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CHAPTER 1. INTRODUCTION

The magnitude 7.1 Loma Prieta earthquake, which occurred at
5:04 p.m. Pacific daylight time on October 17, 1989, was the largest
seismic event in the San Francisco Bay-Monterey Bay region of
California since 1906. The earthquake ruptured a 25-mile-long
segment of the San Andreas fault in the Santa Cruz Mountains and
had a hypocenter 10 miles east-northeast of Santa Cruz at a depth of
11 miles. At least 67 deaths, 3,757 injuries, and $6 billion to $7
billion of property damage have been attributed to the earthquake
(Plafker and Galloway, 1989; San Francisco Chronicle, October 17,
1990, p. AS5; San Francisco Chronicle, October 11, 1991, p. A4).
Among other effects, the earthquake caused thousands of ground
failures, including landslides, soil-liquefaction features, and zones of
ground cracking throughout an area of approximately 5,400 square
miles (Plafker and Galloway, 1989). The types and distribution of
these ground failures were similar to those produced by other
worldwide, historical earthquakes of approximately the same
magnitude (Keefer, 1984).

A Initigl Post-Earth ke Investi ions in n
Cruz County

Immediately following the earthquake, geologic investigations
of the earthquake effects were begun throughout the epicentral
region. In Santa Cruz County, emergency geologic-hazard evaluations
were initiated the day after the earthquake by personnel from the
U.S. Geological Survey (USGS), U.S. Army Corps of Engineers (COE),
California Division of Mines and Geology (CDMG), California
Department of Transportation, University of California at Berkeley
(UCB), University of California at Santa Cruz (UCSC), County of Santa
Cruz (SCC), and numerous other government agencies and private-
sector consulting firms. Many initial observations of landslides,
ground cracks, and other ground failures in the epicentral region,
including Santa Cruz County, were described in reports by Plant and
Griggs (1990), Seed and others (1990), Spittler and Harp (1990),
Spittler and others (1990), and Manson and others (in press). In all,
geologic information in these reports was provided by more than 90
different individuals.



Within a few days after the earthquake, available data
indicated that ground failures in Santa Cruz County had caused
substantial damage and created potentially serious, continuing
hazards to life and property. In particular, a zone with numerous
ground cracks and large landslides was identified in the Summit
Ridge area of the Santa Cruz Mountains, along the northeastern
boundary of the county. This zone was between the San Andreas
and Zayante faults and extended from just west of California
Highway 17 approximately 5 miles southeast to Skyland Ridge.
Results of initial surveys indicated that more detailed and systematic
investigations of this area would be needed to determine the nature
and extent of any potential hazards. The initial surveys also showed
that the public agencies within Santa Cruz County did not have the
resources to perform such investigations in a timely manner without
assistance. SCC therefore requested assistance from the California
Office of Emergency Services.

B, Formation Technical Adyvi T T

CDMG responded to the SCC request for emergency assistance
by sending geologists and engineering geologists to coordinate
geologic studies being conducted by various agencies and individuals,
to complete a systematic reconnaissance, and to catalog the data
being collected. On October 28, 1989, at a public hearing convened
by Congressman Leon Panetta, the Federal Emergency Management
Agency (FEMA), COE, and USGS also became involved in this effort
and formulated the program that became known as the "Santa Cruz
Geologic Hazard Investigation.”

A Technical Advisory Group (TAG), composed of
representatives from the USGS, COE, CDMG, SCC, UCSC, and local
consulting firms was formed to direct the investigation. Members of
the TAG were chosen for their technical expertise in the various
fields needed to carry out a comprehensive investigation. As
indicated in a Memorandum For Record (500-4b) of November 10,
1989, issued at the FEMA Disaster Field Office, which was
coordinating Federal disaster response, initial members appointed to
the TAG were Paia Levine (SCC), Edwin L. Harp (USGS), Colin
McAneny (COE), William M. Brown III (USGS), Gary B. Griggs (UCSC
and Gary B. Griggs and Associates), Thomas E. Spittler (CDMG), and
Gerald E. Weber (Weber and Associates and UCSC).



