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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 part is massive fine-
grained glauconitic arkosic sandstone with Pitar locally abundant and
mollusks characteristic of inner neritic depths and of a Refugian (late
Eocene) age. The Rices Mudstone Member varies from 1,300 feet to
as much as 1,800 feet thick.

Twobar Shale Member--thin-bedded and laminated olive-gray shale
with very thin lenses and laminae of very fine arkosic sandstone,
containing bathyal benthic foraminifers assignable to the Narizian
Stage of the late Eocene. From 200 feet to as much as 450 feet thick
along Laurel Creek.

BUTANO SANDSTONE (UPPER, MIDDLE, AND LOWER EOCENE)

Yellowish-gray, medium-bedded to massive fine- to medium-grained
arkosic sandstone with thin interbeds of olive-gray siltstone and
shale. As much as 700 feet of Butano Sandstone crops out along the
axis of Laurel anticline, but there its base is not exposed. In the
northeastern part of Laurel quadrangle, about 200 feet of massive
Butano Sandstone overlies Butano mudstone (Tbm).

Dark-gray, thin-bedded nodular mudstone commonly with fist scales

along bedding planes, with interbedded thin to thick, locally graded,
arkosic sandstone. Planktic and benthic foraminifers from Soquel
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Creek are diagnostic of bathyal depths and of a probable late Eocene
(Narizian) age.

Thick-bedded to massive, fine- to coarse-grained arkosic sandstone
exposed at base of section along Soquel Creek. Between the San
Andreas and Zayante faults, the basement of the Butano is not
exposed.

Very thick-bedded to massive, light-gray, granular, medium- to
coarse-grained arkosic sandstone with thick to very thick interbeds
of sandy pebble conglomerate containing granitic boulders as long as
3 feet. As much as 3,600 feet of section crops out south of the
Zayante fault in western part of Laurel quadrangle, where it rests
unconformably on Salinian granitic basement rocks. (Present within
boundaries of geologic map but not within study area.)

MAFIC BASEMENT(?) ROCKS BETWEEN ZAYANTE AND SAN ANDREAS FAULT

db

Tep

ZONES

DIABASE AND GABBRO OF LAUREL CREEK (JURASSIC?)--Fine- to
medium-grained intrusive diabase and gabbro, brecciated and
sheared, discontinuously exposed for about 1,000 feet along
northwest-trending fault which crosses Laurel Creek about 0.1 mile
downstream from where Old Morrill Road crosses Laurel Creek north
of its junction with Old San Jose Road. Diabase is in fault contact with
mudstone of the Butano Sandstone, with the Rices Mudstone Member
of the San Lorenzo Formation, and with the Vaqueros Sandstone.
Diabase and gabbro have a peculiar "clot-like" cumulate texture, and
are lithologically similar to undated diabase and gabbro northeast of
the San Andreas fault along Highland Way and Eureka Canyon Roads
to the east in Loma Prieta quadrangle. Rock is locally chloritized, and
cut by quartz veinlets.

UNIT NORTHEAST OF SAN ANDREAS FAULT

MARINE SANDSTONE AND SHALE (EOCENE)--Massive to thin-bedded,
coarse- to fine-grained, yellowish-orange to white weathering,
quartzo-feldspathic sandstone, silty sandstone, and silty dark-brown
to greenish-brown, brown to gray weathering mudstone. Unit is
extensively hydrothermally altered and quartz veined within Laurel
quadrangle. (Present within boundaries of geologic map but not
within study area.)
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MAP SYMBOLS
(modified from Clark and others, 1989, except for landslides
associated with Loma Prieta earthquake)

- . Contact, dashed where approximate, dotted where concealed

Tl 72 Fault, dashed where approximate, dotted where concealed,
queried where uncertain. Ball and bar denote down-thrown
block, or U and D denote up and down-thrown blocks. Direction
and amount of dip of fault plane shown locally. Horizontal
arrows denote relative horizontal movement

Fault at low-angle to bedding, interpreted as low-angle normal
fault, double-bars on down-dropped side

vvvy vy Thrust fault, bars on upper plate

Direction and amount of dip of fault, and plunge of lineation on

——
s fault plane
— Bedding, ball denotes that facing direction is known from
* sedimentary structures
S Vertical bedding, ball denotes facing direction as determined
from sedimentary structures
—f— Overturned bedding, ball denotes that facing direction is known
40 .
from sedimentary structures
—7 Bedding, strike and dip direction approximated from air photos,
from long-distance sighting, or averaged in area where strike
or dip highly variable
— Shear foliation
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Vertical shear foliation

Shear foliation, showing plunge of lineation on shear surface
Folds

Synclinal axis, showing direction and amount of plunge, dashed

where approximate, dotted where concealed, queried where
uncertain

Anticlinal axis, showing direction and amount of plunge, dashed
where approximate, dotted where concealed, queried where
uncertain

Overturned anticline

Drill hole

Mine adit

Glauconitic marker bed

Travertine Spring

Closed depression

Landslide, arrows indicate direction of movement

Topographic escarpment, line above barbs denotes top of
escarpment
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Ridge. The Zayante Fault passes along part of the southern boundary
of the study area. Major, named folds in the study area are the
Laurel Anticline, the Summit Syncline, and the Glenwood Syncline
(fig. 2.4).

The sedimentary rocks within the study area have been
divided into five geologic formations--the Butano Sandstone, San
Lorenzo Formation, Vaqueros Sandstone, Lambert Shale, and
Purisima Formation (Clark and others, 1989, with landslide
boundaries revised by McLaughlin and Clark, 1990, unpublished
data; McLaughlin and others, in press). All these rocks are typically
poorly to moderately cemented; contain numerous shear surfaces;
and are locally deeply weathered, intensely fractured, or both.
Surface outcrops of bedrock within the Summit Ridge area are few;
the rocks are typically mantled by deposits of colluvial and residual
soil as much as several tens of feet thick.

On the south flank of Summit Ridge, on Skyland Ridge, and in
the Redwood Lodge-Summit Woods area, rocks of the Butano
Sandstone, San Lorenzo Formation, and Vaqueros Sandstone
predominate (fig. 2.4). The Vaqueros Sandstone is predominantly
thick-bedded to massive, arkosic and glauconitic sandstone. The San
Lorenzo Formation has been divided into the Rices Mudstone
Member (nodular mudstone and massive arkosic sandstone) and the
Twobar Shale Member (thin-bedded and laminated shale with very
thin lenses and laminae of very fine, arkosic sandstone). The Butano
Sandstone within the study area has also been divided into three
members: a unit consisting of medium-bedded to massive, arkosic
sandstone with thin interbeds of siltstone and shale, a unit consisting
of nodular mudstone interbedded with arkosic sandstone, and a unit
consisting of thick-bedded to massive, arkosic sandstone (Clark and
others, 1989, with landslide boundaries revised by McLaughlin and
Clark, 1990, unpublished data; McLaughlin and others, in press).

The overall trend of bedding and structure on the south flank
of Summit Ridge and on Skyland Ridge is northwest-southeast (fig.
2.4). The Laurel Anticline trends approximately N45°W through this
area to a point southeast of the California State Highway 17-Summit
Road intersection, where the anticlinal axis is truncated by the
Butano fault, which strikes N60°-65°W (fig. 2.4). The anticline is
overturned to the southwest in places, and bedding generally dips
steeply to the southwest, steeply to the northeast, or is overturned to
the northeast (fig. 2.4). North of the Laurel Anticline, the Summit



Syncline, trending N60°-65°W, passes through the northern part of
the area to a point near Morrell Road, where this structure is
truncated by a fault, trending N45°W, which also offsets the Butano
fault. In the Villa Del Monte and Morrell Road areas, several other
northwest-striking faults also extend across the Butano fault and the
Summit Syncline (fig. 2.4).

In the southern part of the study area, bedrock has been
mapped as Lambert Shale and Purisima Formation (Clark and others,
1989, with landslide boundaries revised by McLaughlin and Clark,
1990, unpublished data; see fig. 2.4). Lambert Shale consists of thin-
to medium-bedded, organic mudstone grading upward to sandy
siltstone with interbeds of arkosic sandstone. Purisima Formation
rocks are thick-bedded to massive, weakly consolidated sandstone,
and very thick-bedded, tuffaceous and diatomaceous siltstone. The
northwest-trending Glenwood Syncline is the dominant fold structure
in this part of the study area (fig. 2.4). Bedding northeast of the
synclinal axis dips predominantly steeply to the southwest but is
locally vertical or overturned to the northeast; bedding southwest of
the axis dips predominantly steeply to the northeast.

