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INTRODUCTION 

Central California, in the vicinity of San Francisco and 
Monterey Bays, has a history of fatal and damaging land- 
slides, triggered by heavy rainfall, coastal and stream ero- 
sion, construction activity, and earthquakes. The great 1906 
San Francisco earthquake (M~8.2-8.3) generated more 
than 10,000 landslides throughout an area of 32,000 km2 
(Keefer, 1984); these landslides killed at least 11 people 
and caused substantial damage to buildings, roads, rail- 
roads, and other civil works. Smaller numbers of land- 
slides, which caused more localized damage, have also 
been reported from at least 20 other earthquakes that have 
occurred in the San Francisco Bay-Monterey Bay region 
since 1838 (Youd and Hoose, 1978; Keefer, 1984; 
Wieczorek and Keefer, 1987; D.K. Keefer, unpub. data, 
1992). Conditions that make this region particularly sus- 
ceptible to landslides include steep and rugged topogra- 
phy, weak rock and soil materials, seasonally heavy 
rainfall, and active seismicity. 

Given these conditions and history, it was no surprise 
that the 1989 Loma Prieta earthquake generated thousands 
of landslides throughout the region. Landslides caused one 
fatality and damaged at least 200 residences, numerous 
roads, and many other structures. Direct damage from land- 
slides probably exceeded $30 million; additional, indirect 

economic losses were caused by long-term landslide block- 
age of two major highways and by delays in rebuilding 
brought about by concern over the potential long-term 
instability of some earthquake-damaged slopes. 

The 1989 Loma Prieta earthquake provided the first 
relatively complete data set on landslides generated by an 
earthquake of this size (M=7.0, M ~ 7 . 1 )  in central Cali- 
fornia. Previous landslide-producing earthquakes in the 
region, except for the 1906 event, were either much smaller 
or too poorly documented to accurately assess landslide 
effects. The papers in this chapter discuss many aspects 
of earthquake-induced landsliding, ranging from determi- 
nations of the overall distribution of landslides to detailed 
analyses of individual slope failures. Many of these as- 
pects are consistent with the results of previous analyses 
based largely on data from other regions. Therefore, many 
of the slopes that failed during the earthquake could have 
been identified as susceptible to landsliding by using ex- 
isting criteria and techniques (for example, Keefer, 1984; 
Wieczorek and others, 1985; Wilson and Keefer, 1985; 
Keefer and Wilson, 1989). 

Several other aspects of the landsliding, however, had 
few, if any, historical analogs and thus lead to new con- 
clusions concerning the generation of landslides by seis- 
mic events. Among these new conclusions are that (1) 
many ground cracks throughout the epicentral region were 
caused by incipient landslide movement, (2) seismically 
generated landslides may be important contributors to long- 
term coastal erosion, (3) areas of ground cracking adja- 
cent to some fault ruptures may produce landslides 
substantially larger and more complex than those produced 
at greater distances from the fault by shaking alone, (4) 
many ground cracks associated with landslides near fault 
ruptures show evidence of previous movement and thus 
may be detectable by subsurface investigations, and (5) 
slope-stability analyses based on material strengths mea- 
sured on small-diameter samples may underestimate ac- 
tual earthquake-induced landslide displacements. 

The first three papers in this chapter discuss various 
facets of the regional distribution of landslides: overall 
distribution and characteristics, coastal landslides, and gen- 
eration of landslide dams. The next four papers discuss 
large, complex landslides that were generated "near the 
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rupture zone, including their overall characterization, 
analysis of their relation to ground cracks produced by 
processes other than landsliding, subsurface investigations 
documenting previous movement histories, and use of these 
well-documented features to calibrate methods of dynamic 
slope-stability analysis. Other chapters in this volume also 
discuss topics closely related to landslides: soil liquefac- 
tion, which produces types of landslides not described 
here (see O'Rourke, 1992; Holzer, in press); and ground 
cracks near the rupture zone (Ponti, in press). 

OVERALL DISTRIBUTION AND 
CHARACTERISTICS OF LANDSLIDES 

The landslides produced by the 1989 Loma Prieta earth- 
quake occurred throughout an area of 15,000 km2, includ- 
ing most of the heavily populated San Francisco Bay region 
(fig. 1). Landslides damaged hundreds of residences and 
other structures, some as far from the epicenter as San 
Francisco (fig. I), and blocked major highways for peri- 
ods as long as weeks to months, but they caused only one 
fatality. The overall distribution and characteristics of these 
earthquake-generated landslides (except for those caused 
by soil liquefaction) are discussed by Keefer and Manson 
(this chapter). 

Landslides were most abundant in an area of about 2,000 
km2 in the southern Santa Cruz Mountains (fig. 1). De- 
spite its rugged topography, this mountainous area is popu- 
lated, and the landslides caused substantial damage. At 
least 1,050 and, possibly, as many as about 3,000 land- 
slides occurred. The most common types of landslides 
were rock falls, rock slides, and disrupted soil slides, types 
that also are most common in earthquakes worldwide 
(Keefer, 1984). Deeper seated and more coherent slumps 
and block slides were moderately common. 

Most landslides were in materials that previous studies 
had identified as highly susceptible to earthquake-induced 
failure, including weakly cemented rocks, artificial fills, 
uncemented alluvial materials, and preexisting landslide 
deposits (Keefer, 1984; Wieczorek and others, 1985; 
Wilson and Keefer, 1985; Keefer and Wilson, 1989). In 
fact, many of the same geologic units that produced abun- 
dant landslides in this earthquake had previously been 
identified as highly susceptible to seismic slope failure 
in a study of San Mateo County, immediately to the north 
(Wieczorek and others, 1985). More than 85 percent of 
the earthquake-induced landslides occurred southwest 
of the fault rupture, almost certainly because the fault 
separated groups of rocks with significantly different 
properties. 

In addition to cracks associated with clearly defined 
landslides, the earthquake opened cracks in hundreds of 
ridgetops and hillsides throughout the southern Santa Cruz 

Mountains. Analysis of the locations and characteristics 
of these cracks leads to the conclusion that many of the 
cracks were, in fact, produced by incipient landslides. 
Keefer and Manson (this chapter) conclude that if condi- 
tions had been wetter at the time of the earthquake or if 
shaking had been more severe, many of these sites prob- 
ably would have produced fully developed landslides, and 
so the total landslide damage would have been much 
greater. 

COASTAL LANDSLIDES 

Outside the Santa Cruz Mountains, landslides occurred 
along a 240-km-long stretch of the central California coast 
(fig. I), which is characterized in most places by steep, 
high bluffs. Griggs and Plant (this chapter) discuss these 
coastal landslides, with emphasis on the northern Monterey 
Bay area, where these landslides were most abundant. 
Coastal landslides damaged or imperiled residences and 
other structures both on bluff tops and in beach areas at 
the bases of bluffs. In addition to fully developed land- 
slides, the earthquake generated cracks on bluff tops as 
much as 10 m inland from bluff faces, raising questions 
about the long-term stability of many sites. 

Griggs and Plant (this chapter) note that seismic failure 
of coastal bluffs may be a hazard not widely recognized 
during planning for construction in coastal areas. This 
absence of recognition derives from the common practice 
of basing construction setbacks or other hazard-mitigation 
procedures on calculated long-term average rates of bluff 
erosion. Because the period of recorded data may be too 
short to include major, well-documented earthquakes, the 
contribution of earthquake-induced failure may not be 
taken into account. Our experience in the 1989 Loma Prieta 
earthquake thus can be used to improve recognition and 
mitigation of hazards in the coastal area. 

LANDSLIDE DAMS 

Another effect of the earthquake-triggered landslides 
was the formation of landslide dams in the Santa Cruz 
Mountains, as described by Schuster and others (this chap- 
ter). Such landslide dams can pose delayed or long-term 
hazards because these dams are prone to fail from buildup 
of water behind them. Historical failures of landslide dams 
and consequent flooding events have killed as many as 
100,000 people. The 1989 Loma Prieta earthquake pro- 
duced five documented landslide dams, all within about 
10 km of the epicenter (fig. 1). These dams were small, 
ranging from 200 to 50,000 m3 in volume, and impounded 
lake volumes ranging from 150 to 6,000 m3. Two of the 
dams were removed by human excavation, and three failed 
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Figure 1.-San Francisco Bay-Monterey Bay region, Calif., showing approximate limit of area affected by earthquake-generated landslides 
and locations of study areas of papers in this chapter. Base map from Edwards and Batson (1990). 
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naturally, producing only minor flooding that did not ex- 
ceed channel capacity. Schuster and others conclude that 
the generation of landslide dams by the earthquake was 
limited by the uncommonly dry conditions in the San Fran- 
cisco-Monterey Bay region at the time of the event. 

LARGE LANDSLIDES NEAR THE 
FAULT RUPTURE IN THE SUMMIT 

RIDGE AREA 

CHARACTERIZATION 

The most unusual slope-failure effects generated by the 
earthquake were the large, complex, deep-seated landslides 
that occurred in and around Summit Ridge, near the rup- 
ture zone (fig. 1; see Keefer and others, this chapter). 
Initial recognition of these landslides was hindered by 
their occurrence in an area of pervasive ground cracks, 
many of which originated from mechanisms other than 
landsliding (Ponti and Wells, 1991; Ponti, in press). De- 
tailed mapping (Spittler and Harp, 1990) and analysis of 
ground-surface features in the Summit Ridge area eventu- 
ally delineated 20 landslides, each with surface areas of 
more than 10,000 m2. The largest individual landslide, 
which had a surface area of 680,000 m2 and an estimated 
volume of 27 million m3, encompassed about 165 homes, 
many of which were severely damaged. An unusual fea- 
ture of the landslides in the Summit Ridge area, in addi- 
tion to their size and complexity, was the discontinuity of 
the surface features defining their boundaries. Keefer and 
others conclude that these discontinuous boundary fea- 
tures probably resulted from the small landslide displace- 
ments, ranging from 0.25 to 2.44 m. 

According to Keefer and others (this chapter), the close 
association of these landslides with other, earthquake-gen- 
erated ground cracks, the historical record of landslides in 
the Summit Ridge area, and analytical slope-stability mod- 
eling all suggest that future reactivation of the landslides 
is unlikely except during earthquakes. Although two pos- 
sible analogs of these landslides, generated by previous 
earthquakes, are discussed by Harp (this chapter), such 
landslides are extremely rare in the historical record. Thus, 
the landslides in the Summit Ridge area represent a newly 
recognized type of landslide hazard along fault traces. 

RELATION OF LANDSLIDE CRACKS TO 
OTHER, EARTHQUAKE-GENERATED CRACKS 

Differentiation of landslide-generated ground cracks 
from other cracks in the Summit Ridge area is detailed by 
Harp (this chapter), who concludes that the locations and 
orientations of most nonlandslide ground cracks were con- 

trolled by elements of the regional geologic structure, such 
as bedding planes and local faults. Harp shows how these 
structurally related cracks interacted with downslope move- 
ment to produce the unusually complex structure of the 
landslides in the Summit Ridge area. 