This memorandum also indicated that other people with
appropriate expertise would be expected to serve on the TAG as the
work of the TAG progressed into different phases, and the TAG
membership has changed somewhat during the course of the
investigation in response to changing project needs. The current
TAG, responsible for issuing this report, includes all of the original
members except William M. Brown III, who was replaced by David K.
Keefer (USGS) soon after the TAG was formed. In addition, Arijs A.
Rakstins (COE) was added to the TAG as the project manager. Four
other technical experts were retained by the TAG as consultants and
contributing authors on specific aspects of the work: John M.
Andersen (COE), Mary E. Hynes (COE), Jeffrey M. Nolan (Weber and
Associates), and H. M. Taylor (COE). In addition, the TAG was assisted
on several occasions by Robert Brumbaugh, Kenneth Harrington
(COE), Martin Hudson (University of California at Davis--UCD), Kevin
Schmidt (USGS), and Tak Yamashita (COE). At the request of the SCC
Board of Supervisors, Alan D. Tryhorn, a geologic consultant retained
by some residents of the Summit Ridge area, attended some TAG
meetings as an observer.

f In igation an f Repor

The charge for the "Santa Cruz Geologic Hazard Investigation"
was given in a FEMA Action Tasker (fig. 1.1), developed at a Disaster
Field Office meeting on November 8, 1989 (Memorandum For Record,
Disaster Field Office (500), dated November 9, 1989). This charge
was as follows:

"Provide geotechnical advice and resource support to
Santa Cruz County for the following:

A. Mapping & survey of area-wide hazards

B. Foundation investigation & instrumentation
including required inclinometers, piezometers, rain
gauges & assoc. lab procedures

C. Preliminary modeling and hazard analysis for
determination of safety hazards & emergency measures
required”



FIGURE 1.1--Action Tasker from Federal Emergency Management
Agency outlining charge to Technical Advisory Group for Santa
Cruz Geologic Hazard Investigation.
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This Action Tasker also outlined participation of the various
government agencies as follows (fig. 1.1):

"-USGS will provide technical advice on scope of
instrumentation and analysis.

—California Division of Mines & Geology will also
provide support to Santa Cruz County.

-A task group involving Santa Cruz County, USGS,
COE, and CDMG will work together to complete these
technical investigations.

—COE will be responsible for A/E contracting
support.”

As indicated by the last statement above, it was anticipated
that parts of the investigation would be carried out by various
private-sector firms acting under contract.

The area covered by the investigation was determined based
on criteria established by FEMA for Federal funding of technical
assistance and on the geologic data that were available in the first
few weeks after the earthquake. The agreement to provide Federal
funds was based on the urgency of the need for technical assistance,
the emergency nature of concern for public health and safety, the
extent of public infrastructure in the affected area, and the public
costs potentially involved in an emergency that might develop in the
future as a result of earthquake-related ground damage.

In the Summit Ridge area of Santa Cruz County, preliminary
geologic evidence available within the first few weeks after the
earthquake indicated the presence of extensive zones of ground
cracks and large landslides. Concern at that time about possible
additional ground cracking and slope movements within the Summit
Ridge area was heightened by the imminent approach of the annual
rainy season and the likelihood of large aftershocks. By contrast, the
preliminary evidence suggested that most other earthquake-induced



ground failures that had been identified within Santa Cruz County
affected relatively small areas and damaged or threatened one or a
small number of properties and were, therefore, of a size typically
investigated and mitigated by individual property owners. In
addition, few of these other hazard areas involved public
infrastructure.

It is important to emphasize that the selection of the Summit
Ridge area for detailed study, while other areas were left for
privately-funded investigations, was based on data available at the
time selections were made and investigation resources were
allocated, a few weeks after the earthquake. It is also important to
note that the purpose of this publicly funded study was to identify
and delineate the extent of the potential hazards and to serve as a
guide in planning and decision making in the study area. This study
thus was not intended to substitute for or replace appropriate, site-
specific geologic and engineering investigations required for
individual construction projects or other site-specific purposes.