E. _ Seismicit

The San Francisco Bay-Monterey Bay region is one of the most
seismically active in the world. The region is transected by
numerous active and potentially active faults (fig. 2.5), including the
San Andreas, which passes through and under the Summit Ridge area
(fig. 2.4) and which produced the Loma Prieta earthquake. The San
Andreas and associated faults form part of the boundary between
two of the earth's large crustal plates--the Pacific and the North
American. Northward movement of the Pacific plate relative to the
North American plate has produced a virtually continuous history of
instrumentally-recorded seismicity in the region. In addition to
myriad small and moderate-sized seismic events, 23 earthquakes of
magnitude 6.0 or greater have occurred in the region since 1836; two
of these were approximately as large as the Loma Prieta earthquake
(M 7.0 in 1838 and M 7.0 in 1868) and one was substantially larger
(M 8.3 in 1906) (Wesnousky, 1986; U.S. Geological Survey, 1990).

The Working Group on California Earthquake Probabilities
(1990) has released probability estimates for future large
earthquakes that may be produced by rupture on certain faults in
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the San Francisco Bay Region. These estimates cover three segments
of the San Andreas fault, two segments of the Hayward fault, and the
Rodgers Creek fault (fig. 2.5). The overall probability of another M 7
or larger earthquake during the next 30 years, produced by rupture
somewhere on one of these fault segments, is judged to be 67
percent.

The southern Santa Cruz Mountains segment of the San
Andreas fault, which produced the Loma Prieta event, is judged to
have a very low probability (less than 1 percent) of producing
another M 7 earthquake in the next 30 years (Working Group on
California Earthquake Probabilities, 1990). However, the San
Francisco Peninsula segment is judged to have a 30-year probability
for a M 7 earthquake of 23 percent (Working Group on California
Earthquake Probabilities, 1990), and this segment extends southward
from near Lower Crystal Springs Reservoir to just north of the point
where the fault crosses California Highway 17, approximately 2 miles
north of the study area. Shaking in both Santa Cruz and San Jose
from a M 7 earthquake on this fault segment is estimated to be
potentially as severe as shaking from the Loma Prieta earthquake
(U.S. Geological Survey, 1990). In addition, the Zayante fault, which
passes through the southern tip of the study area, and the Sargent-
Berrocal fault zone, which passes within 4000 feet of the area (fig.
2.5), were both judged by Wesnousky (1986) to be capable of
producing earthquakes as large as the Loma Prieta event. Within the
Summit Ridge area itself, both the Zayante fault and the Butano fault
were judged by Hall and others (1974) to have a moderate potential
for future surface rupture, whereas the San Andreas fault was
judged to have a high potential for future surface rupture.

F. The Loma Prieta Earthquake

The Loma Prieta earthquake, which began 15 seconds after
5:04 p.m. Pacific daylight time on October 17, 1989, had a Richter
surface-wave magnitude (Mg) of 7.1. The earthquake hypocenter
was at a depth of approximately 11 miles and was located at 37° 2' N
latitude and 121° 53' W longitude, 4.1 miles southeast of the study
area (fig. 2.1). The earthquake is inferred to have ruptured a 25-
mile-long segment of the San Andreas fault extending from near the
Pajaro Gap east of Watsonville northwestward through the Summit
Ridge area to just north of California Highway 17 (Plafker and
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Galloway, 1989; Working Group on California Earthquake
Probabilities, 1990; see fig. 2.5).

Whereas most of the San Andreas fault is relatively straight in
plan view and near-vertical in cross section, within the Santa Cruz
Mountains the fault bends. In addition, the distribution of Loma
Prieta aftershocks indicated that the fault dips approximately 700 to
the southwest and extends under the Summit Ridge area (Plafker
and Galloway, 1989). Because of the bend and non-vertical dip, the
fault slip at depth had both right-lateral, strike-slip; and vertical,
compressional components. The inferred fault slip at depth was 6.2
feet right lateral, 4.3 feet reverse, and 7.5 feet total (Plafker and
Galloway, 1989). No throughgoing, right-lateral, surface fault-
rupture has been found. Instead, areas adjacent to the segment of
the fault that produced the earthquake exhibited complex patterns of
coseismic fissures, owing at least partly to the bend in the fault here.

During the earthquake, ground shaking in the Summit Ridge
area was violent as indicated by eyewitness accounts and such
effects as the snapping of large redwood trees, movement of heavy
vehicles, and destruction of residences and other structures. At the
Corralitos CDMG Strong Motion station, 700 feet from the San
Andreas fault and 7.6 miles southeast of the study area, horizontal
ground accelerations as strong as 64 percent of gravity and vertical
accelerations as strong as 47 percent of gravity were recorded
(Shakal and others, 1989).

Analyses of geodetic data indicated that the earthquake
produced zones of ground-surface subsidence northeast of the San
Andreas fault and uplift southwest of the fault, in and around the
Summit Ridge area (McNally and others, 1989; Plafker and Galloway,
1989; Anderson, 1990; Lisowski and others, 1990; Schwartz and
others, 1990). Three studies that produced contour maps of
calculated uplift and subsidence were made, based on modeling in
which the Earth was idealized as an elastic half-space and the fault
rupture was idealized as a slip on a dipping, rectangular cut buried in
the half space (Lisowski and others, 1990) or as a planar, uniform
slip fault embedded in the half space (Anderson, 1990 referencing
preliminary modeling reported in McNally and others (1989)). A
preliminary contour map was also included in Plafker and Galloway
(1989) but the modeling assumptions were not reported in detail.
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Generalized contours showing distribution of calculated uplift
and subsidence from Anderson (1990) are shown in figure 2.6.
Calculated maximum subsidence was approximately 6 inches;
calculated maximum uplift was approximately 22 inches. This
maximum calculated uplift occurred approximately 1.2 miles
southwest of the San Andreas fault and decreased uniformly from
there toward the fault (Anderson, 1990). In the study area,
maximum calculated uplift of approximately 22 inches occurred only
in the southeastern corner (fig. 2.6). The calculated uplift decreased
to approximately 18 inches in the Redwood Lodge area and to
between 6 and 14 inches along the crest of Summit Ridge. According
to this modeling, the base of Summit Ridge was uplifted a few inches
more than the crest of the ridge; interpolation between the
generalized contours on figure 2.6 suggests that the base of the ridge
may have been uplifted 4 to 8 inches more than the crest.

The analysis of Lisowski and others (1990), as well as
preliminary analyses reported in McNally and others (1989), and
Plafker and Galloway (1989) produced contour patterns similar to
that in figure 2.6, with absolute amounts of calculated uplift and
subsidence differing from those shown in figure 2.6 by at most a few
inches. The largest calculated maximum uplift was between 26 and
30 inches, according to the preliminary analysis of McNally and
others (1989). The maximum calculated uplift according to the
preliminary analysis reported in Plafker and Galloway (1989) was 18
inches, and the maximum calculated uplift according to Lisowski and
others (1990) was between 16 and 20 inches.

It is important to note that these calculated amounts of uplift
and subsidence were based on modeling of idealized conditions
rather than on measurements. The only measured elevation change
in the vicinity of Summit Ridge described in these reports was at a
station on Loma Prieta, northeast of the San Andreas fault, which
subsided approximately 4 to 8 inches relative to three other stations
in the geodetic network (Lisowski and others, 1990) and probably
subsided approximately 6 inches in absolute altitude (Schwartz and
others, 1990).

G. Pre-1989 Landslides and Landslide Hazard Mapping

Pre-1989 landslide deposits are widespread in the Summit
Ridge area as well as throughout much of the rest of the Santa Cruz
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FIGURE 2.6 —Calculated coselsmnc uplift and subsidence associated with the
1 oma Prieta earthquake (modified from Anderson, 1990). Contours of
equal uplift or subsidence in meters (1 meter=39.4 inches). Maximum
aplift of 0.55 meters (22 inches) occurred along southern boundary of
study area: uplift decreased through area to the north and west.
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Mountains. Numerous landslides in the mountains have occurred in
association with historical and recent earthquakes (Lawson and
others, 1908; Youd and Hoose, 1978; Manson and others, 1990;
Marshall, 1990), storms (Keefer and others, 1987; Ellen and
Wieczorek, 1988), and other events, and active landsliding is one of
the main geologic processes sculpting the mountain landscape.
Landslides that are active or recurrent in these mountains are of
many different types, including large, deep slumps and block slides;
fluid and fast-moving debris flows; rock falls; debris slides; and
failures in fill. In 1975, a landslide map (Cooper-Clark and
Associates, 1975) was prepared for SCC as part of the County's state-
. mandated Seismic Safety Element in its General Plan. This section
summarizes evidence of historical landslides in and around the
Summit Ridge area and describes the 1975 landslide map and other
pre-earthquake landslide mapping.