TRENCHING INVESTIGATIONS 

Trenching investigations designed to determine the sub- 
surface characteristics and movement histories of ground 
cracks are described by Nolan and Weber (this chapter). 
Their study includes detailed analyses of the features ob- 
served in two postearthquake trenches and a synthesis of 
data from 24 previous (both preearthquake and 
postearthquake) trenching investigations in the Summit 
Ridge area. One of the trenches studied in detail was ex- 
cavated across the well-defined main scarp of a large land- 
slide; the other was excavated across a ground crack that 
could be related to landsliding, tectonic deformation, or 
both. Both trenches revealed features indicative of at least 
four displacement events, including the 1989 Loma Prieta 
earthquake. These events occurred within a time period of 
approximately 3,200 years in one place and of approxi- 
mately 2,000 years in the other. One movement event on 
one crack was probably associated with the 1906 San Fran- 
cisco earthquake. 

From their analysis of these and the 24 other trenching 
investigations, Nolan and Weber (this chapter) conclude 
that most ground cracks showing more than 3 to 5 cm of 
extension and (or) more than 1 to 3 cm of vertical dis- 
placement attributable to the 1989 Loma Prieta earthquake 
also showed clear subsurface evidence of previous move- 
ment. They also found that although not all ground cracks 
with previous displacements were reactivated by the earth- 
quake, most cracks with previous displacements were as- 
sociated with recognizable surface topographic features. 
The results of their study thus indicate that careful sub- 
surface investigation before construction can minimize the 
potential hazard from earthquake-induced ground crack- 
ing in such areas. 

SEISMIC SLOPE-STABILITY ANALYSIS 

The landslides in the Summit Ridge area presented a 
rare opportunity to calibrate existing techniques for ana- 
lyzing potential slope displacements under seismic condi- 
tions. The study by Cole and others (this chapter) involved 
sampling, material testing, and seismic slope-stability 
analysis of two of these landslides. Cole and others con- 
clude that slope-stability analyses conducted by measur- 
ing material strengths in the laboratory on small-diameter 
samples may underestimate actual landslide displacements. 
They also found that calculated landslide displacements 
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are highly sensitive to predicted ground-water levels within 
the analyzed slopes and to the ground-motion record used 
as input to the analysis. Their study shows that seismic 
slope-stability analysis may be made more accurate if ma- 
terial strengths can be estimated from backanalysis of pre- 
vious slope failures. 

1989 Loma Prieta earthquake has provided both a warn- 
ing about the need for these efforts and significant new 
information with which to improve them. 
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ABSTRACT 

The 1989 Loma Prieta earthquake generated thousands 
of landslides, most of which occurred within an area of 
approximately 2,000 km2 in the rugged, heavily vegetated 
southern Santa Cruz Mountains, but also along a 240-km 
stretch of the central California coast and throughout an- 
other 13,000 km2 of the San Francisco Bay-Monterey Bay 
region. Landslides triggered by the earthquake damaged 
or destroyed more than 100 residences and other struc- 

tures, blocked roads throughout the affected region, and 
caused one fatality. 

Near the rupture zone itself, the earthquake generated 
several large, complex landslides with surface areas as 
great as 85 ha and depths possibly exceeding 100 m. 
Throughout the rest of the southern Santa Cruz Moun- 
tains, the most abundant landslides were shallow, inter- 
nally disrupted rock falls, rock slides, and soil slides, 
although more coherent and deeper seated landslides also 
were moderately common. In addition to landslides, the 
earthquake opened ground cracks at hundreds of localities 
throughout the Santa Cruz Mountains. Many of these 
cracks almost certainly marked incipient landslides, which 
would have developed more fully had ground conditions 
been wetter or the earthquake shaking more severe. 

The shallow, internally disrupted landslides were most 
common in weakly to moderately cemented sedimentary 
rocks, whereas the more coherent landslides were most 
abundant in artificial fill and preexisting landslide depos- 
its. All types of landslides were more abundant southwest 
of the San Andreas fault than to the northeast, probably 
owing to the widespread distribution of relatively weakly 
consolidated rocks in the area southwest of the fault. Along 
the coastal cliffs bordering the Pacific Ocean, large land- 
slides occurred out to relatively great distances from the 
rupture zone, indicating that these seacliffs are especially 
susceptible to seismically induced failure. 

INTRODUCTION 

The M=7.0 Loma Prieta earthquake triggered thousands 
of landslides throughout approximately 15,000 km2 of 
central California, including most of the San Francisco 
Bay-Monterey Bay region (fig. 1). These landslides were 
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of several different types, occurred in various geologic 
environments, and locally caused significant damage to 
public infrastructure and private property. As part of an 
effort to document the effects of this earthquake, the larg- 
est in the region since 1906, mapping of landslides and 
related ground-failure features was begun the day after 
the earthquake. The mapping was carried out by more 
than 50 individuals from Government agencies, universi- 
ties, and private firms; landslide localities and detailed 
descriptions from the area most heavily affected by land- 
slides were compiled by Manson and others (1992). This 
paper uses these and other data to summarize general char- 
acteristics of the landslides generated by the earthquake 
and to compare these landslides with those generated by 
other historical earthquakes. 

SETTING OF THE EARTHQUAKE 

The region affected by the 1989 Loma Prieta earth- 
quake stretches inland from the Pacific coast, through the 
broad lowlands around San Francisco Bay and Monterey 
Bay, to parts of the Coast Ranges of central California 
(fig. 1). 

CLIMATE, VEGETATION, AND POPULATION 

The affected region has a Mediterranean climate, char- 
acterized by warm, dry summers and cool, rainy winters. 
Virtually all precipitation occurs as rain, 90 percent of 
which falls during the winter months of November through 
April. Mean annual precipitation ranges from about 300 
to about 2,000 mm throughout the region; coastal moun- 
tains generally receive the most precipitation, and inland 
valleys the least (Rantz, 1971). Precipitation varies widely 
from year to year. The 1989 Loma Prieta earthquake oc- 
curred during the fourth year of drought conditions, when 
rainfall was only about 50 to 70 percent of normal, and at 
the end of the dry summer season-a combination of cir- 
cumstances that made ground conditions especially dry. 

The San Francisco Bay-Monterey Bay region (fig. 1) is 
heavily urbanized, with a population of almost 6 million 
people. Vegetation varies throughout the nonurbanized 
parts of the region, with areas of marsh, grassland, coastal 
scrub, chaparral, oak, evergreen, redwood, and mixed for- 
ests (Thomas, 1961). 

Most of the landslides produced by the earthquake oc- 
curred in the southern Santa Cruz Mountains, through 
which the rupture zone passes (fig. 1). Topography in this 
area ranges from gently rolling hills to steep, rugged ridges 
separated by narrow canyons; altitudes range from near 
sea level to 1,155 m. Much of the area is covered by 
dense redwood or oak forest or chaparral, and the dense 

vegetation precluded systematic mapping of landslides 
from aerial photographs or airborne observations. Mean 
annual precipitation in the area ranges from about 500 to 
1,500 mm (Rantz, 1971). 

GEOLOGY 

The Coast Ranges and intervening lowlands (fig. 1) are 
underlain by a wide variety of sedimentary, igneous, and 
metamorphic rocks and unconsolidated sedimentary de- 
posits, most of which range in age from Jurassic through 
Holocene. The rocks vary greatly in composition, degree 
of consolidation, amount of deformation, and depth of 
weathering. Shale, siltstone, sandstone, and volcanic rocks 
predominate. Colluvium of varying depth and composi- 
tion mantles most hillslopes. 

In the southern Santa Cruz Mountains, the geologic con- 
ditions and bedrock units southwest of the San Andreas 
fault differ significantly from those to the northeast. South- 
west of the fault, the predominant bedrock units are Ter- 
tiary sedimentary rocks-primarily sandstone, siltstone, 
mudstone, and shale-and smaller bodies of intrusive, vol- 
canic, and metamorphic rocks (Brabb, 1989). The most 
widespread sedimentary units are the Purisima Formation 
(siltstone with sandstone interbeds), the Butano Sandstone 
(sandstone, siltstone, and minor conglomerate), the Santa 
Cruz Mudstone (mudstone), the Monterey Formation (mud- 
stone and siltstone), the San Lorenzo Formation (sand- 
stone, mudstone, and shale), the Vaqueros Sandstone 
(sandstone with interbeds of mudstone and shale), and the 
Santa Margarita Sandstone (sandstone). These rocks, which 
typically strike northwest, are poorly to moderately con- 
solidated, varyingly weathered, intensely folded, and lo- 
cally sheared and faulted. They are commonly covered by 
colluvial and residual soils, as much as several meters 
thick. Near the coast and in the southern part of the area, 
near Pajaro Valley (see pi. I), these rocks are overlain by 
poorly consolidated to unconsolidated Quaternary alluvial 
and terrace deposits. 

Northeast of the San Andreas fault, large parts of the 
area are underlain by rocks of the Central Belt of the 
Franciscan Complex (Upper Cretaceous to Lower 
Eocene?). Although these rocks are more indurated than 
those southwest of the fault, they are intensely and perva- 
sively sheared. The predominant unit is melange, com- 
posed of resistant blocks of different sizes and rock types 
enclosed in a less resistant matrix of penetratively sheared 
argillite, tuff, and sandstone (McLaughlin and others, 
199 1). Other types of Franciscan rocks include limestone, 
chert, basalt, and metasandstone (McLaughlin and others, 
1988, 1991). Also present in the area northeast of the 
fault are rocks of the Coast Range ophiolite (Middle? to 
Late Jurassic), made up of serpentinite, ultramafic rocks, 
gabbro, diabase, igneous dikes and sills, and volcanic 
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Figure 1.-San Francisco Bay-Monterey Bay region, showing geographic limit of landslides generated by 1989 Loma Prieta earthquake and 
locations of landslide zones discussed in text in relation to epicenter and rupture zone. Base map from Edwards and Batson (1990). 
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rocks (McLaughlin and others, 1988, 1991; Clark and 
others, 1989). 

The areas immediately northeast of the San Andreas 
fault is underlain by sedimentary rocks that range in age 
from Upper Jurassic through Tertiary. These rocks vary 
widely in degree of induration, but on average they are 
more indurated than the sedimentary rocks in the area 
southwest of the fault. Predominant rock types are 
conglomerate, sandstone, mudstone, and shale. These 
rocks also are intensely folded and locally sheared and 
faulted. 

SEISMICITY 

The region affected by the 1989 Loma Prieta earth- 
quake lies along the boundary between the North Ameri- 
can and Pacific plates. This region contains many active 
and potentially active faults, including the plate-bounding 
San Andreas fault. In addition to myriad small and mod- 
erate historical earthquakes, 23 earthquakes of M26.0 have 
occurred in the region since 1836 (Wesnousky, 1986; U.S. 
Geological Survey, 1990), two of which were as large as 
the 1989 Loma Prieta earthquake (M=7.0 in 1838 and 
M=7.0 in 1868) and one substantially larger (M=8.2-8.3 
in 1906) (U.S. Geological Survey, 1990). 

The earthquake occurred at 5:04 p.m. P.d.t. on October 
17, 1989, and had a Richter surface-wave magnitude 
(Mr) of 7.1 (Plafker and Galloway, 1989) and a moment 
magnitude (At) of 7.0 (Hanks and Krawinkler, 1991). 
The hypocenter was at approximately 18-km depth and 
was located at lat 37'02' N., long 121'53' W., in the 
Santa Cmz Mountains (fig. 1; Plafker and Galloway, 1989). 
The earthquake is inferred to have ruptured a 40-km-long 
segment of either the San Andreas or a nearby fault 
(Plafker and Galloway, 1989; Working Group on 
California Earthquake Probabilities, 1990; Hanks and 
Krawinkler, 1991); the rupture zone extended from near 
the Pajaro Gap, east of Watsonville, northwestward to 
near California Highway 17 (fig. 1; Plafker and Gallo- 
way, 1989; Working Group on California Earthquake 
Probabilities, 1990). 