Components of the Santa Cruz Geologic Hazard Investigation,
carried out in the Summit Ridge area and reported herein, are as
follows:

* Detailed mapping of ground cracks caused by the Loma Prieta
earthquake was carried out by 54 investigators. Forty of these
investigators were from the USGS (including three visiting
scientists) and CDMG; the remaining 14 were from SCC, the COE,
and from the private-sector firms of Leighton and Associates,
Weber and Associates, J. M. Nolan Consultant, and Dames and
Moore. This mapping, based entirely on ground-based field
observations and measurements, was verified and compiled by
Thomas E. Spittler (CDMG) and Edwin L. Harp (USGS) at a scale
of 1:4800, on a planimetric base prepared by SCC, which shows
property boundaries and cultural features (Spittler and Harp,
1990). Details of the mapping method and compilation
procedures were discussed in that report. Preliminary versions
of this mapping were used for planning other components of
the investigation. For the present report, the final version of
this mapping was registered with 1:6,000 orthophoto and
topographic bases, the latter enlarged by Towill, Inc. from
1:24,000-scale USGS quadrangle maps. As discussed in Chapter
III, the maps of ground cracks registered with the topography



were the base used for plotting inferred, approximate
boundaries of large landslides in the Summit Ridge area that
experienced movement during the Loma Prieta earthquake.
The maps of ground cracks compiled by Spittler and Harp
(1990) were also used in the detailed analysis of structurally
controlled ground cracks, as discussed in Chapter IV.

Topographic profiles along 12 selected transects were surveyed
in the field by Towill, Inc. and Majors Engineering and
compiled at scales of 1:1200 and 1:4800 (1:120 and 1:480 for
one short profile) for use in preparing geologic cross sections
and in performing slope-stability analyses.

A program of surface monitoring of potential post-earthquake
slope movements was undertaken by Gary B. Griggs and
Associates. This program involved placing 51 quadrilateral
arrays of survey stakes and eight continuously recording strain
gages across ground cracks or zones of ground cracks that
preliminary evidence indicated were associated with large
landslides. Details of this program were described by Griggs
and others (1990) and Griggs and Marshall (1991) and are
summarized in Chapter VI.

Data on landslides occurring in and around the Summit Ridge
area before the 1989 earthquake, primarily associated with
previous earthquakes or winter rainfall, were compiled from
existing historical documents and the scientific literature by
Jeffrey S. Marshall (Gary B. Griggs and Associates) and David K.
Keefer (USGS). These data are presented in Chapter II, and
much of this information was also included in Griggs and others
(1990).

The post-earthquake status of water wells in the Summit Ridge
area was surveyed by Robert Brumbaugh (Brumbaugh, 1990).
Information in this survey came primarily from accounts
volunteered by individual well owners and operators.
Locations of some of the wells were also field checked, but no
systematic downhole instrumental survey of well conditions
was undertaken. Information on post-earthquake well status
was obtained for 157 of the 239 known wells in the area. Of
these 157 wells, 33 were reported to have been damaged by
the 1989 earthquake (Brumbaugh, 1990). Relevant portions of
these data are discussed in Chapters III and VIL



Trenching investigations, to determine subsurface
characteristics of ground-crack features, were carried out by
Weber and Associates. Two trenches were excavated and
logged at localities chosen by the TAG in consultation with
Weber and Associates. In addition, data were evaluated from
25 other trenching investigations in the Summit Ridge area, on
file with SCC or with the Loma Prieta Elementary School
District. Results of the trenching investigations are presented
in Chapter V.

A program of subsurface exploration and borehole monitoring
in the upper Schultheis Road and Villa Del Monte areas was
carried out by William Cotton and Associates, Inc. This
program consisted of drilling, sampling, logging, and
instrumenting 18 boreholes and preparing four geologic cross
sections. As part of this program, William Cotton and
Associates, Inc. also reviewed and compiled pertinent, existing
geologic and water-well data, performed localized engineering-
geologic surface mapping and profiling, evaluated the pertinent
topographic profiles prepared by Towill, Inc. and Majors
Engineering, and formulated a geologic interpretation of
landslide boundaries and depths. Instruments installed in the
boreholes were inclinometers for recording slope movements
and piezometers for recording pore-water pressures. Initial
monitoring of the instruments was also carried out by William
Cotton and Associates, Inc., and subsequent monitoring was
accomplished by Robert Brumbaugh and others under the
supervision of the TAG. Interpretive cross sections prepared
from these subsurface data were used as input for analyzing
slope stability. The scope and results of the drilling program,
including complete borehole logs, were presented in a report
by William Cotton and Associates, Inc. (1990), and results and
interpretations from this subsurface exploration and
monitoring are summarized in Chapter VIIL