1. Landslides Caused by Previous Earthquakes

Landslides are known to have occurred in the Santa Cruz
Mountains during both the October 8, 1865, earthquake (M 6.5) on
the San Andreas fault and the October 21, 1868, earthquake (M 7.0)
on the Hayward fault. However, the landslides in these events were
not well documented, and the available historical information is
fragmentary (Youd and Hoose, 1978; Marshall, 1990). Among the
fragmentary accounts from the 1865 earthquake are reports of
landslides from a few scattered localities including the Mountain
Charlie area (Youd and Hoose, 1978; Marshall, 1990). Information
from the 1868 earthquake is even more fragmentary, with known
reports of landslides in the Santa Cruz Mountains only at Eagle Glen
and Pescadero (Youd and Hoose, 1978; Marshall, 1990).

Documentation of landslides caused by the much larger April
18, 1906, San Francisco earthquake (M 8.3), while not complete, was
substantially more extensive owing to one of the world's first
scientific post-earthquake investigations (Lawson and others, 1908)
as well as to information in many other reports, books, and
newspaper articles. The 1906 earthquake caused thousands of
landslides throughout an area of approximately 12,000 square miles
(Keefer, 1984), including all of the Santa Cruz Mountains. In
particular, the earthquake reactivated many pre-existing landslides
(Lawson and others, 1908, v. 1, p. 385).
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The severity of landsliding in and around the Summit Ridge
area during the 1906 earthquake was described in general terms in
an article in the Santa Cruz Morning Sentinel of May 1, 1906, (p. 2) as
follows:

"From all reports, the higher altitudes of the Santa
Cruz Mountains afl the way from beyond Saratoga to
Loma Prieta, on both slopes, appear to have been more
seriously disturbed than many localities in the valleys
and foothills. 1in places the roads are or were
impassable, not only on account of great avalanches of
stones and earth, but of wide deep cracks in the earth
where the ground was rent asunder.”

More specific and detailed descriptions of the many reported
ground cracks and landslides caused by the 1906 earthquake in and
around the Summit Ridge area are given in table 2.1. Most locations
given in the original reports were not precise enough to identify the
specific hillsides where landslides occurred, and the reports were
almost certainly incomplete, because landslides were not mapped in
a systematic or comprehensive manner. However, even the
incomplete and imprecise information available from the 1906
earthquake indicates that landslides occurred in many parts of the
Summit Ridge area, including Summit Ridge, Skyland Ridge, the
Morrell, Burrell, and Laurel areas, and along Old San Jose and
Redwood Lodge roads. The reports indicate that several of these
landslides were relatively large and that, in several localities, many
landslides occurred. During the earthquake, two large, fast-moving
avalanches of rock and soil killed 10 people near the Summit Ridge
area; nine people were killed at Olive Springs, just south of the study
area boundary, and one person was killed at Grizzly Rock, 6 miles
northwest of the study area. The rock-and-soil avalanche at Olive
Springs was reported to have been approximately 1,500 feet long,
400 feet wide, and 100 feet deep, and the avalanche at Grizzly Rock
approximately 1,200 feet long, 240 feet wide, and 300 feet deep
(table 2.1).

2. Landslides Associated with Rainfall



TABLE 2.1--Landslides and ground cracks in and around the Summit

Location

Alma

Eva

Ridge area produced by the April 18, 1906, earthquake (M
8.3) (modified from Youd and Hoose, 1978, table 6, and
Marshall, 1990).

Description and Original Reference

A landslide dammed Alma creek creating danger of flooding.
(Santa Cruz Evening Sentinel, April 19, 1906, p. 5).

"The ground around the [devastated Tevis] house and in the hills
above, was opened in hundreds of places in fissures of from a few
inches to three feet in width. The depth of these is not apparent as
the ground is broken in a zigzag manner." (Santa Cruz Mormning
Sentinel, May 1, 1906, p. 2)

"On the ranch of Dr. Tevis [presently the site of Alma College], about
a mile from Alma Station, where the land is rolling and wooded, the
ground was fissured and the bottom of an artificial lake was
upheaved.... The cracks and fissures, of which there are many, run
mostly north and south, and vary in length up to 100 feet, and in
width from 0.5 inch or less to 20 inches. While a good many of the
openings were parallel to the slopes and were caused by the ground
starting to slide, others crost the roads and could be traced some
distance up the banks. A board fence was splintered where it crost
a fissure. The upheaval of the lake was caused by a closing together
of the sides, shown by the heaving up of parts of the retaining dam
at the lower end of the lake. The rise of the bottom is roughly 10
feet." (Lawson and others, 1908, p. 275)

A 10-acre slide dammed the creek at Eva station until the water
crossed the railroad tracks following a new raised channel. (Santa
Cruz Moming Sentinel, April 26, 1906, p. 8)

A "huge earth slide dammed the creek at Eva station, creating a
natural lake that blocked all [railroad] travel...for months.” It took
until December to remove the slide and lake. (Young, 1979, p. 39).

Alma to Wrights The railroad between Alma and Wrights was impassable due to

several landslides and boulders on the tracks. (Santa Cruz Moming
Sentinel, April 26, 1906, p. 8)

A landslide dammed Los Gatos Creek at the News Letter ranch,
forming a lake with depth ranging from 50 to 100 feet. (Santa Cruz
Morming Sentinel, May 1, 1906, p. 2)

Patchin to Wrights "On the ridge road, about 5 miles northwest of Wright

Station, the fault again shows slightly in a few 2-inch cracks....
Going down the slope from here to Wright, the cracks rapidly



become larger. ...At Patchin, 3 miles west of Wright Station, there
are fissures over a foot wide trending mainly in the direct line of
the fault (S. 339 E.). Several stretches of numerous small cracks
alternating with a few long continuous fissures, mark the course
from Patchin to Wright Station." (Lawson and others, 1908, p. 109-
110)

"Just north of Wright's Station, on the west bank of Los Gatos Creek,
there was a landslide 0.5 mile wide which had slid into the creek and
dammed it. The top of this slide was near the Summit school-house
and was close to the main fault-line.” (Lawson and others, 1908, p.
276)

"The main fault fracture is about 500 feet northeast of the [Summit]
hotel, and a secondary crack close to it had a downthrow of from 5 to
7 feet on the north or downhill side. The crack was about 4 feet
wide here, and the line of fracture was parallel with the direction
of the ridge. The Summit school-house was dropt 4 feet downhill
from its original position toward the northeast.” Just below the
Summit school-house was the headscarp of the landslide that
dammed Los Gatos Creek near Wright Station. (Lawson and others,
1908, p. 275-276)

"At Freely's place, 4 or 5 miles north of Morrell's some 15 acres of
woodland have slid into Los Gatos Creek, making a large pond.
There are many other slides in the neighborhood and many broken
trees." (Lawson and others, 1908, p. 278)

"Into this [Los Gatos] creek, from the Freely ranch, some ten acres
of land was thrown in a great landslide. At the head of the creek is
the long tunnel which cuts under the saddle, from Wright's to
Laurel.” (Jordan, 1907, p. 27)

"Landslides were abundant, especially in the Santa Cruz Mountains,
where the topography is more rugged. One slide, a few miles from
Wright's Station, involved eight to ten acres of ground.” (Carey,
1906, p. 297)

Wrights "Large fissures and ridges" formed in the ground at Wrights. (Santa
Cruz Evening Sentinel, April 21, 1906, p. 2)
Wrights to Laurel The Wrights to Laurel railroad tunnel collapsed in the

earthquake just hours before the planned inaugural run of the first
standard gauge train along this previously narrow gauge line.
Where the tunnel crosses the summit it was offset laterally five feet.
Almost all other railroad tunnels in the Santa Cruz Mountains
suffered some collapse or were blocked by slides at their entrances.
(Payne, 1978, p. 49)
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The Wrights to Laurel railroad tunnel cracked in middle and settled
several inches out of line. (Young, 1979, p. 38-39)

"The tunnel floors have raised as much as three to four feet in
places...." (Santa Cruz Moming Sentinel, April 26, 1906, p. 8)

Laurel to Glenwood Minor slides blocked the Glenwood-Laurel tunnel.