No throughgoing surface fault rupture was found. In- 
stead, areas of the ground surface adjacent to the trace of 
the San Andreas fault exhibited complex patterns of 
coseismic fissures (U.S. Geological Survey staff, 1989; 
Spittler and Harp, 1990; Ponti and Wells, 1991; Aydin 
and others, in press). Geodetic surveys showed that the 
fault slip caused as much as 173 mm of subsidence in a 
zone mostly northeast of the mapped trace of the San 
Andreas fault, and as much as 592 mm of uplift in a zone 
mostly southwest of the mapped fault trace (Marshall and 
others, 199 1). 

PREVIOUS LANDSLIDE ACTIVITY 

Prehistoric landslide deposits are widespread in the 
mountains of the San Francisco Bay-Monterey Bay re- 
gion (for example, Brabb and others, 1972 and Cooper- 
Clark and Associates, 1975), and abundant historical 
landslides have occurred there in association with earth- 
quakes (Lawson, 1908; Youd and Hoose, 1978; Keefer, 
1984; Marshall, 1990), storms (Keefer and others, 1987; 
Ellen and Wieczorek, 1988), and other events, such as 
construction activity and coastal erosion. These landslides 
have caused several deaths and significant property dam- 
age, and landsliding is a common and recurring hazard in 
the region. 

Landslides are known to have occurred during the Oc- 
tober 8, 1865, earthquake (M=6.5) on the San Andreas 
fault and the October 21, 1868, earthquake (M=7.0) on 
the Hayward fault. These earthquakes, however, were 
poorly documented, and the available historical informa- 
tion is fragmentary (Youd and Hoose, 1978; Marshall, 
1990). 

Documentation of landslides caused by the much larger 
April 18, 1906, San Francisco earthquake (M=8.2-8.3), 
though incomplete, was substantially more extensive 
(Lawson, 1908; Youd and Hoose, 1978; Keefer, 1984; 
Marshall, 1990). This earthquake probably generated more 
than 10,000 landslides throughout an area of 32,000 km2 
(Keefer, 1984; Keefer and Wilson, 1989). In addition to 
causing many shallow, highly disrupted landslides of the 
types most common in earthquakes (Keefer, 1984), the 
1906 earthquake triggered or reactivated many deep-seated 
rotational slumps in the Coast Ranges (Lawson, 1908). In 
addition to being larger than the 1989 earthquake, the 
1906 earthquake occurred when the region was relatively 
wet as a result of recent precipitation (Lawson, 1908; Youd 
and Hoose, 1978; Schuster and others, this chapter). 

More recent seismic events in the region for which land- 
slides have been documented were smaller than the 1989 
Loma Prieta earthquake. They include the 1957 Daly City 
earthquake (Mr=5.3), the 1979 Coyote Lake earthquake 
(ML=5.4), the 1980 Greenville-Mount Diablo earthquake 
sequence (max ML=5.8), and the 1984 Morgan Hill earth- 
quake (Mp6.1), each of which triggered a few dozen to a 
few hundred landslides (predominantly shallow rock falls, 
soil falls, and disrupted soil slides) within areas of about 
10 to 500 km2 around the epicenters (Keefer, 1984; D.K. 
Keefer, unpub. data, 1992). In addition, the 1984 Morgan 
Hill earthquake triggered a large, deep-seated landslide at 
an anomalously large distance of 53 krn from the epicen- 
ter (Wieczorek and Keefer, 1987). 

Substantial landslide activity due to precipitation in the 
region has been documented during the rainfall seasons of 
1949-50, 1955-56, 1961-62, 1962-63, 1964-65, 1966- 
67,1968-69, 1969-70,1972-73, 1974-75, 1977-78, 1982- 
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83, 1983-84, and 1986-87 (Keefer and others, 1987; 
Brown, 1988; Ellen and Wieczorek, 1988). The greatest 
documented landslide activity was associated with the 
storm of January 3-5, 1982, which produced as much as 
610 mm of rain within 34 hours and caused more than 
18,000 landslides and more than $66 million in landslide- 
related damage (Ellen and others, 1988). 

DISTRIBUTION AND 
CHARACTERISTICS OF LANDSLIDES 
GENERATED BY THE EARTHQUAKE 

GENERAL CHARACTERISTICS AND 
CLASSIFICATION OF EARTHQUAKE-INDUCED 

LANDSLIDES 

Earthquake-induced landslides were classified into 
three major categories and 14 individual types by Keefer 
(1984), on the basis of the landslide terminology 
defined by Varnes (1978). Landslides in the first major 
category-called "disrupted slides and falls" by Keefer 
(1984) and "category I landslides" by Keefer and Wilson 
(1989)-include landslides with a high degree of 
internal disruption that typically originate on steep slopes 
and travel at high velocities of several meters per hour to 
100 kmlh or more. The six individual types of landslides 
in this category include falls, slides, and avalanches in 
both soil and rock. Rock falls and soil falls move by 
falling, bouncing, and rolling; rock slides and soil slides 
move by translational sliding on discrete basal shear 
surfaces; and rock avalanches and soil avalanches move 
by complex mechanisms involving both sliding and 
fluidlike flow. Except for rock avalanches, most category 
I landslides are less than 3 m thick; rock avalanches, which 
have volumes of more than 0 . 5 ~ 1 0 ~  m3, are typically 
thicker. 

Category I1 landslides, or "coherent slides," include five 
individual types that move primarily by sliding on dis- 
crete basal shear surfaces. These landslides are more co- 
herent than those in category I and typically consist of 
one to several moving blocks; they also are relatively deep 
seated, typically more than 3 m thick. Included in this 
category are rock slumps and soil slumps, which move on 
concave-upward basal shear surfaces with significant 
headward rotation, and rock block slides, soil block slides, 
and slow earth flows, all of which move primarily by 
translational sliding on planar or gently curved basal shear 
surfaces. Typical velocities of landslides in this category 
range from a few millimeters per hour to several meters 
per hour. 

Category I11 landslides, or "lateral spreads and flows,'' 
include soil lateral spreads, rapid soil flows, and 

subaqueous landslides, all of which move primarily by 
fluidlike flow. Most category I11 landslides are associated 
with soil liquefaction. Soil liquefaction caused by the 
1989 Loma Prieta earthquake is the subject of other 
chapters of this volume (O'Rourke, 1992; Holzer, in 
press), and so category I11 landslides are not discussed 
further here. 

IDENTIFICATION AND MAPPING OF 
LANDSLIDES AFTER THE EARTHQUAKE 

Landslide identification and mapping began the day af- 
ter the earthquake. Initial observations from fixed-wing 
aircraft and preliminary examination of postearthquake 
aerial photographs showed that because of the dense veg- 
etation cover in much of the epicentral region, mapping 
of landslide distribution from the air was not feasible. 
Therefore, subsequent mapping was conducted primarily 
on the ground, consisting of traverses in vehicles along 
all primary and many secondary roads throughout this 
region, and on foot through selected areas. Additional data 
on landslides in Santa Cruz County was provided from 
reports by building inspectors, who noted instances of 
building damage after the earthquake. Landslide localities 
were compiled on U.S. Geological Survey l:24,000-scale 
7.5-minute topographic quadrangles, and data on land- 
slide types and other characteristics were compiled from 
field notes (Manson and others, 1992). 

In the southern Santa Cruz Mountains, where most of 
the landslides occurred, landslide localities were digitized, 
and maps and accompanying field-locality descriptions 
were published by Manson and others (1992); these 
l:48,000-scale maps cover 15 7.5-minute quadrangles 
(Manson and others, 1992). In this paper, those data were 
used to determine the numbers and characteristics of land- 
slides in categories I and 11. The data include some locali- 
ties where multiple landslides were reported, at a few of 
which the number of landslides was estimated from the 
field descriptions because it was not reported directly. For 
each landslide locality, the geologic unit was determined 
from either the field description or a geologic map. In 
addition, each landslide source was classified according 
to geomorphic environment (ridgecrest, midslope, 
streambank, artificial cut or artificial fill), using either the 
field description or a topographic map. 

In addition to this regional mapping, more detailed map- 
ping, involving closely spaced traverses on foot, was car- 
ried out in the Summit Ridge area (fig. 1; Spittler and 
Harp, 1990) and in Forest of Nisene Marks State Park 
(see pi. I), immediately around the epicenter (Weber and 
Nolan, 1989). In these two areas, most earthquake-induced 
landslides were probably identified. In other areas, 
however, the number of landslides that occurred was 
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probably higher than that reported, because of heavy veg- 
etation, remoteness of some areas, and lack of access to 
some private property. As discussed below, the detailed 
mapping in Forest of Nisene Marks State Park was used 
to estimate the total number of landslides that occurred 
throughout the affected region. 

The next subsection discusses the characteristics, abun- 
dance, and geologic environments of landslides that oc- 
curred in the southern Santa Cruz Mountains, followed by 
data on coastal landslides (discussed in more detail by 
Griggs and Plant, this chapter) and on landslides that oc- 
curred at widely scattered localities throughout the rest of 
the San Francisco Bay-Monterey Bay region. Finally, we 
discuss these results and compare the landslides gener- 
ated by the 1989 Loma Prieta earthquake with those gen- 
erated by other historical earthquakes. 

SOUTHERN SANTA CRUZ MOUNTAINS 

After the earthquake, a total of about 1,280 landslides 
from 1,046 different sources were mapped within in an 
area of approximately 2,000 km2 in the southern Santa 
Cruz Mountains (see pis. 1, 2; fig. I): about 1,050 land- 
slides were mapped during the general reconnaissance; 
210 in Forest of Nisene Marks State Park, immediately 
around the epicenter (Weber and Nolan, 1989); and 20, 
particularly large, in the Summit Ridge area (see Keefer 
and others, this chapter). Altogether, these landslides dam- 
aged more than 160 homes (Seed and others, 1990; Spittler 
and Harp, 1990; Manson and others, 1992); damaged other 
structures, such as retaining walls and water-supply pipes 
and tanks (Manson and others, 1992); damaged and 
blocked numerous roads (Manson and others, 1992); and 
dammed creeks at five localities (see Schuster and others, 
this chapter). In addition to landslides, ground cracks were 
reported in another 300 localities (see pis. 1, 2; Weber 
and Nolan, 1989; Manson and others, 1992), as well as in 
the Summit Ridge area, where coseismic ground cracking 
was pervasive throughout an area of about 30 km2 (Spittler 
and Harp, 1990; Ponti and Wells, 1991). As discussed 
below, many of the ground cracks in the southern Santa 
Cruz Mountains were probably caused by incipient land- 
slide movement. 

