and flows toward the flatter lying area of the
landslide, thus creating a body of perched ground
water in the landslide. On the basis of (1)
identification of a possible ground-water level from
samples in the borehole, (2) measurements of ground-
water level in the cased borehole during June, July,
and August 1984, and (3) comparisons with the ground-
water levels in several other cased boreholes in the
vieinity of the landslide, we estimate that the ground-
water level at point C (fig. 8.3) in the landslide mass
at the time of the earthquake was approximately 510.6
m below the ground surface.

EARTHQUAKE MAGNITUDE AND DISTANCE OF
THE EPICENTER FROM THE LANDSLIDE

The landslide is 53 ki from the epicenter (see
chap. 3) of the earthquake (fig. 8.1), which had a
Richter surface-wave magnitude Mg of 6.1 (see chap.
1). According to a worldwide historical review of the
relations between earthquake magnitude and
epicentral distance for different types of landslides
(Keefer, 1984), this landslide is at approximately the
maximum distance from the epicenter at which an
Mg=6.1 earthquake is likely to cause a block slide in a
highly susceptible material. Figure 8.6 (point A) plots
the distance of the block slide at La Honda from the
epicenter (53 km). Other landslides presumed to have
been caused by this earthquake, however, are within
about 30 km of the epicenter (E.L. Harp and others,
unpub. data, 1984). Thus, if the La Honda landslide
was seismically triggered, it probably involved one or
more rather unusual conditions, such as significant
focusing of seismic energy at the site, anomalous
perturbations of the ground-water level by shaking, or
a marginal stability of the hillside before shaking
began.

CONCLUSIONS

The below-normal seasonal rainfall before the
landslide, the absence of other landslide activity in the
La Honda area during the previous several months, and
observations that conclusively bracket the landslide
occurrence to a 5-day period that included the April 24
earthquake strongly suggest that the La Honda
landslide was seismically triggered. The landslide
occurred at approximately the maximum epicentral
distance at which an M =6.1 earthquake is likely to
trigger a landslide of this type, on the basis of
worldwide historical evidence. However, the
occurrence of most or all other landslides from this
earthquake much closer to the epicenter suggests
either that the landslide coincided with the earthquake
or that some unusual conditions which aided seismic
triggering were present at the La Honda site.

8. Earthquake-Triggered Landslide at La Honda, California 15
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Figure 8.3. Landslide at La Honda, Calif., showing amounts and directions of displacement.
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DESCRIPTION

Clay-clayey silt, dark-brown (10YR 3/3) to black (5YR 2/1),
medium-soft to medium-stiff, with topsoil.

Very fine grained sandstone, yellow (LOYR 7/8) through light~-
vellowish-brown (10YR 6/4) to dark-grayish-brown (2.5Y 4/2),
soft to medium-hard, slightly moist,

Very fine grained sandstone, grayish-brown (2.5Y 4/2) through
dark—grayish—brown (2.5Y 5/2) to olive brown (2.5Y 4/4),
mottled yellowish-brown (10YR 5/6), medium-soft to stiff,
friable, moist to very moist; very wet zone at 4.69 m is
possible ground-water level,

Clayey siltstone to sandstone, very dark gray (2.5YRN 3/1),
medium-soft to hard; very moist carbon-rich zone containing
small wood fragments at 8.84-9.30 m,

Siltstone and silty sandstone, olive (5Y 4/4) through greenish-
gray and dark-gray (2.5YF 4/0) to olive-gray (5Y 5/2), soft
to hard.

Silty clay, gray (2.5Y 4/0) to dark-gray (2.5Y 5/0), mottled
olive-brown (2.5Y 4/4), organic-rich; soft, moderately plastic
zone at 11.89-12.19 m,

Carbon-rich zone at 13.72-13.89 m

Highly fractured zone containing hard angular siltstone fragments
in softer matrix at 15.24-16.69 m, a zone of shearing.

Siltstone and silty sandstone, olive (5Y 4/4) through
greenish-gray and dark-gray (2.5YR 4/0) to olive-gray
(5Y 5/2) soft to hard.

Silty sandstone to very fine grained sandstone, light-olive-brown
(2.5Y 5/4) through olive-brown (2.5Y 4/4) to gray (2.5YN 5/0),
mottled with orange and red hematite staining, very stiff;

some bedding,

IStandard penetration test (blows/ft.)