Morrell

Burrell

(Young, 1979, p. 39-39)

Four hundred feet of tunnel #3 between Laurel and Glenwood
caved-in. (Santa Cruz Evening Sentinel, April 19, 1906, p. 5)

Ranch "The Morrell ranch is located 1 mile south of Wright's

Station.... the house itself was built exactly upon a fissure, which
opened up under the house at the time of the earthquake. The
house was completely wrecked, being torn in two pieces and thrown
from its foundation....There was an apparent downthrow upon the
northeast side of the fault, as seen in the orchard; but under the
house the vertical movement was not so apparent. ..The fence and
road near the house were crost by the fault and showed an offset
which indicated a relative movement of the southwest side toward
the southeast. .. The "splintering” of the main fracture raised a
long, low ridge across which a creek had been forced to cut its way
thru a vertical distance of 1.5 feet to get down to its original level.”
(Lawson and others, 1908, p. 276-277)

"The earthquake crack past thru [the Morrell] ranch, a branch of it
going under the house. The main body of the house was thrown to
the east, away from the crack, the ground there slumping several
feet and the house being almost totally wrecked. All thru the
orchard the rows of trees are shifted about 6 feet, those on the east
side being farther north, and the east side, which is downhill, seems
to have fallen. The crack is largely open and in one place is filled
with water. This should be attributed to slumping. A little farther
on, the crack passes thru a grassy hill on which there is no
slumping. The Morrells say that this hill has been raised. What
appears to be the fact is that the east side of the hill overrides the
other. The whole top of the hill is more or less cracked for a width
of about 10 feet. The east side is a little higher than the west side,
and it looks as though the hill had been shoved together and raised,
the east overriding. About 1 mile beyond Morrell's house, at the end
of the ranch, there is a blacksmith shop, and the road is crost by the
crack. Here there is a break of 3 or 4 feet like a waterfall, the east
side being the lower; but this is part, I take it, of the general
slumping of the east side of the crack where it stands near the
ravine above Wright. Morrell's place is right over the Wright
tunnel, the tunnel and the rocks near by being finely broken rock
and very much subject to slides and other breaks." (Lawson and
others, 1908, p. 277-278)

"In the Burrell district there is one fissure in the hillside fully 3
feet wide. This crossed the road and tumbled Ingraham's store
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building into the gulch." (Santa Cruz Moming Sentinel, April 24,
1906, p. 7)

"Near the Burrell school-house, 1.5 miles southeast of Wright
Station, a crack extends across the road by a blacksmith shop and
shows a downthrow of four feet on the northeast.”" (Lawson and
others, 1908, p. 276)

Burrell [Laurel] Creek "Gulches appear to have been contracted as the bridges

Highland

Skyland

crossing them show that they were squeezed. The banks of Burrell

Creek appear to have approached each other, so that the creek has

become very much narrowed. Water pipes were broken and twisted,
and filled with dirt.” (Lawson and others, 1908, p. 276)

"Half a mile to the northwest of the [Beecher] house [on Loma Pricta
Avenue], a fissure 2 feet wide appeared.... The fissure runs from
north to south, and the earth was piled up on the west side from 2 to
4 feet high across the road. On Highland, a mile to the west, a

fissure 5 feet was opened at an elevation of 2,500 feet.” (Lawson and
others, 1908, p. 276)

"Large landslides occurred in the neighborhood.” (Lawson and
others, 1908, p. 278)

"The road between the King and Crane places has slid into the

orchard below.”" (Santa Cruz Evening Sentinel, April 21, 1906, p. 4)

"There seems to have been a narrow strip, about two miles wide, east
of Skyland, with Skyland as the center, where hardly a building
remains standing or unbroken. ..."One section of road of about 3
miles long is hardly without a crack.... At one place in the road it
has been lifted fully 5 feet.” The road was still impassable after
three days of heavy work by a crew of 6 men. (Santa Cruz Moming
Sentinel, April 24, 1906, p. 7)

"...the cracks run up over the ridge just west of Skyland. Large
fissures show in the orchards and fields on the eastern side of the
ridge, but are not so evident on the western slope. Here instead,
great landslides occurred, and redwoods were snapt off or uprooted.”
(Lawson and others, 1908, p. p.110)

"The slides which obliterated Fern Gulch at Skyland...lie to the west
of the crack [fault]." (Lawson and others, 1908, p. 278)

On the western slopes of the ridge just west of Skyland, several
earth-avalanches were caused by the shock; and great slides of a
similar character occurred on both sides of Aptos Creek for 0.75
mile. Besides these, there were many smaller earth-avalanches in
many parts of the Santa Cruz Mountains which can not be
enumerated.” (Lawson and others, 1908, p. 389-390)
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"About Four Miles South of Wright Station" [probably near Laurel township]
"The ridge...was full of cracks, ranging up to 2 and 3 feet in

width, and in length from a few rods to 0.25 mile, all trending west
of north to northwest. .. The canyon south of us was filled with
landslides. In this canyon the stratification of the rocks is plainly
shown. The strike is northwest-southeast and the dip is almost
vertical. The cracks coincide in direction with the strike of the
strata. Cold water was flowing from some of the cracks.” (Lawson
and others, 1908, p. 278)

San Jose-Soquel Road San Jose-Soquel road suffered extensive damage in the
earthquake, but was reopened by July 4, 1906. (Payne, 1978, p. 17)

Redwood Lodge Road The earthquake "severely damaged Redwood Lodge Road
and workmen took until June, 1906 to complete repairs.” (Payne,
1978, p. 17)

Upper Soquel Creek A newspaper article of May 7, 1906 reported an
eyewitness story that the headwaters of Soquel Creeck were dammed
by two landslides, forming a pond 100 feet deep. The upper Soquel
Creek basin was reported ravaged by fallen trees and boulders as
well as "great fissures and landslides. ... The roads were gone and in
their stead were chaotic masses of debris from the hillsides.” An
article of May 9 corrected the account after the site was visited by
another eyewitness. This second account claims the damming of the
creek resulted not from landslides but from an upward vertical
displacement of the creek bed of from 5 to 30 feet in places. the
pond averaged 15 feet in depth not exceeding 20 feet. Many fissures
in the ground near Soquel Creek were "now largely filled in."
(Santa Cruz Evening Sentinel, May 7, 1906, p. 1, and May 9, 1906, p.1)

Hinckley Creek (Olive Springs) "The mountains are said to have come
together and 17 lives...lost." [9 were actually killed.] (Santa Cruz
Evening Sentinel, April 18, 1906, p. 1, and April 19, 1906, p. 7)

With the first severe shock of the earthquake, a landslide 500 feet
wide, extending up to the ridgetop, descended with "extraordinary
speed”, burying the Loma Prieta lumber mill under a mass of rock
and trees of "about 100 feet in depth at the worst places and
gradually diminishing at the edges to 25 feet." Nine men were
buried instantly while others, only several hundred feet away, were
spared. "The mountainside where the land fell was swept bare of
vegetation. Massive redwoods and pines were jammed on top of the
mill in the gulch below. .. The landslide filled the water course. The
stream was dammed and the water rose to a depth of sixty feet in the
gulch. A pump was set to working and the water is now being used
to wash away the earth from the machinery." Hundreds were
involved in a massive digging effort in the following week, but
only three bodies had been discovered by five days later. [More
than a year passed before the last body was finally removed from
the debris.] (Santa Cruz Morning Sentinel, April 26, 1906, p. 1)



The mill was buried under 60 feet of earth and trees, whereas the
nearby bunkhouse, where nine men were sleeping, was buried
under 10 to 15 feet of debris. (Patten, 1969, p. 79)

A second slide occurred during an aftershock at 11 p.m., April 19
interfering with rescue efforts. (Santa Cruz Evening Sentinel,
April 21, 1906, p. 2)

"Near Olive Springs, 12 miles north of Santa Cruz, an earth-
avalanche demolished Loma Prieta Mill and killed several men.”
(Lawson and others, 1908, p. 389)

"At Santa Cruz the inhabitants reported that near Olive Springs, 12
miles north of Santa Cruz, a landslide demolished Loma Prieta Mill
and killed 9 men." (Lawson and others, 1908, p. 271)

"...the [fault] crack goes into Hinckley's Gulch, in which the Loma
Prieta Mills are situated, and which are buried under the slides.”
(Lawson and others, 1908, p. 278)

"On the northern side of Bridge Creek Canyon there are typical
cracks from 1 to 8 inches wide, and here also occurred a great
landslide which buried the Loma Prieta Mill." (Lawson and others,
1908, p. 110)

"Wreck of Loma Prieta Sawmill, Hinckley's Gulch, Santa Cruz
County." (Jordan, 1907, p. 30) [Picture caption]

"Site of Loma Prieta Sawmill, covered to a depth of 125 feet.”
(Jordan, 1907, p. 31) [Picture caption]