DISRUPTED SLIDES AND FALLS 
(CATEGORY I LANDSLIDES) 

Of all the landslides identified in the southern Santa 
Cruz Mountains, 950 (74 percent) were disrupted slides 
and falls (category I landslides), primarily rock falls, rock 
slides, and disrupted soil slides. Deposits of those land- 
slides typically consisted of shallow, highly disrupted 
masses of soil and rock (figs. 2, 3), some containing boul- 
ders more than 1 m in diameter (fig. 4). These landslides 

occurred on steep readouts, streambanks, and ridge flanks. 
A third (33 percent) of the landslides were adjacent to 
roads, and most of these landslides involved artificial cuts. 
Of the remaining category I landslides, 31 percent origi- 
nated low on slopes, along streambanks; 6 percent near 
ridgecrests; and 62 percent in midslope localities. 

Most of the rock falls, rock slides, and soil slides had 
volumes of less than 100 m3, but about 90 were larger, 
ranging in volume from 100 m3 to several thousand cubic 
meters. These larger landslides were restricted to locali- 
ties within about 10 km of the rupture zone (fig. I), mostly 
in the drainages of Bear Creek, Zayante Creek, Lyndon 
Canyon, Corralitos Creek, Rider Creek, Browns Creek, 
Hinckley Creek, or Sequel Creek (see pis. 1, 2). Four 
rock falls and rock slides, ranging in volume from 200 to 
3,500 m3, dammed creeks in this area (see Schuster and 
others, this chapter). 

One of the largest rock falls (fig. S ) ,  with an estimated 
volume of 5,000 to 8,000 m3, blocked both northbound 
lanes of California Highway 17, the main road between 
Santa Cruz and the San Francisco Bay region, for 33 days 
after the earthquake, necessitating $1.8 million in repairs 
(Spittler and others, 1990). This rock fall originated from 
two source areas in moderately cemented sandstone of the 
Purisima Formation on a steep roadcut, 15 m high. One 
source was in highly fractured rock with three conspicu- 
ous, orthogonal joint sets; the other source was in rock 
that was both highly fractured and intensely weathered. 
Between these two sources, the rock was relatively un- 
weathered massive sandstone, with an average joint spac- 
ing of about 1 m. 

Another complex of rock falls and rock slides, which 
resulted from failures of cut slopes on both sides of Cali- 
fornia Highway 17, temporarily blocked that highway at 
the Santa Cruz-Santa Clara County line (fig. 2). The land- 
slide source was a sequence of steeply dipping beds of 
sandstone and shale of the Vaqueros Sandstone, which 
were massive but locally closely fractured. Rock falls were 
generated only within the shale beds, and open fissures on 
the ridgecrest above the source west of the highway indi- 
cated that these rock falls were related to an incipient 
slope failure which was much larger and deeper. Together, 
the rock falls and rock slides at this locality contained an 
estimated several hundred cubic meters of material. 

The bedrock units in which rock falls, rock slides, and 
soil slides occurred in the southern Santa Cruz Mountains 
are listed in table 1 in decreasing order of landslide abun- 
dance. Whereas 32 different geologic units produced cat- 
egory I landslides, only 7 units produced more than 24 
landslides each (table 1). Five of these seven units were 
Tertiary sedimentary rocks southwest of the San Andreas 
fault, one was a sedimentary unit northeast of the fault, 
and another was composed of preexisting landslide de- 
posits (table 1). The Purisima Formation produced far more 
landslides than any other unit (more than 25 percent of 
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Figure 2.-Part of deposit 
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Figure 3.-Rock fall from near- 
vertical cut along Old San Jose 
Road. about 0.9 km northwest 
of Sugarloaf Mountain (see pi. 2 
for location). Source rock is weakly 
to moderately cemented sandstone, 
broken by conspicuous, through- 
going joints. Estimated volume of 
deposit is 500 to 1,000 m3. 
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the total), consistent with the generally poor consolida- egory I landslides in all units were typically in materials 
tion of its rocks (Clark and others, 1989) and their wide- that were weakly cemented, closely fractured, intensely 
spread distribution near the rupture zone (fig. 1; Brabb, weathered, and (or) broken by conspicuous, throughgoing 
1989). Where observed in outcrop, the sources of cat- joints. 

Figure 4.-Boulder, approximately 1.5 m in maximum di- 
ameter, from earthquake-induced rock fall near conference 
ground about 2.5 km north of Soquel (see pi. 2 for loca- 
tion). Several boulders of nearly comparable size bounced 
and rolled into gently sloping field from steep slope above. 

Figure 5.- 
from cut 
Highway 
pi. 2 for 1 

-Part of rock- 
slope above 

17 in Glenwo( 
ocation). 

fall deposit 
California 

~d area (see 



REGIONAL DISTRIBUTION AND CHARACTERISTICS OF LANDSLIDES GENERATED BY THE EARTHQUAKE C15 

More indurated igneous rocks, southwest of the San 
Andreas fault, and Franciscan Complex rocks, northeast 
of the fault, produced few category I landslides (table 1); 
in all, 85 percent of the category I landslides occurred 
southwest of the San Andreas fault. 

To compare the landslide susceptibility of the various 
units, we calculated the number of landslides per unit area 
(table 1). Data on the areas of occurrence of the various 
units were derived from digitized U.S. Geological Survey 
geologic maps (Brabb, 1989; Clark and others, 1989; 
McLaughlin and others, 1988, 1991). The results of this 
comparison showed that sedimentary rocks, primarily 
southwest of the fault and primarily of Tertiary age, were 
most susceptible to generating category I landslides. (Some 
Quaternary units, particularly alluvium, artificial fill, and 
preexisting landslide deposits, were incompletely repre- 
sented on these maps and so were omitted from the calcu- 
lations.) 

Many of the units that produced more than 10 reported 
category I landslides had been identified as highly sus- 
ceptible to earthquake-induced slope failure in San Mateo 
County, just north of the southern Santa Cruz Mountains, 
by Wieczorek and others (1985). Those high-susceptibil- 
ity units included the Purisima Formation, the San Lorenzo 
Formation, preexisting landslide deposits, the Monterey 
Formation, and the Lambert Shale. 

COHERENT SLIDES 
(CATEGORY I1 LANDSLIDES) 

In the southern Santa Cruz Mountains, 330 (26 percent) 
of the mapped landslides were slumps or block slides (cat- 
egory I1 landslides; fig. 6). These landslides typically were 
deeper and more coherent than the category I landslides 
and consisted of one or a few blocks of displaced mate- 
rial. Commonly, the category I1 landslides were bounded 
at their heads by distinct scarps or fissures, and many 
contained internal fissures and compressional features as 
well. 

The slumps and block slides triggered by the earth- 
quake ranged in size from small features, a few meters 
long and a few meters wide, to the large, complex land- 
slides in the Summit Ridge area, as much as 980 m long 
by 1,300 m wide (see Keefer and others, this chapter). 
Measured displacements on category I1 landslides ranged 
from less than 1 to more than 300 cm, and most displace- 
ments were from 10 to 100 cm. Of these landslides, 30 
percent involved roadcuts, fills, or embankments; 15 per- 
cent originated on ridgecrests; 33 percent occurred in 
midslope localities; and 22 percent were along ridge flanks. 
Average slopes where these landslides occurred ranged 
from about 12' to near vertical. 

Probably the most common category I1 landslides were 
small slumps in roadfill (fig. 7), which were typically 
characterized by arcuate, concave-downslope main scarps 

and several subsidiary fissures that disrupted the road sur- 
face and continued into underlying material. Such slumps 
were common on both paved and unpaved roads through- 
out the southern Santa Cruz Mountains. 

Many larger, more complex slumps also occurred, both 
in the Summit Ridge area and elsewhere in the southern 
Santa Cruz Mountains. One of the largest of these slumps 
outside the Summit Ridge area, with an estimated volume 
of 50,000 m3, dammed the west branch of Sequel Creek 
(see Schuster and others, this chapter). Another large slump 
occurred in the Rebecca Drive area of the community of 
Boulder Creek, where five residences were heavily dam- 
aged by a combination of earthquake shaking and land- 
slide movement (fig. 8). 

The Rebecca Drive landslide originated near the crest 
of a long, broad ridge. The main scarp (fig. 9), which 
passed under two houses, was 150 m long, and discon- 
tinuous small scarps and cracks continued along its strike 
for an additional 90 m. Maximum measured displacement 
across the main scarp was 57 cm. Subsidiary cracks were 
present both upslope from the main scarp and within the 
body of the landslide. Material exposed at the surface in 
the head of the landslide was a slightly cohesive, fine- 
sand fill, but the landslide almost certainly extended down- 
ward into the underlying soil and Santa Margarita 
Sandstone bedrock. 

No compressional feature marking the landslide toe was 
found, but because the ridge flank was heavily vegetated, 
small compressional features may have been present but 
not observed. No indications of landslide displacement, 
however, were found along a roadcut into the ridge about 
150 m downslope from the main scarp, and so the slump 
was probably less than 150 m long from crown to toe. 

Several large block slides in bedrock occurred from the 
ends of prominent ridges in the southern Santa Cruz Moun- 
tains. These landslides had distinctive shapes and were 
recognized primarily by displacements in road surfaces 
and adjacent roadcuts. Their features typically consisted 
of (1) zones of linear or arcuate, concave-downslope scarps 
and cracks above the roads, which marked the main scarps 
and heads of the block slides (figs. 10, 11); (2) flank 
cracks trending perpendicular to the long axes of the roads 
and exhibiting displacements consistent with downslope 
movement (figs. 10, 12); and (3) small rock falls or soil 
slides dislodged where flank cracks intersected steep cuts 
above the roads (figs. 10, 12). The block slides typically 
were several tens to a few hundreds of meters wide and 
moved from a few to a few tens of centimeters. Because 
these landslides did not develop visible compressional fea- 
tures marking their toes, their lengths could not be deter- 
mined. 

Most category I1 landslides were in unconsolidated Qua- 
ternary deposits (especially artificial fill, preexisting land- 
slide deposits, or alluvium) or in poorly to moderately 
indurated Tertiary sedimentary rocks (especially the 
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Table 1 .-Geologic units that produced category I landslides 

[Predominant lithologies from Dibblee and Brabb (1978), Brabb and Dibblee (1979), Brabb and Pampeyan (1983), McLaughlin and others (1988, 1991), Brabb (1989), Clark 
and others (1989), and E.E. Brabb (oral commun., 1992). Ages: K, Cretaceous; J, Jurassic; Mz, Mesozoic; Pz, Paleozoic; Q, Quaternary; T, Tertiary. n.d., not determined] 

Average 
Direction number of 
from San landslides 
Andreas per square 

Unit Predominant lithology Age Fault kilometer 

More than 200 landslides reported 

Purisima Formation-------------- Weakly consolidated sandstone and siltstone----------------------- T sw 1.62 

50 to 100 landslides reported 

Preexisting landslide deposits- Colluvium and various rocks, displaced downslope--------------- Q Both n.d. 
Sierra Azul unitÃ‘Ã‘Ã‘ Sandstone and argi]lite ................................................. K NE 2.18 

(sandstone and shale). 

25 to 49 landslides reported 

10 to 24 landslides reported 

5 to 9 landslides reported 

1 to 5 landslides reported 
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Purisima Formation, Vaqueros Sandstone, or San Lorenzo 
Formation) (table 2). All of these units except the Vaque- 
ros Sandstone were identified by Wieczorek and others 
(1985) as highly susceptible to slope failure in earthquakes. 
The more indurated Franciscan Complex rocks northeast 
of the San Andreas fault produced only one reported land- 
slide of this type, whereas the intrusive rocks southwest 
of the fault produced none. Approximately 95 percent of 
these landslides occurred in the area southwest of the San 
Andreas fault. 