Two other types of subsurface exploration and monitoring were
undertaken on an experimental basis in the Upper Schultheis
Road area. These investigations--shallow geophysical profiling
and installation and monitoring of a tiltmeter--were discussed,
respectively, by Williams and King (1990) and Horath (1990).
The results of the geophysical profiling had not been fully
interpreted in time for inclusion in this report. The tiltmeter,
installed in an effort to detect potential post-earthquake



movement, recorded negligible movements during the
monitoring period, extending from March 28 through August 7,
1990.

* Samples of earth materials in the Summit Ridge area were
subjected to laboratory tests to determine grain-size
characteristics, Atterberg liquid and plastic limits, specific
gravities, water contents, unit weights, shear strengths and
stress-strain properties. Tests were performed in the COE
South Pacific Division Laboratory in Sausalito, California (U.S.
Army Corps of Engineers South Pacific Division Laboratory,
1991) and are discussed in Appendix A. Samples to be tested
were chosen by COE personnel in consultation with the TAG.
Preliminary recommendations for appropriate samples for
testing were provided by William Cotton and Associates, Inc.

* Analytical slope-stability modeling was performed and is
discussed in Chapter VIII. This modeling simulated slope-
stability conditions, associated both with earthquake shaking
and with various ground-water/pore-water pressure regimes
for various depths and geometries of sliding surfaces slopes,
along three cross sections in the Upper Schultheis Road and
Villa Del Monte areas.

* A public meeting on the study was held on June 6, 1991.
Several comments and documents were received from the
public before, during, and after this meeting, including a report
by the Villa Del Monte Emergency Homeowners' Association
Technical Committee, entitled "Tectonic Upthrust A Critique of
Cotton's & Griggs' Reports.” These comments and documents
were reviewed by the TAG.

* The final component of the study was an evaluation by the TAG
of the nature and severity of the geologic hazards in the
Summit Ridge area associated with the ground cracking and
slope movements that occurred during the Loma Prieta
earthquake. This evaluation is presented in Chapter IX.

This report was reviewed by I. M. Idriss (Professor of Civil
Engineering, UCD), Robert L. Schuster (Geologist, USGS), and Nicholas
Sitar (Professor of Civil Engineering, UCB). In addition to these
reviewers, we wish to thank Robert Brumbaugh, Kenneth Harrington,



Martin Hudson, Kevin Schmidt, Tak Yamashita, and numerous
residents of the Summit Ridge area for their cooperation and
assistance with this investigation.
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CHAPTER II. PHYSICAL AND CULTURAL SETTING OF THE
SUMMIT RIDGE AREA

T h n ion

The area covered by the Santa Cruz Geologic Hazard
Investigation is adjacent to the northeastern boundary of Santa Cruz
County, approximately 50 miles southeast of San Francisco, 10 miles
south of San Jose, and 10 miles north of Santa Cruz (fig. 2.1). The
area encompasses those portions of the Summit Ridge area most
affected by ground cracks and landslides that occurred during the
Loma Prieta earthquake. Boundaries of the area were chosen by the
TAG and coincide with major topographic or cultural features
wherever possible. The study area is bounded on the west by
Hutchinson Road; on the north and northeast by the Santa Cruz
County boundary, Summit Road, and Highland Way (Montgomery
Road); on the east by Skyland Ridge and Amaya Ridge; and on the
south and southwest primarily by Hester Creek, Burns Creek, and
Mountain Charlie Gulch, with local departures from these creek
channels to encompass landslides and zones of ground cracking in the
Redwood Lodge and Laurel township areas (fig. 2.2). These
boundaries enclose an area of approximately 6.4 square miles.