"Loma Prieta Lumber Company's Mill. The mill, boarding house and
other buildings of the plant were situated in a gulch, and were
overwhelmed by a portion of the mountain--1500 feet long, 400 feet
wide and 100 feet deep which slid down upon them. The mill and
everything in the gulch were forced up the opposite slope of the
mountain and there buried to a depth of one hundred feet. Pine and
redwood trees 100 feet high came down with the slide and are now
standing over the mill site as though they had grown there. Nine
men were killed." (Salinas Daily Index, April 25, 1906, p. 3)

"LOMA PRIETA CO'S LOSS. When the earthquake occurred yesterday
morning it caused a large mountain of earth to slide into the
canyon and completely covering the new mill. Continuing its
course up the mountain on the other side it covered what is known
as the bunk house and buried ten men, who were asleep at the
time." (Salinas Daily Index, April 19, 1906, p. 3)

Castle Rock Ridge "A small landslide had moved across the road [8 miles north of
Boulder Creek] which 20 men spent one and a half days clearing
away. ..Up the road to the summit of Castle Rock Ridge no slides or
cracks were observed." (Lawson and others, 1908, p. 268)
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Deer Creek (Grizzly Rock--northeast of Boulder Creek) An extensive landslide
descending from the eastern side of the valley buried the Deer
Creek shingle mill, houses, trees, etc. Two people were killed. The
site of the mill was estimated to be under 50 to 100 feet of earth. The
slide apparently had two lobes, one moving to the west and the
other to the east. A witness watched as large redwoods on the slide
mass performed "all kinds of acrobatic feats." "Where formerly
there was high hills and wooded lawns nothing now remains but a
wide level stretch over a mile long and covered with the protruding
tops of trees.” (Santa Cruz Evening Sentinel, April 19, 1906, p.4)

An article reprinted from the "Mountain Echo"” said that the crest of
a spur ridge off of the main mountain summit northeast of Deer
Creek failed and "swept in a semi-circular pathway of destruction
for three-fourths of a mile toward Deer Creek. A fine redwood
forest in its pathway, and the property of Isaiah Hartman of this
place, was swept down like grain before the reaper. ..It was many
minutes after the heavy series of earthquake shocks...that the
avalanche was discovered to be approaching with the mighty roar
of crashing timber and grinding rocks. When first seen it was over
a quarter of a mile away across a flat country and no one dreamed it
could reach the mill. It however, swept onward in a bending course
with a solid wall of earth and redwood trees fifty or sixty feet
high.... The mill cabins were crushed like eggshells and buried in
the debris while the mill itself disappeared under the moving wall."
One person was killed at the mill, while another was killed at a
different site on the other side of a ridge one-half mile to the east.
(Santa Cruz Evening Sentinel, April 23, 1906, p.1).

In a report of a visit to the site of the Deer Creek slide two months
later, the base of the slide was encountered a half mile above the
Santa Clara Lumber Co. mill near the site of a new shingle mill. An
eyewitness to the slide said it took less than a minute for the slide to
move from its origin 400 feet above and half a mile distant down
onto the old shingle mill. The slide descended a winding gulch
carrying a huge mass of rock, soil and large trees. (Santa Cruz
Evening Sentinel, June 21, 1906, p.5)

"On Deer Creek, in the Santa Cruz Mountains, an extensive earth-
avalanche started near Grizzly Rock and moved westward down a
steep, narrow canyon for about 0.25 mile. (Plates 124D and 125A.) It

then changed its course thru an angle of about 600 as it entered a
wider canyon of lower grade, and following this for another 0.25
mile, finally stopt at the Hoffmann Shingle Mill, which was
wrecked. A fine growth of redwood, some 200 feet in height, was
mowed down, and covered to the extent of 10 acres or more with
from 30 to 60 feet of debris. The trees were from 3 to 10 feet in
diameter. The main canyon was filled with earth and rock for an
average width of 80 yards and a length of 400 yards. The entire area
of the slide was about 25 acres. The difference in altitude between
the point where the slide started and the shingle mill where it stopt,
is 500 feet. According to Mr. G. A. Waring, the slide material has a
depth of 300 feet and is composed of soil, clay, and shale. Mr. E. P.



Carey, who examined and photographed this interesting earth-
avalanche, states that it originated in rock that broke away in
pieces from the steeply inclined slope at the head of the gulch,
leaving a large theater-like space, the bare, light-colored rock
walls of which were in sharp contrast with the surrounding green
vegetation. The movement was faster in the center or deepest part
of the gorge than on the margins.. The rock was in general piled
up higher along both sides than in the center, and many pieces
became entangled in the standing or uprooted trees. A steep-walled
tributary to the southeast of the main gulch supplied rock material
to the main avalanche, and the 2 streams joined much as confluent
glaciers do. The material involved in the avalanche showed every
gradation from powder to angular pieces 30 feet or more in
diameter. The surface was uneven throughout. Near the mill a man
was killed by a tree that fell as the avalanche was advancing.”
(Lawson and others, 1908, p. 388)

"On Deer Creek a large landslide started from near Grizzly Rock and
slid westward, but changed its direction 60° or more farther down
toward the creek. The mill in the creek bottom below the slide was
partly buried, and one man was killed. It is 500 feet from the mill in
the gulch to the top, at the point where the slide started. The slide
covered about 25 acres of ground, and destroyed a lot of virgin
timber from 3 to 10 feet in diameter. The slide material, which is
300 feet deep, is composed of soil, clay, and shale." (Lawson and
others, 1908, p. 267)

Bear Creek (NE of Boulder Creek) "On Bear Creek... a smaller slide [than the

Deer Creek slide] had moved a few hundred feet, buried a hut, and
killed one man. According to reports of men in this region, only a
minute elapsed after the beginning of the earthquake before the
slide was over. Down in the valley no cracks or other evidence of
disturbance could be seen.” (Lawson and others, 1908, p. 267)

Cauley [Connely?] Gulch "Mr. Carey also reports another earth-avalanche

Grizzly Rock

located on the Petty ranch, about 4 miles southeast of the one just
described [Deer Creek landslide]. Here a huge rock mass, which
cmbraces an area of about 12 acres at the headwaters of Cauley
Gulch, broke away from a ledge and dropt, leaving a vertical scarp
of 40 feet or more. The rock mass in this case was not shattered. It
practically maintained its integrity. The narrow gulch below was
unfavorable for free downward movement. As the block readjusted
itself, its upper surface became nearly level, but was lower at the
foot of the scarp than at its outer edge, thus indicating that it had
suffered rotation.” (Lawson and others, 1908, p. 388)

"The whole ridge west of the reservoirs [about 2 miles south of
Congress Springs] was severely shaken, however, for cracks 4 or 5
inches wide opened near Grizzly Rock and several large slides
occurred in its neighborhood. One water-pipe running north and
south on the Beatty place was broken, while onc trending east and
west was unhurt. No cracks were found crossing the ridge between



Grizzly Rock and and White Rock. The cracks were next found on
the road about a mile east of B.M. 2135 of the U.S. Geological Survey,
but they do not show in the vineyard to the southeast." (Lawson and
others, 1908, p. 109)
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As with the historical record of landslides caused by
earthquakes, the record concerning landslides caused by rainfall in
and around the Summit Ridge area is incomplete. Sources of data
that are available include the following: (1) Marshall (1990)
compiled information on landslides in the Santa Cruz Mountains
before and after the 1865 and 1906 earthquakes. (2) Wieczorek and
others (1988) mapped landslides in Santa Cruz County caused by the
disastrous storm of January 3-5, 1982. (3) Keefer and others (1987)
included the Summit Ridge area in a zone of high landslide
concentration associated with the storm sequence of February 12-21,
1986, but did not report localities of individual landslides within that
zone. (4) Griggs and others (1990) described a sample of landslide-
related problems in the Summit Ridge area obtained from a review
of SCC Public Works Department road-repair files and a field trip
through the area with Ray Geyon, one of the department's senior
staff members.

a. Landslides during winters immediately after
earthquakes: Newspaper accounts indicate that heavy rains and
flooding occurred in Santa Cruz County during the winter of 1866-67,
one year after the 1865 earthquake. Concerning landslides, an
article in the Santa Cruz Sentinel of December 29, 1866 (p. 2) stated
that the mountain road between Santa Cruz and Santa Clara was
impassable after heavy rains led to landslides, caved embankments,
scoured gullies, and related effects (Marshall, 1990).

Landslides were evidently also abundant in the Santa Cruz
Mountains during periods of winter rainfall after the 1906
earthquake. Landslides near Felton and Boulder Creek were
reported from rainstorms in May 1906. More landslides were
reported from Felton, Aptos, the mountains above Watsonville, and
Chittenden Pass during a December 1906 storm that produced 3 to
10 inches of rainfall.  Landslides occurred near Felton, Boulder
Creek, and Corralitos as a result of storms in January and February of
1907, and landslides probably occurred throughout a large area of
the Santa Cruz Mountains during a storm in March 1907 (Marshall,
1990).