At least 20 particularly large and complex category I1 
landslides and landslide complexes with distinctive char- 
acteristics occurred in an area of about 30 km2, on and 
around Summit Ridge, immediately southwest of the rup- 
ture zone (fig. 1). These landslides are described by Keefer 
and others (this chapter), and various aspects of them are 
discussed by Cole and others (this chapter), Harp (this 
chapter), and Nolan and Weber (this chapter). These 
landslides occurred in an area that also contained the great- 
est abundance of earthquake-induced ground cracks 
(Spittler and Harp, 1990; Ponti and Wells, 1991), and the 
landslides and ground cracks in this area destroyed or 
damaged more than 100 residences (Spittler and Harp, 
1990). 

The landslides and landslide complexes ranged in 
surface area from 1 to 85 ha. Drilling and other evidence 
indicated that the landslides were at least 27, and 
possibly more than 100 m, deep (William Cotton and As- 

Figure 6.-Block diagrams showing idealized coherent (category iociatei, Inc., 1990; Cole and others, 1991, this chapter; 
11) landslides. A, Slump, consisting of single coherent block, 
showing movement with significant headward rotation on curved 

Keefer, 1991; Keefer and others, this chapter). The maxi- 

basal shear surface. I!, Block slide, consisting of single coherent mum estimated an landslide was 
block. showins translational movement on olanar basal shear 27x10~ m3 (see Keefer and others, this chapter). In addi- --. . - 
surface. Adapted from Varnes (1978, fig. 2.1); copyright 63 U.S. tion to their large sizes, the landslides were characterized by 
National Academy of Sciences, used with permission. 

Figure 7.-Small slump in road P.11 
near Bean Hill (see pi. 2 for loca- 
tion). Note arcuate, concave- 
downslope main scarp nearly 
parallel to long axis of road. 
Slumps in fill were most common 
type of category I1 landslides in the 
southern Santa Cruz Mountains. 
Photograph by David M. Peterson, 
U.S. Geological Survey. 
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highly irregular shapes and boundaries marked by discon- 
tinuous sets of ground cracks and other surficial features. 

These landslides occurred on moderate slopes, typically 
ranging from 12' to 30Â° in an area underlain by poorly to 
moderately cemented Tertiary sandstone, siltstone, mud- 
stone, and shale, varyingly weathered and sheared and 
covered by colluvial and residual soils, more than 20 m 
thick. The rocks are tightly folded and locally faulted, and 
most of the largest landslides were along the southwest 
flank of Summit Ridge, where the folding is tightest and 
faults and coseismic ground cracks most numerous (See 
Keefer and others, this chapter). Virtually all of the large 
landslides and landslide complexes also contained mate- 
rial from preexisting landslide deposits that had been iden- 
tified before the 1989 Loma Prieta earthquake (Cooper- 
Clark and Associates, 1975). 

GROUND CRACKS 

In addition to landslides, the earthquake generated 
numerous ground cracks throughout the southern Santa 
Cruz Mountains. During the general reconnaissance, 
such fissures were identified at about 220 localities 
(see pi. l), and the intensive mapping in Forest of Nisene 

Marks State Park identified about 80 more localities (We- 
ber and Nolan, 1989). In addition, ground cracks were 
pervasive throughout the Summit Ridge area, as noted 
above. 

Earthquake-induced ground cracks throughout the 
southern Santa Cruz Mountains evidently were caused 
by several different processes, including differential 
settlement, particularly in roadfills and embankments; lo- 
cal adjustments to the tectonic uplift that occurred south- 
west of the rupture zone (fig. 1); and incipient landsliding. 
Ground cracks interpreted as marking incipient landslides 
commonly occurred along or near ridgecrests and (or) 
upslope from either preexisting landslide deposits or 
earthquake-generated landslides. These ground cracks 
typically were also nearly parallel to slope contours, were 
linear or concave downslope in plan view, and exhibited 
displacements consistent with downslope movement. An 
example of a ground crack interpreted as an incipient land- 
slide feature is shown in figure 13. Reported ground cracks 
were most common in artificial fill, preexisting landslide 
deposits, and the Tertiary sedimentary rocks southwest 
of the San Andreas fault, especially in the Purisima 
Formation, Vaqueros Sandstone, Lambert Shale, Butano 
Sandstone, and San Lorenzo Formation. 
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ESTIMATED TOTAL NUMBER OF LANDSLIDES IN 
THE SOUTHERN SANTA CRUZ MOUNTAINS 

An extrapolation to the total number of landslides in 
the southern Santa Cruz Mountains may be obtained by 
comparing the landslide concentration in Forest of Nisene 
Marks State Park with that in adjacent areas, as deter- 
mined by regional reconnaissance mapping. That study 
was designed to map all earthquake-induced landslides in 
the rugged, heavily vegetated terrain of the park through 
extensive traverses on foot (Weber and Nolan, 1989). The 
bedrock units in Forest of Nisene Marks State Park are 
the same as those that are extensive throughout adjacent 
areas and consist largely of folded Tertiary sedimentary 
rocks, including the Purisima Formation, Vaqueros Sand- 
stone, San Lorenzo Formation, Butano Sandstone, Lam- 
bert Shale, and Zayante Sandstone. 

Within the study area of 38.85 km2, intensive mapping 
identified 210 earthquake-induced landslides, and so the 
average landslide concentration was 5.4 landslides per 
square kilometer. Throughout the rest of the Laurel and 
Loma Prieta 7.5-minute topographic quadrangles, in which 
Forest of Nisene Marks is located, 559 landslides were 

mapped by the general reconnaissance (see pis. 1, 2). The 
total area of these two quadrangles outside the park is 
269.3 km2, and so the landslide concentration in this 
area is 2.1 landslides per square kilometer. Thus, the av- 
erage, mapped landslide concentration within the park is 
2.6 times the average concentration throughout the rest of 
the two quadrangles. If (1) geologic conditions in the park 
were the same as throughout the rest of the two quad- 
rangles and (2) the difference in landslide concentration 
is assumed to be due entirely to the more intensive map- 
ping effort within the park, then the total number of land- 
slides in the southern Santa Cruz Mountains outside the 
park may be about 2.6 times greater than the 1,050 actu- 
ally mapped, or a total of 2,730. In addition to the 210 
landslides mapped inside the park, then, the total number 
of earthquake-generated landslides in the southern Santa 
Cruz Mountains may be as many as 3,000. Because For- 
est of Nisene Marks State Park surrounds the epicenter 
(see pi. 2) and rocks that predominate there are among 
the most susceptible to landsliding (table l), this estimate 
probably represents an upper limit to the actual number of 
landslides that occurred in the southern Santa Cruz 
Mountains. 

Figure 9.-Part of main scarp of 
Rebecca Drive landslide (see pi. 1 
for location). Notebook (circled) is 
20 by 27 cm. Approximate 
downslope displacement at this lo- 
cality was 40 cm; maximum mea- 
sured displacement across scarp 
was 57 cm. 
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LANDSLIDES IN OTHER AREAS 

COASTAL LANDSLIDES 

The earthquake also generated many landslides on the 
steep seacliffs, dunes, and terraces that border the Pacific 
Ocean. The San Francisco Bay-Monterey Bay region has 
an emergent, actively eroding coastline; typically, behind 
the beach, the coastal area contains a steep, rugged seacliff 
that in many places is topped with a gently sloping terrace 
surface. In some places, such as along the Big Sur coast, 
south of Monterey (fig. I), the seacliff directly borders steep 
mountain slopes, hundreds of meters high. In a few other 
areas, such as along Sunset State Beach near the mouth of 
the Pajaro River (fig. l), the beach is bordered by dunes. 

Earthquake-induced landslides occurred along the coast 
from Marin County, north of San Francisco, to the Big 
Sur area south of Monterey, a distance of about 240 lun 

(fig. 14). Coastal landslides caused several million dollars 
in damage and killed one person (see Griggs and Plant, 
this chapter). The seacliff along much of this stretch of 
coast is composed largely of Tertiary sedimentary rocks, 
capped in many places by Quaternary terrace deposits, 
but also locally includes granitic or metamorphic rocks, 
Franciscan Complex materials, and semiconsolidated Qua- 
ternary sedimentary deposits. 

The greatest concentration of coastal landslides was be- 
tween Seabright State Beach in Santa Cruz and Sunset 
State Beach near the Santa Cruz-Monterey County line 
(fig. 14; Plant and Griggs, 1990; Sydnor and others, 1990; 
Griggs and Plant, this chapter). The predominant seacliff 
materials along this stretch of coast are (1) siltstone, mud- 
stone, and fine-grained sandstone of the Purisima Forrna- 
tion, capped by unconsolidated terrace deposits; (2) weakly 
cemented, eolian Aromas Sand; and (3) Pleistocene dune 
deposits. This stretch of coast produced 80 mapped land- 

Figure 10.-Sketch map showing rock fall and block slide from end of ridge in Big Basin Redwoods State Park (see pi. 1 for location). Road curves 
around end of ridge in midslope position. Prominent scarps on ridgecrest above road (hachured on downdropped side, dashed where approximately 
located) showed as much as 6 cm of downslope displacement. Small arrows denote relative senses of motion on cracks in road, which typically 
trend perpendicular to long axis of roadway. Maximum local lateral displacement was 1.5 cm. Large arrow indicates approximate, inferred direction 
of movement of slide. No compressional features were found in heavily vegetated area downslope from road. Rock and soil falls (shaded areas) 
occurred on cut slope above road. 



REGIONAL DISTRIBUTION AND CHARACTERISTICS OF LANDSLIDES GENERATED BY THE EARTHQUAKE c 2  1 

Figure 12.-Lateral margin (left flank) of block slide near Laurel (see 
pi. 2 for location) defined by crack across road, showing left-lateral 
movement. Note small rock fall where crack intersects steep cut slope 
across road. 
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slides: 69 disrupted slides and falls and 11 coherent slides 
(Plant and Griggs, 1990; Manson and others, 1992). At 
least 13 of the disrupted slides and falls had volumes 
greater than 1,000 m3, and another 22 had volumes greater 
than 100 m3 (see pi. 1; Manson and others, 1992). 

North of Seabright State Beach landslides along the 
seacliffs were moderately common as far north as Lake 
Merced in San Francisco (fig. 14); many of these land- 
slides also were relatively large (fig. 15), with reported 
volumes of as much as 40,000 m3. The landslides along 
this stretch of coast were most common in Santa Cruz 
Mudstone, Purisima Formation, Pigeon Point Formation, 
and the terrace deposits that locally cap these rocks. In 
the Lake Merced area, landslides occurred in weakly 
cemented sand, silt, and clay of the Merced Formation- 
the same materials that produced several landslides in the 
1906 San Francisco earthquake (Mp8.2-8.3) (Lawson, 
1908) and the 1957 Daly City earthquake (ML=5.3) 
(Bonilla, 1960). 