Much of the northern and northeastern boundary of the study
area coincides with the crest of the Santa Cruz Mountains, an 80-
mile-long mountain range that separates the San Francisco Bay
region to the north and east from the Monterey Bay region to the
south and west. The highest point in the Santa Cruz Mountains is the
summit of Loma Prieta (altitude 3791 feet above mean sea level), 3.8
miles east of the study area. Within the study area itself, altitudes
range from approximately 520 feet to 2167 feet. The study area
includes parts of Skyland Ridge, the features locally known as
"Summit Ridge" and "Amaya Ridge," and several adjacent ridges and
valleys. Slopes range from gently rolling to locally steep. Surveyed
profiles in the area show average slope inclinations of ridge flanks
are typically in the range between 10 and 25°. Many of the ridge
flanks also exhibit irregular, benched topographic profiles along
which segments steeper than this average alternate with gentler
segments. Much of the Summit Ridge area is covered with dense
forests, dominated in some zones by coast redwood (Sequoia
sempervirens) and in others by various species of oak (Quercus).
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Nonforested areas are typically covered by chaparral or grassland
vegetation.

im infal

The Santa Cruz Mountains have a Mediterranean climate,
characterized by warm, dry summers and cool, rainy winters.
Temperatures rarely exceed 100° Fahrenheit or fall below freezing,
and virtually all precipitation occurs as rain. This rain is generated
by storms that originate over the Pacific Ocean and pass through the
region, almost always between the months of November and April,
inclusive, when 90 percent of the precipitation occurs. Precipitation
is highly variable from place to place and year to year and depends
on the number, severities, and paths of the storms that pass through
the region. Figure 2.3 shows a composite 73-year record of annual
rainfall as recorded at gages in and near the Summit Ridge area for
water years 1919 through 1991, inclusive.

Mean annual precipitation in the Summit Ridge area is 45 to 50
inches (Rantz, 1971). However, rainfall during the 3 years preceding
the Loma Prieta earthquake as well as during the 2 years after the
event was below normal. Annual precipitation in the Summit Ridge
area during the 1987-1991 water years was 32, 25, 29, 30, and 35
inches, respectively (fig. 2.3), or 71, 56, 64, 67, and 78 percent of
normal. By contrast, maximum annual rainfall during the 73-year
period of record was 87 inches (fig. 2.3), almost double the mean and
almost triple the total received in the year after the Loma Prieta
earthquake. The earthquake also occurred near the end of the dry
summer season; the only precipitation recorded in the Summit Ridge
area between June 1 and October 17, 1989, was 1.2 inches of rain
that fell between September 16 and 29. Thus, ground conditions in
the Summit Ridge area were unusually dry at the time of the
earthquake.

P lation _and Infr

The Summit Ridge area was settled by people other than Native
Americans beginning early in the nineteenth century. The area
currently retains a rural to locally suburban character despite its
proximity to an urban metropolis of 5.9 million people in the San
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Francisco Bay region. The Summit Ridge area is inhabited by
approximately 4,000 people, many of whom live in the Villa Del
Monte neighborhood, which contains 195 lots and approximately 165
single-family homes, or in the Redwood Lodge-Summit Woods area,
where approximately 100 lots are located. In addition to the several
hundred private residences, one public school and several churches
are located in the Summit Ridge area.

Major north-south transportation arteries through the Summit
Ridge area are California Highway 17 (a four-lane controlled-access
highway) and Old San Jose Road (also called "San Jose-Soquel Road");
the main east-west artery is Summit Road. Fire protection and
emergency response within this unincorporated area of Santa Cruz
County are provided by the California Division of Forestry and Fire
Protection and the SCC Sheriff's Department, respectively. Water
service is provided by small mutual water companies and by
individual wells and in-stream intakes.

D logi i

Bedrock in this part of the central Santa Cruz Mountains
consists primarily of Tertiary, marine sedimentary rocks--mostly
sandstones, mudstones, siltstones, and shales. These rocks, which
generally strike northwest, have been intensely folded and locally
faulted so that they typically dip steeply, are vertical, or are even
overturned. The most recent USGS geologic quadrangle mapping in
the study area (Clark and others, 1989, with landslide boundaries
revised by McLaughlin and Clark, 1990, unpublished data;
McLaughlin and others, in press) is shown in figure 2.4. This geologic
mapping was still ongoing at the time of this writing, and so it is
possible that some geologic contacts and other information will be
revised by the authors of the quadrangle maps as that work
progresses.