The relation of landslides in those areas to ground cracking
from the 1906 earthquake, if any, was not specifically determined,
but to the north, in an area of Marin County affected by the
earthquake, Lawson and others (1908, v. 1, p. 77) explicitly

- 44 -



connected ground cracking caused by the earthquake with landslides
that occurred the following winter. They described this relation as
follows:

"Mention has already been made of numerous
hillside cracks which marked incipient landslides. 1n
such cases the downward motion apparently began
during the earthquake agitation, but the momentum
acquired was not sufficient to continue the motion after
the earthquake stopt. 1n a very large number of these
[ocalities motion was resumed and landslides occurred
during a period of excessive rainfall in the spring of
1907. * * * So far as my observation goes, all of the
landslides having this history were wet, the material
usually flowing freely down the slope as a thin mud.
The probable explanation is that the cracks made in
April, 1906, served to admit the water flowing over the
surface during the rains of 1907, so that the material
which was too dry to flow in 1906 acquired the proper
consistency and continued its course the following year.
The number of landslides which the earthquake induced
in this indirect way is possibly as large as the number
of landslides which were an immediate consequence of
the shock."

b. Landslides caused by storm of January 3-5, 1982:
The January 3-5, 1982, storm was one of the most destructive in the
recorded history of the San Francisco-Monterey Bay region. The
storm is also the only such event for which detailed and
comprehensive data on landslide distribution are available. This
storm, which produced as much as 24 inches of rain in 34 hours,
caused more than 18,000 landslides and more than $66,000,000 in
landslide-related damage throughout the region (Ellen and others,
1988). The mountainous areas of Santa Cruz County were among the
most heavily damaged in the region. Near Ben Lomond, the Love
Creek landslide--a large rock block slide--killed 10 people. Eight
other landslides in Santa Cruz County also killed people (Ellen and
others, 1988). Total landslide damage in the County was more than
$26,000,000 (Creasey, 1988).
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Most of the landslides triggered by the 1982 storm were debris
flows--fluid, fast-moving, relatively shallow mixtures of
unconsolidated earth and water. In Santa Cruz County, the highest
concentrations of debris flows were in the central part of the county;
concentrations were particularly high in the drainage basins of the
San Lorenzo River, Branciforte Creek, Aptos Creek, Valencia Creek,
and Soquel Creek (Wieczorek and others, 1988), which includes all
but the westernmost tip of the study area.

Within the study area itself, approximately 20 debris flows
were mapped (Wieczorek and others, 1988), and the number
mapped was probably a minimum because the dense vegetation
cover in many areas made detection of debris flows difficult. In
addition to the mapped debris flows, the SCC road-repair records
show that lower Schultheis and Redwood Lodge roads required
repairs as a result of landslide damage in 1982 (table 2.2).

c¢. Other historical storms in the San Francisco-
Monterey Bay region: Many other historical storms have also
caused landslides throughout the San Francisco Bay-Monterey Bay
region. Marshall (1990) documented landslides in the Santa Cruz
Mountains during storms in January and March of 1906, before the
1906 earthquake. Areas of high landslide concentrations produced
by the February 12-21, 1986, storm included the Summit Ridge area
and adjacent parts of the Santa Cruz Mountains (Keefer and others,
1987). Brown (1988) reported that other storms produced
significant landslide activity in parts or all of the San Francisco Bay-
Monterey Bay region during the winters of 1949-50, 1955-56, 1961-
62, 1962-63, 1964-65, 1966-67, 1968-69, 1969-70, 1972-73, 1974-
75, and 1977-78. Documentation of landslides from these winter
seasons, however, is fragmentary, and the number of landslides that
occurred in the Summit Ridge area, if any, is unknown.

d. Landslides in the Summit Ridge area documented
by records of road repairs: As reported by Griggs and others
(1990), a review of SCC Public Works records and a field trip through
the Summit Ridge area with Ray Geyon of that department provided
additional data on landslides. During the field trip, in particular, it
was noted that the types of landslide activity that had most
concerned the road-repair crews were generally different than the
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TABLE 2.2--Landslide-related damage to roads before the Loma

Locality
(See
Fig. 2.7)

1

Prieta earthquake (modified from Griggs and others,
1990)

Descrioti 1 Date of D

Lower Schultheis Road--1982: The slope below Lower
Schultheis Road failed in 1982 approximately 0.3 miles east of
the intersection with Laurel Road, destroying the roadway and
requiring evacuation of local residents. A private company was
retained to engineer the slope stabilization. Since repair work
was completed in 1983(?), the road has settled at least an
additional 2 feet. In 1989, earthquake-induced cracking was
found across the road in this area, around the margins of the
previous failure. This failure was on the northeastern flank of
the larger Lower Schultheis East landslide.

Redwood Lodge Road--Repeated Failures: Over the years,
Redwood Lodge Road has experienced many maintenance
problems due to slope failure associated with heavy rainfall, in
particular during 1983 and 1986. Numerous landslides, both
large and small, have plagued the road along its entire length.
The only one of these masses to show significant movement as a
result of the October 17 Loma Prieta earthquake, was the Upper
Redwood Lodge Road landslide complex, which encompasses
several hundred feet of roadway west of the intersection of
Redwood Lodge and Old San Jose Roads. This section of road, in
particular, has a long history of repeated landslide damage and
repair.

Redwood Lodge Road--1981-82 and 1983:

A large landslide covered the road near the intersection of
Laurel Creek and Bums Creek. Residents living below the
damaged road were trapped and had to be evacuated. In
subsequent years, the road was reconstructed, suffered
additional failure during 1983, and was again reconstructed.
Individual slide blocks still remain on the steep slope above the
road. Slope instability in this area is typically associated with
heavy rainfall and has been a concern for at least 30-40 years.
The 1989 earthquake reactivated the landslide complex present
along this stretch of Redwood Lodge Road. Cracks were opened
along approximately 800 feet of steep hillside above the road
and extended headward from the pre-existing main scarp.
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Morrell Road--1982-83: A landslide, approximately 200 feet
long and 200 feet wide, buried Morrell Road immediately south
of the road's intersection with Laurel Creek. The main scarp of
the landslide was approximately 30 feet above the road. SCC had
to evacuate local residents and rebuild the road, which was
covered with more than 20 feet of debris. The slope was
stabilized in 1984. Cracks from the Lower Morrell landslide
complex, associated with the Loma Prieta earthquake, crossed
the road on both the right and left flanks of the 1982-1983
landslide.

Morrell Road--1980: Northwest of the intersection of
Morrell Road with Laurel Creek, a stretch of the road moved
downhill approximately 6 to 10 feet during a 2-year period. A
house was moved to protect it from landslide damage. The slope
moved relatively rapidly, forming large cracks and a 4-foot-
high scarp across the road. However, the slide mass did not
bulge below the road to compensate for the extensional
movement associated with this scarp. SCC road crews graded and
filled the roadway until the movement stopped. This area was
on the eastern margin of the Upper Morrell Road landslide,
which moved during the Loma Prieta earthquake.

Morrell Road--Repeated Damage: Although the area
downslope from the 1989 Upper Morrell Road landslide has
never been reported as a "problem” area, several stretches of
the road have been patched repeatedly. SCC road-repair records
did not identify this patching as landslide-related, but the
repeated, slow offset of the road, may be related to a larger
unstable, landslide feature. Cracks caused by the Loma Prieta
earthquake crossed the road in several places. Some cut banks
above and below the road have required cribbing and
maintenance in the past, evidently because of local road-cut
failures. Several of these features failed during the Loma Prieta
earthquake.

Villa Del Monte--1975-76 and Repeated Damage: Within
the Villa Del Monte area are several areas that have required
SCC maintenance, most of which is evidently related to local
cribbing or fill failures. In 1975-76, the hillside upslope from
Skyview Terrace moved slowly downslope during a period of 2
years. SCC maintenance crews cleared the road approximately
once a week during this time. This area is part of the Villa Del
Monte landslide complex that moved during the Loma Pricta
carthquake.
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types of landslide activity that occurred during the Loma Prieta
earthquake. The road repairs were typically associated with cut-
slope failures, relatively small slumps or slides, or failures involving
man-made fill. Seven localities of landslide-related problems were
identified (including one just outside the boundary of the study
area); these localities are shown on figure 2.7 and described in table
2.2. Even though the types of landslide activity reported were
different than those associated with the 1989 earthquake, all seven
localities of road damage were also localities where earthquake-
induced landslides and (or) ground cracks occurred in 1989.