Clay

2Natural water content (pct)

Silt

Sand

Figure 8.4. Borehole log of soil and rock layers at point C (fig. 8.3) in landslide at La Honda. Color
designations are according to Munsell soil-color chart.
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150 METERS

CONTOUR INTERVAL 10 FEET

LANDSLIDE CLASSIFICATION

State of Certainty of Dominant type of
activity identification slope movement
A, Active or D, Definite SF, Complex slump/

recently active earth flow
SG, Stable ground P, Probable S, Siump
D, Dormant \ /‘/

DPSF
15 “®—— Maximum depth of landslide (meters)

@ Landslide scarp--Dashed where approximately located

——— — Boundary of landslide deposits--Dashed where approximately located

~fpm=m General direction of movement

Deposits involved in the recent landslide

P~
-

Cracks due to recent landslide

Figure 8.5. Landslide at La Honda probably triggered by the earthquake, with respect to boundaries
of previous landslide deposits (Wieczorek, 1982).
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Figure 8.6. Maximum epicentral distance for block
slides and related landslides as a function of
earthquake magnitude for historical earthquakes. Dots
represent historical earthquakes compiled by Keefer
(1984). Solid line is approximate upper bound enclosing
all historical data, as determined by Keefer (1984).
Point A represents distance of landslide at La Honda
from epicenter of April 24, 1984, Morgan Hill
earthquake (Mg =6.1).
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Abstract

We present geologic and P- and S-wave-velocity
logs from boreholes 20 to 60 m deep at five stations of
the Gilroy strong-motion array and at the Coyote Lake
Dam, south abutment, station (originally called San
Martin-Coyote Creek when first installed by the U.S.
Geological Survey). The geology at the Coyote Lake
Dam site is highly complex. The instrument pad is
located on or partly on a prominent mass of silica-
carbonate rock and serpentine embedded in sheared
rock of the Franciscan assemblage. Our borehole, 70
m to the southwest, penetrated only sedimentary rocks
and is separated from the instrument site by a strand
of the Calaveras fault zone. In view of this location,
the relatively low shear-wave velocities (250-480 m/s)
measured in the borehole should not be used to
characterize this site; further investigations will be
necessary to determine the velocity structure
underlying the strong-motion instrument at the Coyote
Lake Dam.

INTRODUCTION

Significant records were obtained at five stations
of the Gilroy strong-motion array within 16 km of the
Coyote Lake, Calif.,, earthquake (August 6, 1979;
M_L=5.9) and within 40 km of the Morgan Hill, Calif.,
earthquake (April 24, 1984; M;=6.1). This array was
installed by the U.S. Geological Survey (USGS) in 1971
and presently is operated jointly by the California
Division of Mines and Geology. Records from the
array are particularly useful for investigating the
effects of site conditions on strong ground motion
because the subsurface geology changes significantly
over a short distance. The array (fig. 9.1) extends
from sandstone of the Franciscan assemblage on the

southwest, across alluvium of Santa Clara Valley, to
Tertiary sandstone on the northeast 10 km away.
Interpretation of the strong-motion data from these
stations requires information about the geologic
materials underlying each site, including shear-wave
velocities. After the Coyote Lake earthquake, the
USGS began studying the near-surface geology and the
compressional- and shear-wave-veloeity structure at
five of the Gilroy array stations and at the nearby
Coyote Lake Dam station. The results of these
investigations, which were reported in detail by Fumal
and others (1982), are summarized in this chapter.

DATA ACQUISITION AND PROCESSING

At each strong-motion station, rotary-wash
equipment was used to drill a borehole 20 to 30 m deep
at sites on bedrock and 30 to 60 m deep at sites on
alluvium. An additional hole was drilled at the Mission
Trails Motel (sta. 2) to find the depth to bedrock (180.5
m to Franciscan sandstone). The geologic and seismic-
velocity logs from this deep borehole were presented
by Joyner and others (1981).

Samples of each dominant type of material
penetrated were recovered during drilling. Two to
four samples were taken at each of four sites (stas. 2-4
and the Coyote Lake Dam); no samples were recovered
at two of the bedrock sites--Gavilan water tank and
Cariada Road, San Ysidro (stas. 1, 6). A geologic log,
including soil texture and color and estimates of
hardness and fracture spacing in the rocks, was
compiled for each hole from descriptions of the
samples and a field log made at the time of drilling.
This field log was based on continuous monitoring of
the drill cuttings and the roughness and rate of
drilling, onsite inspection of samples, and inspection of
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nearby outerops. Figure 9.2 shows simplified versions
of the geologic logs.