North of the Lake Merced area, small landslides trig- 
gered by the 1989 Loma Prieta earthquake were observed 
as far north as Bolinas, in Marin County (fig. 14), and one 
large landslide reactivation was reported between Muir 
Beach and Stinson Beach (Seed and others, 1990). This 
reactivated landslide, approximately 300 m wide by 30 m 
deep, involved highly weathered and sheared sandstone 
and shale of the Franciscan Complex. Since previously 
activated as a result of severe storms in winter 1982, this 
landslide had been moving relatively continuously at a 
rate of less than 30 cmlyr. This rate increased signifi- 
cantly immediately after the earthquake, and between 2 
and 3 weeks after the earthquake, the coastal highway 
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Table 2.-Geologic units that produced category II landslides 

[Predominant lithologies from Dibblee and Brabb (1978), Brabb and Dibblee (1979), Brabb and Pampeyan (1983). McLaughlin and others (1988, 1991), Brabb (1989), 
Clark and others (1989), and E.E. Brabb (oral commun., 1992). Ages: K, Cretaceous; Q, Quaternary; T, Tertiary. n.d., not determined] 

A v r  
Direction number of 
from San landslides 
Andreas per square 

Unit Predominant lithology Age Fault kilometer 

More than 50 landslides 

Artificial fill Artificial fill, composed of various mixtures Q Both n.d. 
of clay, silt, sand, gravel, and coarser material. 

25 to 50 landslides 

Preexisting landslide deposits- Colluvium and various rocks, displaced downslope Q Both n.d. 
Purisima Formation-------------- Weakly consolidated sandstone and siltstone-------- T SW .25 
Vaqueros Sandstone------------- Sandstone, shale, and mudstone---------------------- T SW .60 

10 to 24 landslides 

San Lorenzo Formation--------- Mudstone, sandstone, and shale---------------------- T SW .62 
Alluvium"------------------------ Unconsolidated fluvial silt and sand with local clay Q Both n.d. 

5 to 9 landslides 

Highland Way unit--------------- 
(sandstone and shale). 

Lambert 
Monterey Formation------------- 
Sierra Azul unit----------------- 

(conglomerate). 
Older alluvium---.--------------. 
Nonmarine deposits-------------- 
Marine sandstone and shale----- 
Lompico Sandstone-------------- 
Franciscan Complex------------- 

(sheared rocks). 
Dune sandsÃ‘Ã‘Ã‘.----------- 
Santa Cruz Mudstone------------ 
Zayante Sandstone--------------- 

1 to 4 landslides 

Carbonaceous shale and minor sandstone------------- T NE .38 

Organic mudstone------- ................................. T sw .20 
Organic mudstone and sandy siltstone----------------- T SW .05 
Pebbly to bouldery conglomerate---------------------- K NE .17 

(California Highway 1) was closed at this locality pend- South of Sunset State Beach (see pi. I), along the 
ing repairs, which were estimated by the California De- Monterey County coast, small landslides were observed 
partment of Transportation to involve the excavation of along the seacliffs as far south as the Big Sur area (figs. 
460,000 m3 of material (Seed and others, 1990). 1, 14). The southernmost landslide, a small rock fall, was 
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reported from a locality known locally as Raining Rocks 
Point (Edwin L. Harp, oral commun., 1989), in an appar- 
ent reference to the common occurrence of rock falls there. 

PERIPHERAL AREA 

Outside the southern Santa Cruz Mountains and the 
coastal area, landslides occurred at widely separated lo- 
calities throughout an additional 13,000 km2 of the San 
Francisco Bay-Monterey Bay region. Several dozen land- 
slides, mostly small rock falls, rock slides, or soil slides 
less than 100 m3 in volume, were mapped. However, the 
mapping in this area was not as thorough as in the Santa 
Cruz Mountains, and extrapolating from available obser- 
vations, several hundred landslides may actually have oc- 
curred in this area. The east limit of the landslide-affected 
area was determined as a line through reported landslide 

localities near San Ardo, at Pacheco Pass, near Livermore, 
and through Mount Diablo (fig. 1). A few landslides in 
this peripheral area were rotational slumps. 

One large, particularly destructive landslide was reported 
in central San Francisco, along Eighth Avenue between 
Ortega and Moraga Streets (Seed and others, 1990; J.J. 
Lienkaemper, unpub. data, 1990). The slope on which the 
landslide occurred was approximately 22'-38' and was 
composed of dry, loose to weakly cemented dune sand. 
The landslide formed a zone of cracks about 350 m long, 
with estimated maximum displacements of 10 to 20 cm. 
These cracks were near the top of the slope, which was 
about 20 to 35 m high. At least 30 residences were de- 
stroyed or heavily damaged by the landslide displacement 
(Seed and others, 1990). Indications of slope instability 
had been reported since the first houses were built there, 
approximately 50 years before the earthquake (Seed and 
others, 1990). 

A 

Figure 13.-Ridgecrest fissure and associ- 
ated landslide along Robinwood Way (see 
pi. 2 for location). A, Ground crack, also 
breaking pavement and foundation slab. 
Crack is nearly linear, trends parallel to 
long axis of steep, high, narrow ridge, and 
is immediately upslope from slump shown 
in figure 135. Downslope direction is to- 
ward right. B, Rotational slump originat- 
ing on edge of ridgecrest, immediately 
below ground crack shown in figure 13A. 
Position and orientation of crack and rela- 
tion to slump indicate that crack is an in- 
cipient landslide feature. 
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DISCUSSION AND CONCLUSIONS 

The 1989 Loma Prieta earthquake generated landslides 
throughout an area of about 15,000 km2. Category I land- 
slides occurred as far as 133 km from the epicenter and 
100 km from the rupture zone (fig. 1); category I1 land- 
slides occurred as far as 11 1 km from the epicenter and 
99 krn from the rupture zone. These area and maximum 
distance values are within the ranges of similar data com- 
piled from other historical earthquakes (figs. 16-18). How- 
ever, most of the landslides triggered by the 1989 Loma 
Prieta earthquake (75-85 percent of estimated total; see 
below) were within a comparatively small area of about 
2,000 km2 in the southern Santa Cruz Mountains and 
within 25 km of the fault zone. Similar concentrations of 
landslides relatively close to a fault rupture were noted in 
the 1980 Mammoth Lakes, Calif., earthquake (MF~ .  1) 
and the 1980 Mount Diablo, Calif., earthquake (Me5.8), 

two of the only three other earthquakes for which such 
data have been reported (Keefer and Wilson, 1989). 

Estimates of the total number of landslides generated 
by the earthquake (exclusive of those caused by soil liq- 
uefaction) range from the approximately 1,500 actually 
mapped (1,280 in the southern Santa Cruz Mountains, 80 
along the coast, and several dozen elsewhere) to approxi- 
mately 4,000 (3,000 in the southern Santa Cruz Moun- 
tains, as extrapolated from mapping in Forest of Nisene 
Marks State Park, and a few hundred elsewhere). 

Studies of other historical earthquakes have shown that 
the total number of landslides generated by an earthquake 
of a given magnitude varies widely, depending on the 
geologic conditions in the affected region and the charac- 
teristics of the ground motion (Keefer, 1984; Keefer and 
Wilson, 1989). Keefer and Wilson, who presented data 
from eight previous earthquakes of Me7.0-7.2, estimated 
that the numbers of landslides generated by those earth- 

igu ire antinued. 
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Figure 14.-San Francisco Bay-Monterey Bay region, showing limits of coastal landslides and areas of abundant coastal landslides. Base map 
from Edwards and Batson (1990). 
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quakes ranged from less than 100 to 20,000. The number 
of landslides generated by the 1989 Loma Prieta earth- 
quake falls in about the middle of this range. The high 
proportion of category I landslides generated by the earth- 
quake (74 percent of those in the southern Santa Cruz 
Mountains and most of those elsewhere) is also consistent 
with data from other historical earthquakes (Keefer, 1984; 
Keefer and Wilson, 1989). 

Most category I landslides generated by the 1989 Loma 
Prieta earthquake involved weakly to moderately cemented 
rocks that locally were deeply weathered, closely frac- 
tured, and (or) broken by conspicuous, throughgoing joints. 
A significant number also occurred in preexisting land- 
slide deposits. Preexisting landslide deposits and rocks 
with such characteristics have been identified as highly to 
extremely highly susceptible to slope failure, on the basis 

Figure 15.Ã‘Coasta 
south of mouth of Si 
fig. 14 for location) 
proximately 60 m 
Mary M. Donato, U 

landslide about 0.8 krn 
an Gregorio Creek (see 
. Toe of deposit is ap- 
wide. Photograph by 
.S. Geological Survey. 
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of studies of other earthquakes (Keefer, 1984, 1993); many 
of the specific geologic units that produced abundant land- 
slides had also been previously identified as particularly 
susceptible to failure (Wieczorek and others, 1985). Simi- 
larly, category I1 landslides were mostly in materials pre- 
viously identified as highly susceptible to failure, especially 
uncemented to poorly cemented artificial fills, alluvium, 
and many of the same rock types that produced category I 
landslides (Keefer, 1984). 

The distribution of landslides generated by the earth- 
quake was significantly asymmetric with respect to the 
rupture zone (fig. I): In the southern Santa Cruz Moun- 
tains, 85 percent of the category I landslides and 95 per- 
cent of the category I1 landslides were southwest of the 
San Andreas fault. This asymmetry probably is due mostly 
to differences in geologic conditions on the two sides 
of the fault: Relatively weakly consolidated rocks (prima- 
rily Tertiary sedimentary rocks) are significantly more 
abundant southwest of the fault than to the northeast. The 
southwest side of the fault, however, was also the hang- 
ing-wall block above a high-angle reverse fault and un- 
derwent tectonic ground-surface deformation as well; 

thus, the asymmetry could also be partly due to this 
condition. 

Outside the southern Santa Cruz Mountains, the slopes 
most susceptible to failure, as indicated by the number 
and size of landslides, were the seacliffs along the Pacific 
coast. This high susceptibility also conforms to findings 
in other historical earthquakes, including the 1906 San 
Francisco earthquake (Lawson, 1908). 

Three aspects of the landsliding that were anomalous 
relative to other earthquakes were (1) the occurrence of 
large, complex landslides in the Summit Ridge area (fig. 
1); (2) the generation of large, deep-seated block slides 
from the ends of prominent ridges; and (3) the occurrence 
of ground cracks at hundreds of localities in the southern 
Santa Cruz Mountains. The large, complex landslides in 
the Summit Ridge area are described in more detail by 
Keefer and others (this chapter). These landslides were 
restricted to an area of pervasive ground cracking adja- 
cent to the San Andreas fault, and their generation prob- 
ably is directly related to that ground cracking. 
Descriptions of similar landslides are rare in reports on 
previous earthquakes (see Harp, this chapter), and so the 
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E A R T H Q U A K E  M A G N I T U D E  

Figure 16.-Area of landslides gener- 
ated by 1989 Loma Prieta earthquake, 
A, as a function of earthquake magni- 
tude, M, in comparison with other his- 
torical earthquakes with epicenters 
onshore (dots) and offshore (x's). Most 
data points and upper-bound curve 
(solid line) from Keefer (1984); addi- 
tional data points and log-linear mean 
(dashed line) from Keefer and Wilson 
(1989). 
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Summit Ridge landslides are manifestations of a newly 
recognized, probably recurrent hazard in areas adjacent to 
some fault traces. 