The geologic structure of the Summit Ridge area is dominated
by northwest-striking faults and folds (fig. 2.4). A portion of the
800-mile-long San Andreas fault passes along the northeastern
boundary of the study area. Two other major, named faults in the
area are the Butano and the Zayante (fig. 2.4). The Butano fault
branches off from the San Andreas fault near the Summit Road-Old
San Jose Road intersection; from that point the Butano fault strikes
northwest through the study area, along and adjacent to Summit
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FIGURE 2.4--Geologic map of study area and adjacent parts of Summit
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Ridge area. Compiled from Clark and others (1989, with landslide
boundaries revised by McLaughlin and Clark,1990, unpublished data)
and McLaughlin and others (in press). Boundaries of landslides and
landslide complexes that moved during Loma Prieta earthquake
determined as described in Chapter III of this report.

DESCRIPTION OF ROCK UNITS
(modified from Clark and others, 1989)

SURFICIAL DEPOSITS

ALLUVIUM (HOLOCENE AND UPPER PLEISTOCENE)--Unconsolidated
gravel, sand, and silt deposited by streams.

LANDSLIDE DEPOSITS (HOLOCENE AND PLEISTOCENE)--Debris
consisting of a mixture of colluvium and intact masses of rock,
displaced down slope by gravity. Additional landslide information
can be found on the map by Cooper-Clark and Associates (1975) and
in Wieczorek and others (1988).

UNITS SOUTHWEST OF SAN ANDREAS FAULT

PURISIMA FORMATION (PLIOCENE)--Thick bedded to massive,
locally cross-bedded, weakly consolidated, bluish-gray fine- to
medium-grained sandstone with abundant andesitic detritus, and
very thick-bedded, yellowish-gray, tuffaceous and diatomaceous
siltstone. Locally contains scattered cetacean bones and molluscan
lenses diagnostic of inner neritic depths and of Pliocene age. As
much as 2,700 feet thick along Glenwood syncline.

LAMBERT SHALE (LOWER MIOCENE)--Thin- to medium-bedded and
faintly laminated olive-gray organic mudstone with pale-yellowish-
brown phosphatic laminae and lenses in lower part. Formation
grades upward to thin-bedded sandy siltstone with thin to thick
interbeds of micaceous fine- to medium-grained arkosic sandstone.
Approximately 1,500 feet of Lambert crop out along Mountain
Charlie Gulch and as much as 1,800 feet along Hinckley Creek to the
southeast. Fish scales and fragments are common, and benthic
foraminifers are diagnostic of bathyal depths and of the early
Miocene Saucesian Stage.

VAQUEROS SANDSTONE (LOWER MIOCENE AND OLIGOCENE)--Thick-
bedded to massive, yellowish-gray, fine- to coarse-grained arkosic
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sandstone with thick glauconitic sandstone bed in lower part. The
Vaqueros is as much as 2,700 feet thick. Benthic foraminifers from
the lower part are diagnostic of bathyal depths and of an early
Zemorrian (Oligocene) age.

ZAYANTE SANDSTONE (LOWER MIOCENE AND OLIGOCENE)--Thick- to
very thick-bedded poorly sorted, reddish muddy sandstone, greenish
sandy siltstone, and cobble conglomerate with abundant granitic
detritus, probably nonmarine. Locally intertongues with Vaqueros
Sandstone. (Present within boundaries of geologic map but not
within study area.)

SAN LORENZO FORMATION (OLIGOCENE AND UPPER EOCENE)

Rices Mudstone Member--upper part is light-gray nodular mudstone,
which is locally bioturbated and glauconitic and yields fish scales and
benthic foraminifers diagnostic of upper middle bathyal depths and
an early Zemorrian (Oligocene) age. Along Soquel Creek and to the
east in the Loma Prieta quadrangle, lower p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>