Shear waves were generated at the ground
surface by using a horizontal traction source similar to
the one discussed by Warrick (1974). Compressional
waves were generated by using both a vertical
hammerblow on a striker plate and a blasting cap.
Recordings of the seismic signals were made in the
boreholes with a three-component Geophone package,
generally at depth intervals of 2.5 m. P- and S-wave
velocities were calculated from the measured
traveltimes for depth intervals determined from
changes in the slopes of traveltime curves. To
minimize the effect of picking errors, these depth
intervals are a minimum of 5 m (three traveltime
measurements) for materials with shear-wave
velocities (Vo) lower than 350 m/s and a minimum of
7.5 m (four traveltime measurements) for stiffer
materials. Figure 2 shows the traveltime curves and
caleulated P- and S-wave-interval velocities.

RESULTS

The near-surface geology and shear-wave
velocities at each strong-motion station can be
summarized as follows:

Gavilan water tank (sta. 1).--Sandstone of the
Franciscan assemblage (Dibblee, 1973a) and minor
shale, hard; fracture spacing mostly very close to close
in moderately weathered rock to 10-m depth (V_=780
m/s) and eclose to wide in fresh roek (V_=2,230 mﬂ.

Mission Trails Motel (sta. 2).--Alluvial-fan
deposits of Holocene age (Helley and Brabb, 1971) to
8-m depth (V.=275 m/s) over Pleistocene alluvium to
180.5-m depth (V,=300-460 m/s to 40-m depth, about
630 m/s from 40- to 180-m depth).

Gilroy Sewage Treatment Plant (sta. 3).--
Interfluvial-basin deposits of Holocene age (Helley and
Brubb, 1971) to 6-m depth (V=165 m/s) over
Pleistocene alluvium to greater than 60-m depth
(V4=255-625 m/s).

San_Ysidro School (sta. 4).--Fluvial deposits of
Holocene age (Helley and Brabb, 1971) to 9-m depth
(V,=145 m/s) over mostly fine grained Pleistocene
alluvium to greater than 30-m depth (V=285 m/s).

Cafiada Road, San Ysidro (sta. 6).--Unnamed
marine sedimentary rocks of early Eocene-Paleocene
and (or) Late Cretaceous age (Dibblee, 1973a); deeply
to moderately weathered sandstone with very close to
close fracture spacing to 18-m depth (V =625 m/s),
over fresh hard shale with mostly close to moderate
fracture spacing and some sheared zones (V=690 m/s).

Coyote Lake Dam (sta. CYC).--The geology at
the Coyote Lake Dam site, located within the
Calaveras fault zone, is highly complex. The strong-
motion instrument is situated at the left (southwest)
abutment of the dam, next to a prominent outerop of
silica-carbonate rock and serpentine. The concrete
base for the instrument may rest on as much as 1.5 m
of fill at the edge of a steep south-facing slope partly
buried by the embankment of the dam (Tepel, 1984).
The USGS drill hole was located about 70 m to the
southwest of the accelerograph shelter in an area
mapped as serpentine by Dibblee (1973b). Drilling,
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Figure 9.1. Sketch map of Gilroy, Calif., area showing
locations of strong-motion stations where downhole
seismic-velocity measurements were made. 1, Gavilan
water tank; 2, Mission Trails Motel; 3, Gilroy Sewage
Treatment Plant; 4, San Ysidro School; 6, Cafada
Road, San Ysidro; CYC, Coyote Lake Dam.