The generation of large, deep-seated block slides from 
the ends of prominent ridges was also an occurrence not 
recognized in reports on previous earthquakes, although 
previous studies had identified the ends of ridges as sus- 
ceptible to shallow rock falls (for example, Harp and oth- 
ers, 1981). The block slides in the Santa Cruz Mountains 
were marked by the occurrence of small rock falls along 
their flanks, and other earthquake-induced rock falls in 
similar environments might also indicate the presence of 
larger, deeper seated landslides. The ends of prominent 
ridges in the Santa Cruz Mountains thus are also environ- 
ments subject to a newly recognized, probably recurrent 
hazard. 

Finally, the earthquake generated ground cracks at hun- 
dreds of localities in the southern Santa Cruz Mountains. 
Many of these ground cracks showed characteristics 
consistent with the formation of incipient landslides. In 
similar environments, the 1906 San Francisco earthquake, 

which occurred when ground conditions were compara- 
tively wet, generated abundant deep-seated landslides 
(Lawson, 1908). Under wetter conditions and (or) more 
severe ground shaking during the Loma Prieta earthquake, 
many of these zones of ground cracks probably would 
have developed into large, deep-seated landslides, and so 
the magnitude of landslide damage could have been much 
greater. 
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Figure 17.-Maximum distance of landslides from 
epicenter of 1989 Loma Prieta earthquake as a func- 
tion of earthquake magnitude, in comparison with 
other historical earthquakes. A, Disrupted slides and 
falls (category I landslides). B, Coherent slides (cat- 
egory I1 landslides). Most data points and upper- 
bound lines from Keefer (1984); additional data 
points from Wieczorek and Keefer (1987) and Harp 
and Keefer (1990). 
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Figure 18.-Maximum distance of landslides from rupture zone of 1989 Loma Prieta earthquake (fig. 1) as a function of earthquake magnitude, in comparison with other historical 
earthquakes. A, Disrupted slides and falls (category I landslides). B, Coherent slides (category I1 landslides). Most data points and upper-bound lines from Keefer (1984); additional 
data points from Keefer and Wilson (1989). 
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ABSTRACT 

The 1989 Loma Prieta earthquake caused bluff failures 
along 240 km of coastline between Marin County and the 
Big Sur coast of Monterey County, in various rock types 
and under varying slope conditions. Peak accelerations 
of 0.54 g horizontal and 0.60 g vertical were measured 10 
km from the epicenter on the coast at Capitola. Coastal- 
bluff failures were most common nearest the epicenter, 
where extensive blufftop cracking and collapse led ulti- 
mately to the demolition of three homes and six apart- 
ment units. One death and several million dollars in 
damage were attributed to coastal landslides. Three 
types of coastal bluff failures were documented: (1) block 
falls in well-consolidated sedimentary rocks, (2) transla- 
tional slides in more friable sandstone, and (3) sandflows 
in Quaternary dune deposits. Long-term stability of the 
central-coast bluffs, which underwent tensional cracking 
as far as 10 m inland from the bluff edge, is uncertain. 
The potential for earthquake-induced bluff failures exists 
along virtually the entire coastline of California, owing 
to the presence of active faults throughout the region. To 
date, however, this hazard has not been widely recog- 
nized. 

At least 86 percent of California's 1,750 km of shore- 
line is actively eroding, while 80 percent of the State's 
population now live within 50 km of the coast. The con- 
flict between the population growth and the inherent in- 
stability of much of the shoreline has become increasing 
apparent in recent years, with $150 million in coastal storm 
damage during the decade 1978-88 alone. 

Coastal erosion along the California shoreline is domi- 
nated by episodic events, typically the simultaneous oc- 
currence of large storm waves and high tides. Although 
coastal-bluff erosion is commonly perceived as primarily 
a wave-induced phenomenon, seacliff failure is also a sub- 
aerial process. Landslides, slumps, and debris flows occur 
in response to elevated pore pressures resulting from ei- 
ther intense rainfall or elevated ground-water conditions, 
or overloading or oversteepening of a coastal bluff. An- 
other significant process affecting coastal-cliff retreat is 
seismic shaking during large earthquakes. Although 
coastal-protection structures have slowed erosion of the 
coastline by wave action in some areas, failures continue 
to take place along both protected and unprotected bluffs, 
owing to terrestrial processes (fig. 1). 

The potential for earthquakes that can affect coastal 
bluffs is significant along the entire length of the State's 
coastline (fig. 2). Of principal concern in northern Cali- 
fornia is the active San Andreas fault system, which fol- 
lows the shoreline from Cape Mendocino to the San 
Francisco peninsula. Along the central California coast, 
the active San Gregorio-Hosgri fault extends from north 
of San Francisco southwesterly along the shoreline of San 
Mateo and northern Santa Cruz counties, across Monterey 
Bay, and along the coast of Monterey, San Luis Obispo, 
and northern Santa Barbara Counties. The Santa Ynez, 
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More Ranch, Mesa, Arroyo Parida, and Oakridge faults 
extend along or intersect the shoreline between Point Con- 
ception and Ventura. The Malibu Coast, Palos Verdes, 
and Newport-Inglewood faults traverse or intersect the 
shoreline of Los Angeles County and the northern part of 
Orange County. Finally, the Rose Canyon Fault parallels 
the coast of much of San Diego County. No part of the 
coastline of California is more than 20 or 30 km from an 
active fault (Jennings, 1975), and most areas are consider- 
ably closer. 

The effects of large earthquakes on coastal-bluff stabil- 
ity in central and northern California have generally been 
poorly documented, partly because of the infrequency of 
these events, the relatively short historical record in the 
region, the relatively low population densities along this 
part of the California coast at the time of previous large 
earthquakes, and, therefore, the absence of observations. 

During the October 8, 1865, Santa Cruz Mountains earth- 
quake (M-6.51, the Santa Cruz Sentinel reported that "be- 
low Soquel the high cliffs crumbled into the sea" and "a 
continuous cloud of dust rose along the cliffs between 
Castro's Landing [now called Rio Del Mar] and Santa 
Cruz." One of us (N.P.) was on the beach at Rio Del Mar 
during the 1989 Loma Prieta earthquake and noted the 
same phenomenon: A continuous cloud of dust rose along 
the coastal bluffs as loose surficial material broke loose 
and cascaded downslope. During the great 1906 San Fran- 
cisco earthquake (M=8.3), "much earth fell from bluffs 
near the town [of Capitola]" (Lawson, 1908). Lawson 
documented bluff failures in 1906 extending from Capitola 
on the south to Eureka on the north, a distance of about 
500 km. These few accounts constitute the extent of the 
readily available, published information describing his- 
torical earthquake-induced bluff failures along the 

Figure 1 .-Coastal-bluff failure 
fig. 4 for location) during a I 
storm in January 1982. 

Rio Del Ma 
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Monterey Bay shoreline and lead to the following conclu- 
sions: 
1. Large earthquakes apparently can cause instantaneous cliff 

retreat and weaken seacliffs through seismic shaking and 
the formation of cracks and fissures, which increase the 
seacliffs' susceptibility to failure. In addition to the hazards 
to structures or utilities at the top of a cliff, a risk also exists 
at the base of the seacliff, owing to the downslope move- 
ment, impact, and deposition of rock or soil from the 
adjacent cliff. 

2. The intensity of development along the outer edge of the 
present seacliff along most of the California coast (fig. 31, 
relative to the location of coastal fault zones (fig. 2), 
indicates that the potential for cliff failures from seismic 
shaking was probably not considered when geologic or 
geotechnical evaluations were carried out, permits were 
issued, and construction took place. 
A recent statewide evaluation of the coastal-bluff set- 

backs required by local governments for new construction 
indicates that a wide variety of approaches to this hazard 

COAST RANGE THRUST 

RODGERS CREEK-HEALDSBURG 

RINCONADA 

NACIMIENTO SAN ANDREAS 

kilometers 

PACIFIC OCEAN 
ROSE CANYON 

Figure 2.-California7 showing locations of active faults (irregular thin lines7 dashed where approximately located7 dotted 
where concealed) and thrust faults (sawteeth on upper plate) with potential to affect coastal bluffs. 
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exist (Griggs and others, 199 1). Some municipalities re- 
quire a complete geologic report, written according to spe- 
cific guidelines and subject to peer review, and a minimum 
setback of 16 to 48 m (50-150 ft) but also use a 50- to 75- 
year structural lifetime to calculate a precise setback. At 
the other end of the spectrum, one coastal city has a mini- 
mum 6-m (20-ft) setback and does not require a geologic 
report. 

Several approaches have been used to analyze the po- 
tential for bluff failures during the lifetime of a proposed 
new development. A standard approach is to use aerial 
photography and maps to determine an average long-term 
cliff-recession rate, typically based on 25 to 50 years of 
data. Using an average erosional rate in combination with 
a structural lifetime, a safe setback distance can be estab- 
lished. The assumption with this approach is that the 
timeframe covered by available maps and photographs is 
representative of long-term conditions (that is, rainfall, 
storm frequency, sea level, and so on). The longer the 
data base, the more representative the calculated erosional 
rates should be. 

Along the central California coast, all of the recent (past 
150 years) historical earthquakes large enough to have 
potentially induced bluff failures took place before aerial 
photography. Evaluations of bluff stability under seismic 

conditions, therefore, have had to rely on a combination 
of historical accounts, interpretation of more recent aerial 
photographs, existing bluff topography, and slope-stabil- 
ity analyses. These analyses have typically incorporated 
seacliff topography, strength parameters from blufftop or 
bluff-face borings, and peak accelerations based on a maxi- 
mum probable earthquake. Slope-stability analysis is a 
common geotechnical tool; disruption of soil fabric dur- 
ing sampling, lateral and vertical variations in the strength 
of soil or rock, uncertainties in the peak horizontal accel- 
erations at the site, and the role of ground water are im- 
portant variables that affect the analysis. Whereas the 
strength values of the bedrock and overlying soils are 
used in the analysis, failure typically occurs along joint 
surfaces or other planes of weakness, such that the strength 
of the materials themselves may not be the critical factor 
affecting failure. 

A key question in the evaluation of the potential for 
seismically induced bluff failures along this stretch of coast 
is whether historical failures are recognizable on older 
aerial photographs. For example, if deep-seated bluff fail- 
ure took place during the 1906 San Francisco earthquake, 
should geomorphic evidence still be present 22 years later 
(1928) when the first aerial photographs were taken? The 
Monterey Bay region also sustained two M=6 earthquakes 

Figure 3,-Intense blufftop development along coast of San Diego County, showing use of seawalls and gunnite to reduce bluff failure. 
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in October 1926 (presumably located on the offshore San 
Gregorio-Hosgri fault zone), just 2 years before these first 
aerial photographs. Site-specific analysis of several coastal- 
bluff sites around the northern margin of Monterey Bay 
through interpretation of aerial photographs indicates no 
evidence of large-scale or deep-seated failures. Although 
shallow or surficial failures have taken place repeatedly, 
primarily during winter months of prolonged or intense 
rainfall (fig. I), deep-seated or large-scale landsliding or 
slumping does not appear to have been common, at least 
during earthquakes in the 20th century. 