3. Pre-Earthquake Landslide Mapping

In 1975, the "Preliminary Map of Landslide Deposits in Santa
Cruz County, California" (fig. 2.8) was prepared by Cooper-Clark and
Associates as part of the Seismic Safety Element of the SCC General
Plan. This is the only official SCC map showing landslide distribution,
and the map has been widely used to assess general slope-stability
conditions for land-use planning.

The map was prepared solely from stereoscopic examination of
vertical, black-and-white aerial photographs and thus is subject to
several limitations in accuracy and precision. These include
limitations in the size of landslide features that could be mapped (a
minimum of 50 feet long or wide), difficulty in recognizing landslide
deposits in areas of dense vegetation, degradation of recognizable
landslide features with time after landslide movement, difficulty in
differentiating landslide deposits from such similar-appearing
features as alluvial terraces, and variations in the skill of personnel
who interpreted the aerial photographs (Cooper-Clark and Associates,
1975). To reflect various degrees of certainty in identification,
landslide deposits were classified as "definite" (D), "probable" (P), or
"questionable” (?) (fig. 2.8).

This map was an important source of information on potential
slope-stability concerns used by SCC planners in their initial
assessments of project feasibility before the 1989 earthquake. For
sites in the Santa Cruz Mountains, an initial check of the map was
typically followed by a preliminary geologic-hazard assessment by
the SCC geological staff. This assessment included a review of the
map, a site visit to evaluate potential slope instability, and a
stereographic examination of aerial photographs of the site. When
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the Preliminary Map of Landslide Deposits showed a potential
landslide hazard on or near the site (whether designated D, P, or ?),
a full geologic report could be required.

The map shows 20 large landslide deposits in the study area
(fig. 2.8). The largest of these covers more than 0.75 square miles,
and together, definite, probable, or questionable landslide deposits
cover approximately one-half of the study area. Many of the larger
deposits are probably composite features formed over a long period
of time by the movement of several, smaller, coalescing landslides
and (or) retrogressive, headward growth.

Many large landslide deposits are also shown in the USGS
geologic quadrangle maps that cover the study area (Clark and
others, 1989, with landslide boundaries revised by McLaughlin and
Clark, 1990, unpublished data; McLaughlin and others, in press; see
fig. 2.4). Note that it is standard practice for geologic maps such as
these quadrangle maps to emphasize bedrock distribution and thus
to minimize portrayal of features such as landslides that cover the
bedrock. In accordance with this practice, the geologic quadrangle
maps portray fewer landslide deposits than does the map of Cooper-
Clark and Associates (1975), which was specifically concerned with
landslides.

A review by Griggs and others (1990) of 32 pre-earthquake
geologic consulting reports concerned with the Summit Ridge area, on
file with SCC, indicated that virtually all of the consultants who had
worked in that area prior to the Loma Prieta earthquake recognized
the landslide origin of irregular, benched topographic features there.
Consultants had concluded that these features were "old" or "ancient”
landslides that had probably formed during prior earthquakes, or
perhaps during some period when the climate was wetter than at
present. Approximately half the consultants stated that the potential
for reactivation of these landslides was low to moderate, and
approximately half of the consultants judged that these landslides
could be remobilized by strong seismic shaking.
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CHAPTER III. LANDSLIDES IN THE STUDY AREA PRODUCED
BY THE LOMA PRIETA EARTHQUAKE

A. Data and Methods

In the Summit Ridge area, the Loma Prieta earthquake
produced a complex pattern of ground cracks. Initial understanding
of the mechanisms that created these cracks was complicated by the
complexity and discontinuity of many of the cracks and of other,
related surface features. However, within a few days after the
earthquake, initial field observations suggested that several large
landslides were among the earthquake-related features present in
the Summit Ridge area. Preliminary identifications of major
landslides were made based on repeated field observations and
initial compilation of ground-crack mapping, primarily by personnel
from the USGS, CDMG, and TAG.

The ground-crack mapping, which formed a primary basis for
delineation of the various landslide masses, was progressively
refined by repeated field checking and was officially released by
CDMG and the USGS in the report by Spittler and Harp (1990). That
report contained maps of the earthquake-induced ground cracks in
the Summit Ridge area, plotted on the SCC planimetric base at a scale
of 1:4,800, and a compilation of field notes from the 54 contributors
who mapped the ground cracks. Those notes included descriptions of
such characteristics of the ground cracks as linearity, displacements,
and relations to pre-earthquake landslide deposits and other
landform features.

Spittler and Harp (1990) indicated that most of the field
mapping was carried out using as a base 1:6,000-scale aerial
photography flown on October 27, 1989. In areas beyond that
coverage, mapping was carried out on 1:4,800-scale enlargements of
1:24,000-scale USGS topographic maps, on 1:31,680-scale black-and-
white aerial photographs taken in June 1989, or directly on the SCC
planimetric base maps.

Spittler and Harp (1990) discussed the purpose, accuracy, and
limitations of the crack mapping as follows:
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"Location errors of fractures and other features
were introduced through transfer problems and from the
apparent scale errors in the county map base. Locations
of features mapped from 1:6,000-scale airphotos are
accurate to within 10 m [33 feet] where vegetation is
sparse and to within 10-50 m [33 to 164 feet] where tree
cover is dense. Outside the coverage of the 1:6,000-scale
aerial photos, [ocations are less accurate. 1n areas with
distinctive cultural or topographic features, the accuracy
is estimated to be within 20 to 50 m [66 to 164 feet].
Where no distinct features are shown in the base maps or
on the 1:31,680-scale aerial photos, and where the tree
cover is dense, the location accuracy is estimated to be
within 50 to 100 m [164 to 328 feet].

"Some landslide features and coseismic fissures
may have been missed during the mapping because of
dense vegetation, poor access, and the obliteration of
many features due to repair work before mapping could
be completed. The purpose of this map is to document
the landslides and coseismic fractures in a systematic
way and to display their distribution with a minimum
of generalization. Because the features have been plotted
by hand and not precisely surveyed at a large scale such
as 1:500 or greater, some generalization has been
incorporated in the mapping. Therefore these maps are
useful as a reconnaissance tool and as a guide [sic]
subsequent geologic and geotechnical investigations, but
they are not sufficiently precise to serve as maps upon
which to base site-specific engineering or planning
decisions.”

Using preliminary versions of these ground-crack maps,
relevant features were checked in the field by personnel from the
USGS, CDMG, and TAG to attempt to resolve possible ambiguities and
to aid in interpretation of relations in critical areas. Using both
preliminary and final versions of these maps, a detailed analysis of
the origins of the ground cracks was undertaken, major ground
cracks probably caused by other processes were distinguished from
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landslide cracks (See Chapter IV), and major landslide masses were
identified.

Twelve large landslides and landslide complexes in the study
area were selected for surface monitoring by Gary B. Griggs and
Associates to measure post-earthquake movement, if any. Selections
of areas for monitoring were made in consultation with the TAG. As
part of the monitoring program, these landslides and landslide
complexes were observed repeatedly in the field, and general
descriptions of these features were included in the report of Griggs
and others (1990).

Landslides in the upper Schultheis Road and Villa Del Monte
areas were additionally selected by the TAG for subsurface
exploration and monitoring. Subsurface exploration and installation
and initial monitoring of instruments there were performed by
William Cotton and Associates, Inc. As part of that work, maps
showing approximate, inferred boundaries of landslide features in
those areas were presented in the report of William Cotton and
Associates, Inc. (1990).

Additional data on ground movements in parts of the Summit
Ridge area, which were used on a limited basis, were obtained from a
survey of water wells. This survey, conducted and reported by
Brumbaugh (1990), developed information in 239 water wells. The
post-earthquake status was reported for 157 of these, of which 33
were reported to have been damaged by the earthquake. Methods
used in this survey were described by Brumbaugh (1990) as follows:

"The post—earthquake status of the water wells in
this area was obtained by making site visits, phoning
those not at home, and questioning neighbors and well
drillers. Environmental Health permit requests were
also used to obtain well status since the earthquake. The
water levels in several of the wells were also measured
to gain additional data on the wells.”

Brumbaugh (1990) also stated that:

"several wells in this area haven't been
mechanically checked out since the earthquake and no
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post—earthquake status was obtained where residents
vacated their homes after the earthquake and no phone
numbers were available."

Note that this survey did not include checking wells with a
borehole camera or other means of independently verifying reports
of well conditions.