however, revealed about 2.5 m of fill over a sequence
of soft to firm mudstone and sandstone (Vg=250-480
m/s). The report by Gulloway and others (1935)
describing tunnels cut before dam construction
indicates that these sedimentary rocks are in fault
contact with serpentine that is, in turn, separated
from the main serpentine mass by a zone of highly
sheared rock, about 5 m thick. The sedimentary rocks
are apparently part of a bloeck of Pliocene and
Pleistocene rocks within the Calaveras fault zone.
This block is cut by several minor faults and includes a
zone of volcanic brececia in fault contact with the
sedimentary rocks. The serpentine knob on which the
strong-motion instrument is located forms part of a
disturbed zone developed in shale and sandstone of the
Franciscan assemblage, extending beneath most of the
valley floor. Several wide zones of highly sheared roek
are present, increasing in abundance toward the left
abutment. The disturbed zone crops out downstream
from the serpentine knob and consists of large (max 10
m diam) blocks of serpentine, sandstone, and shale in a
matrix of highly sheared serpentine and shale.
Considering the geology in the vicinity of the
Coyote Lake Dam strong-motion instrument, the
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0z1¢
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Sandstone, yellowish-brown,
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Figure 9.2. Traveltime curves, calcalated P- and S-wave velocities (V_ and V, Ve respectively) in
meters per second, and simplified geologlc logs at strong-motion tatlons where downhole

seismic-velocity measurements were made.

Values in parentheses are not well determined. A,

Gavilan water tank. B, Mission Trails Motel. C, Gilroy Sewage Treatment Plant. D, San Ysidro

School.

relatively low shear-wave velocities measured in the
USGS borehole (250-480 m/s) should not be used to
characterize the materials underlying the instrument
pad. Shear-wave velocites of 600 to 800 m/s have
been recorded in serpentine and sheared rock at
several other sites investigated by the USGS elsewhere
in northern California. Future investigations will be
necessary to characterize with certainty the velocity
structure underlying the instrument at this site.
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Abstract

Several houses in the Jackson Oaks subdivision
and the Cochrane Bridge near Morgan Hill, Calif.,
were damaged during the earthquake. The damage to
houses was not directly related to ground failure,
although a fissure, probably the head of an incipient
slope failure, did cause pipeline breaks near the
damaged houses. Damage to the south end of the
Cochrane Bridge may have been due to movement of a
deep landslide under the bridge  abutment.
Liquefaction occurred in one place near the east shore
of the Anderson Reservoir, where sand boils and
fissures due to lateral spreading were found.

INTRODUCTION

The earthquuake caused severe damage to several
houses and a bridge in the Morgan Hill area, and
generated a few minor liquefaction effects. My study
investigated the influence of ground failure on
earthquake damage and the extent of the liquefaction
effects.

OBSERVATIONS

Initial news reports from the Morgan Hill area
noted that several houses were set "off their
foundations" in the Jackson Oaks subdivision (fig.
10.1). This damage could have been caused by either
ground shaking, faulting, or ground failure. I inspected
the more severely damaged of these homes, however,
and found that the perimeter and interior footings
were not damaged by the earthquake. Thus, the
damage was caused by ground shaking. The severe
damage to structures was due to shear deformation
within the wall immediately above the foundation. In
most places, the exterior sheeting, either plywood or

fiberboard, provided inadequate shear resistance for
these structures. Fracturing or pulling away of this
sheeting from the wall during the earthquake allowed
the walls to distort in shear. These distortions, in
turn, caused the houses to shift "off" or away from
their foundations (fig. 10.2; see figs. 11.8, 11.9, house
1)

A conspicuous east-west fissure cracked
driveways and the street near the crest of the hill,
along Oak Ridge Court, upslope from the damaged
houses deseribed above (fig. 10.3; see front of house 3,
fig. 11.8). This fissure, which was as wide as 50 mm
and contained secarps as high as 150 mm down to the
south, probably was caused by local ground failure and
probably marked the head of an incipient slope
failure. The fissure and accompanying minor
downslope movement, however, had no detectable
direct influence on damage to the houses, although one
or more pipeliine breaks occurred along the fissure.

A bent™ supporting the south end of the
Cochrane Bridge (Dunne Avenue) was tilted and
fractured by the earthquake (fig. 10.4). The cause of
the damage to this bent may have been downslope
movement of a deep landslide that pushed or carried
the pier supporting the bent toward the reservoir.

Fissures caused by landslide movements
fractured the pavement of Dunne Avenue on both sides
of the Anderson Reservoir. Many of the fractures
broke through recent patches in the road pavement.
Interviews with local residents confirmed that
landslides had considerably disrupted the road during
the previous winter but that repairs had been made
before the earthquake. Many of these landslides were

1A bent is a structural frame, generally
trapezoidal, that provides vertical and lateral support
to a bridge, building, or other structure.
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