These water-well data were not considered definitive for
identifying areas where landslides had occurred because of
limitations in these data. These limitations include: (1) most reports
of damage, disturbance, or lack of disturbance were second hand, (2)
many well locations were determined only approximately, (3) the
causes of well damage or disturbance were typically unknown, (4)
the extent to which reportedly undamaged wells were surveyed is
unknown, and (5) the ground displacements that the wells could
tolerate without visible indications of distress are also unknown. In
some cases, where reports of water-well conditions were consistent
for groups of several wells, they were used to locally refine locations
of landslide boundaries. However, it is important to note that overall
landslide recognition was based on surficial features and not on
reports of water-well damage or other types of subsurface data.

For the purposes of the present report, the ground-crack maps
in Spittler and Harp (1990), as well as other data, were plotted on
topographic bases, prepared by Towill, Inc. by registering data on the
SCC planimetric base with topographic contours from the USGS
1:24,000-scale Laurel and Los Gatos quadrangle maps (plates 3.1-
3.4). These maps were plotted at a scale of 1:6,000. The pattern of
ground cracks and their mapped relations to topography were then
considered along with all of the other types of data discussed in this
section to infer the approximate boundaries of large landslides and
landslide complexes in the study area that moved during the Loma
Prieta earthquake. The inferred landslide boundaries are subject to
the same limitations in accuracy quoted above for the ground-crack
mapping and additional limitations imposed by the transfer of
ground-crack locations to the topographic base, by the interpretation
of landslide boundaries from the ground cracks and other features,
and by the interpolation of landslide boundaries between
recognizable surface features. Errors due to the transfer process are
judged to be minimal. Interpretation and interpolation of the
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landslide boundaries were made using our best professional
judgement, but potential errors in the locations of these interpreted
boundaries cannot be determined quantitatively.

L li initi n i

In this report, the term "landslide” is used to denote the
"downward and outward movement of slope-forming materials
composed of natural rock, soils, artificial fills, or combinations of
these materials,” as defined by Varnes (1958). This usage is also
synonymous with the more general but perhaps less widely
recognized term "slope movement" employed by Varnes (1978).
During the Loma Prieta earthquake, ground cracks in the Summit
Ridge area were almost certainly caused by several different
mechanisms, including landslides. Other processes producing cracks
may have included discontinuous, surface fault-rupture; slip along
bedding planes; adjustments to the local tectonic uplift that
accompanied the earthquake; extension or compression over active
bedrock folds; and shaking-induced, ridge-top cracking.

The location and orientation of ground cracks produced by all
these processes, including landslides, may be controlled by structures
within rock and soil masses, such as bedding planes, faults, and other
discontinuities, and many cracks produced by the earthquake in the
Summit Ridge area show evidence of having been structurally
controlled by such features. These structurally controlled cracks
occurred both within and outside of landslides, as well as along
landslide boundaries. Landslide boundaries and other landslide
elements typically exhibit structural control even when the
landslides have occurred without seismic or tectonic activity.
Structural control of ground cracks in the Summit Ridge area is
discussed in Chapter IV.

Terms used to describe various parts of large, deep-seated
landslides are defined in figure 3.1. The landslide illustrated in this
figure exhibits two main types of movement: The main body of the
landslide is a rotational slump, which moved downslope on a
concave-upward basal shear surface with a significant component of
headward rotation; the foot of the landslide is an earth flow, which
moved downslope partly by translation on the surface of separation
and partly by distributed, internal shear, or flow (fig. 3.1). Figure 3.2
illustrates another type of large, deep-seated landslide--a block slide,
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NOMENCLATURE FOR PARTS OF A LANDSLIDE

MAIN SCARP -A steep surface on the undisturbed ground around the
periphery of the slide, caused by the movement of slide material away
from undisturbed ground. The projection of the scarp surface under
the displaced material becomes the basal shear surface.

INTERNAL SCARP -A steep surface on the displaced material produced by
differential movements within the sliding mass.

HEAD -The upper parts of the slide material along the contact between
the displaced material and the main scarp.

TOP -The highest point of contact between the displaced material and the
main scarp.

TOE OF BASAL SHEAR SURFACE -The intersection (sometimes buried) between
the lower part of the basal shear surface and the original ground
surface.

TOE -The margin of displaced material most distant from the main scarp.

TIP -The point on the toe most distant form the top of the slide.

FOOT -That portion of the displaced material that lies downslope from
the toe of the basal shear surface.

MAIN BODY -That part of the displaced material that overlies the basal
shear surface between the main scarp and toe of the basal shear
surface.

CROWN CRACKS - Cracks in the ground surface upslope from the crown.

CROWN -The material that is still in place, practically undisplaced and
adjacent to the highest parts of the main scarp.

FLANK -The side of the landslide.

ORIGINAL GROUND SURFACE -The slope that existed before the movement
which is being considered took place.

LEFT AND RIGHT -Compass directions are preferable in describing a slide,
but if right and left are used they refer to the slide as viewed
downslope from the crown.

SURFACE OF SEPARATION -The surface separating displaced material from
stable material but not known to have been a surface on which failure
occurred.

DISPLACED MATERIAL -The material that has moved away form its original
position on the slope. It may be in a deformed or undeformed state.

ZONE OF DEPLETION -The area within which the displaced material lies
below the original ground surface.

ZONE OF ACCUMULATION -The area within which the displaced material lies
above the original ground surface.

LENGTH (L)-Distance from top to tip. .

WIDTH (W) -Maximum distance from left flank to right flank, measured
perpendicular to length.

DEPTH (D) -Maximum depth to the basal shear surface measured perpendicular
to the ground surface.

BASAL SHEAR (or RUPTURE) SURFACE -Surface at base of main body on which
landslide movement took place.

FIGURE 3.1 -Idealized slump and earth flow, showing nomenciature for

parts of a landslide. (Modified from Varnes, 1978).




FIGURE 3.2 -lIdealized block slide, which moved downslope
primarily by translation on gently curved basal shear
surface. Graben (down-dropped block of ground)
present at head. Arrow shows direction of movement.
(Modified from Varnes, 1978).
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which moved downslope primarily by translation along a planar or
gently curved shear surface. Ground-crack patterns and other
surficial features in several parts of the Summit Ridge area indicate
that the large landslides produced by the Loma Prieta earthquake
were complex slumps, block slides, or combinations of the two types.
(Earth flows were not observed in this area after the earthquake, and
this type of landslide is included in figure 3.1 only for gompleteness
in defining landslide nomenclature). The illustrations in figures 3.1
and 3.2 are highly idealized; few actual examples of such landslides
exhibit all of the features illustrated, most actual landslides are
irregular in shape, and many landslides are complex features that
exhibit more than one type of movement--such as a combination of
downslope translation and rotation.

Surficial features characteristic of completely developed
slumps and block slides include, but are not limited to, the following:

* Main scarps at the upslope margins of slumps are typically
arcuate, concave-downslope in plan view (fig. 3.1). Main scarps
of block slides may be arcuate or linear, and some block slides
have down-dropped blocks, called "grabens,” at their heads (fig.
3.2). The overall trends of main scarps of both slumps and
block slides are typically across the slope, approximately
parallel or subparallel to the contours.

* Sets of discontinuous, crown cracks are typically present
upslope and subparallel to main scarps (fig. 3.1).

* Flanks are defined by scarps or cracks trending downslope, or
by en echelon sets of cracks, accompanied by local lateral
ridges, compression features, or other indicators of relative
movement. The overall trend of landslide flanks is typically
approximately parallel or subparallel to the downslope
direction.

* Zones of internal cracks and scarps may be present (fig. 3.1),
sometimes defining completely detached blocks within
landslides. However, some landslides exhibit major cracking
only along the margins and may have large areas of internal
ground surface that are relatively undeformed (fig. 3.2).

* Zones of bulging ground and (or) areas of compressional
cracking may be present at the downslope margins.



* Topography within large landslides is commonly uneven,
hummocky, disrupted, or benched (consisting of alternating
steep and gentle stretches of slope). Zones of reversed slope
inclination may also be present. An example of benched
topography is shown in figure 3.3.

* Surface drainage may be disrupted, as evidenced by local
ponding of water, small springs, and similar features.

* Most ground cracks and other surface features associated with
landslides are located on ridge flanks and other slopes,
although some areas of ridge tops and (or) flat valley floors
may also be involved in some cases.

* Displacements across scarps and cracks in landslides, in
aggregate, are consistent with downslope movement. Locally,
however, scarps may also face upslope, as at the downslope
margin of grabens (fig. 3.2) or the upslope margins of
completely detached blocks within a landslide mass.

Note that recognition and identification of landslides is based
on the overall patterns of ground cracks and other surficial features
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