THE 1989 LOMA PRIETA EARTHQUAKE 

The 1989 Loma Prieta earthquake (Mz7.1) ruptured a 
40-km-long segment of the San Andreas fault zone in the 
Santa Cruz Mountains about 85 km south of San Fran- 
cisco (fig. 4). This earthquake, which was the largest to 
strike the central California coast since 1906, was felt 
over an area of 1 million km2, from Los Angeles in the 
south to the California-Oregon State line in the north. 
Within 15 to 20 s, the earthquake resulted in 67 known 
deaths, 3,757 injuries, more than 18,000 homes and 2,500 
businesses damaged, and more than 12,000 people home- 
less, as well as more than $6 billion in damage (U.S. 
Geological Survey, 1989). The earthquake ruptured a seg- 
ment of the San Andreas fault beneath the Santa Cruz 
Mountains that had been recognized as having the great- 
est probability (30 percent for the next 30 years) for pro- 
ducing an Mz6.5-7 earthquake of any fault segment north 
of the Mojave Desert in southern California (Plafker and 
Galloway, 1989). 

The epicenter was about 8 km from the nearest seg- 
ment of coastline. The most populous, densely developed 
section of coastal bluffs in Santa Cruz County sustained 
the most intense shaking. Four strong-motion-recording 
stations operated by the California Division of Mines and 
Geology provided quantitative records of shaking (Sydnor 
and others, 1990). At Capitola (fig. 41, about 13.5 km 
from the epicenter, the peak horizontal ground accelera- 
tion was 0.60 g, and the peak vertical acceleration was 
0.54 g. These peak accelerations offer a unique opportu- 
nity to compare actual peak ground-motion data with seis- 
mic coefficients typically used in slope-stability analyses 
by geotechnical engineers. 

Coastal-bluff failures resulting from the earthquake oc- 
curred along approximately 240 km of coastline between 
the town of Bolinas in the north to the Big Sur coast in the 
south, in various rock types and under varying slope con- 
ditions (Plant and Griggs, 1989). Failures were most preva- 
lent closest to the epicenter between Seabright Beach to the 
northwest and Sunset Beach to the southeast (figs. 4, 5). 

The bluff failures at Daly City, south of San Francisco 
(fig. 6), are significant because of their size, the proxim- 

ity of many homes precariously close to the cliff edge, 
and the epicentral distance of about 80 km at this site. 
The materials exposed in the 100- to 150-m-high bluffs 
consist of weakly cemented sandstone and siltstone. On 
the basis of the strong-motion data recorded within 5 km 
of the site, peak accelerations were about 0.10 to 0.14 g. 
Considering the height of the bluff, the failure was rela- 
tively thin (4.5-6 m). The 1957 Daly City earthquake 
(M=5.7), which generated similar accelerations, also pro- 
duced significant landsliding along these bluffs, as well 
as apparent tension cracks landward of the crest of the 
bluffs (Sitar, 1990). However, the blufftop was not devel- 
oped at that time. 

The peninsular section of the San Andreas fault lies 
only a few hundred meters inland from these steep land- 
slide-prone but intensively developed coastal cliffs. The 
most recent assessment of earthquake probabilities in the 
San Francisco Bay region (Working Group on California 
Earthquake Probabilities, 1990) concluded that there is a 
67-percent probability for at least one earthquake of M27 
between 1990 and 2020. One of the fault segments most 
likely to rupture is the peninsular section of the San An- 
dreas fault (fig. 41, which has been assessed as having a 
23-percent probability of rupturing within the next 30 
years. Depending on which of the San Francisco Bay re- 
gion faults rupture, the intensity of future ground shaking 
within the area of figure 5 is estimated at 2 to 7 times 
greater than that sustained during the 1989 Loma Prieta 
earthquake (U.S. Geological Survey, 1990). The coastal 
bluffs along the Daly City shoreline probably will be se- 
verely disrupted during such an event. 

COASTAL-BLUFF FAILURES IN 
NORTHERN MONTEREY BAY 

The type and extent of failures that took place along 
the seacliffs and bluffs of northern Monterey Bay were 
closely tied to the lithologies of the cliff-forming materi- 
als. Three general types of seismically induced landslides 
occurred in the coastal bluffs: rockfalls, translational slides, 
and sandflows (figs. 7-9). Sedimentary bedrock cliffs are 
particularly susceptible to earthquake-induced landslides 
where they are closely jointed or where the bedrock is 
unconsolidated or weakly cemented, and where the base 
of the cliff is unprotected from wave attack. 

Between Seabright Beach and Capitola (fig. 4), seacliffs 
are cut into a marine terrace that is as much as 25 m high. 
The lower part of the cliff consists of thick-bedded to 
massive siltstone, mudstone, and very fine grained sand- 
stone of the Purisima Formation. Even though this bed- 
rock is well indurated, it is extensively jointed and 
susceptible to failure and toppling along joint surfaces. 
The coastline in this area parallels the most pronounced 
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set of joints, which typically dip steeply seaward. Overly- 
ing the sedimentary bedrock is as much as 6 m of uncon- 
solidated terrace deposits consisting of marine cobbles, 
sand, and, commonly, a more cohesive, clay-rich soil ho- 
rizon. The near-vertical seacliffs in this area are actively 
eroding where they are not protected by seawalls or rip- 
rap. 

Seismic shaking during the earthquake initiated numer- 
ous rockfalls and block slides along this section of the 

ries toppled downslope, blufftop terrace deposits collapsed, 
and weakened bedrock failed. Horizontal and downslope 
separation along joint surfaces allowed large blocks to 
separate from more intact rock (fig. 7). The size of these 
failures was a function of joint spacing and orientation, 
frictional or cohesive strength along the joint surface, cliff 
height, and toe support. High cliffs with widely spaced, 
subvertical joints and poor toe support sustained the larg- 
est instantaneous and incipient failures in weakened or 

coast (fig. 10). Undercut bedrock and fractured promonto- undercut sedimentary rocks. 

Monterey Bay 

PACIFIC OCEAN 

Figure 4.-San Francisco Bay-Monterey Bay region, Calif., showing locations of epicenter of 1989 Loma Prieta earth- 
quake, aftershock zone, major faults (heavy lines, dashed where approximate, dotted where concealed), and coastal cities. 
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Damage to private property and public infrastructure 
was minimal along the cliffs in this area, except for those 
immediately east of Capitola (fig. 4). An apartment com- 
plex that was already overhanging the seacliff was addi- 
tionally undermined as both bedrock and terrace deposits 
toppled to the beach below (fig. 11). Earthquake-induced 
failure led to partial loss of concrete caisson support and 
cracking of the foundation slab and perimeter wall of six 
apartments. Tension cracks were visible as far as 10 m 
inland of the cliff edge. 

The apartment shown in figure 11 was originally built 
within a few meters of the bluff edge in 1967. Long-term 
(60 year) cliff-erosion rates at this site average 30 crnlyr 
(Griggs and Johnson, 1979). A cantilevered foundation 
was initially used to provide additional support in the 
event of the presumably anticipated foundation undermin- 
ing due to the ongoing seacliff erosion. Continued bluff 
failure led to emplacement of a concrete caisson support 
system during the early 1980's. Plans to resupport the 
foundation and protect the base of the eroding bluff were 
in the design-review process at the time of the earthquake 
but were subsequently reconsidered by the project engi- 
neers and geologist. Owing to the extensive blufftop crack- 
ing, the loss of foundation support, and the cracking of 
walls and foundation, as well as the threat to beach users 
at the base of the bluff, the protection and foundation 
plans were no longer deemed adequate, and six threatened 
apartment units were demolished by the Federal Emer- 
gency Management Agency at a public cost of $85,000. 

The longest continuous area of coastal landsliding was 
from east of Capitola to Rio Del Mar (figs. 4, 12, 13), 
where sandstone of the Purisima Formation supports 30- 
m-high cliffs. About 5 m of terrace deposits consisting of 
poorly consolidated sand and gravel and a soil horizon 
caps the Purisima in this area. Most of the base of the 
cliff has been isolated from wave erosion by seawalls, 
which protect the beachfront development. The steep up- 
per parts of the cliffs fail periodically during periods of 
sustained and (or) intense rainfall, for example, during 
the severe winter of 1982 (fig. 1; Griggs, 1982). 

Translational failure along joints or weathering surfaces 
produced many large (30-60 m wide) concave upward 
scarps in the upper 12 to 15 m of the cliff in this area 
(figs. 8, 12). These scarps tended to cut vertically through 
the terrace deposits and then flatten to parallel the slope 
as they approached the Purisima Formation. Deep tension 
cracks cut through the upper terrace deposits and soils as 
far as 6 m landward of many of the scarps; this distance 
tended to increase with the size of the scarp and the height 
of the cliff. Coherent blocks overlying loose soil disinte- 
grated as they cascaded down the cliff face. Talus piles, 
as much as 12 m high, blocked access to homes (fig. 14) 
and partly buried automobiles. Two blufftop homes ulti- 
mately were demolished because of such failures, which 
produced deep tension cracks through the building sites 

(fig. 15). Both homesites were on narrow, steep-sided pen- 
insulas along the crest of the coastal bluff, locations where 
seismic shaking appears to have been particularly severe. 

In the lower 10 m of the cliff, fracturing along inter- 
secting joints undercut the sandstone. Blocks 1 m thick 
and as much as 3 m high broke up easily as they moved 
downslope and formed talus cones at the base of the bluffs. 
Though fractured and partly detached from the cliff, other 
blocks did not fall; these blocks remain as unstable areas. 

From Rio Del Mar southward (figs. 4, 16), semicon- 
solidated eolian and fluvial sand of the Pleistocene Aro- 
mas Sand forms 25- to 40-m-high steep cliffs. The top 2 
to 5 m is more cohesive than the underlying, partly con- 
solidated, weakly cemented sand. Seawalls protect much 
of the base of the bluff and the backbeach development 
from wave erosion. Interpretation of aerial photographs, 
however, indicates periodic shallow failure or sloughing 
of the upper parts of the bluffs in response to periods of 
intense or prolonged rainfall. These failures commonly 
initiated in the blufftop terrace deposits but typically ex- 
tended to the base of the bluff. 

Several types of earthquake-induced failures were typi- 
cal along this stretch of coastal bluffs. The first type con- 
sisted of shallow (1-3 m deep), large (max 100 m wide) 
translational slides (figs. 8, 16, 17). At one site, such a 
failure undermined 5 to 10 m of the clifftop, leading to 
collapse and toppling of large cohesive blocks of soil. 
These detached masses rolled downslope and blocked ac- 
cess to condominiums built on the talus slope at the base 
of the bluff (fig. 18). This same failure also undermined a 
blufftop home that was subsequently demolished. 

Another type of failure occurred in weakly consolidated 
Pleistocene dune sand near Sunset Beach (fig. 4) that has 
been partially stabilized by vegetation. Homes have been 
built on the edge of this ancient, partially vegetated dune 
complex. Slope failure took the form of shallow (max 1 m 
thick), dry sandflows that initiated well below the blufftop 
(figs. 9, 19). A vertical scarp cut through a thin, cohesive 
soil layer to a failure surface that paralleled the bluff face. 
Loose sand or small blocks of more cohesive material, 
commonly held together by roots, slid downslope along 
this surface and then ramped over the less steep talus 
deposits at the base of the bluff. The foundations of sev- 
eral homes were threatened, and one home was relocated. 

Despite these recent failures, building permits are still 
being sought for new homes that would be sited on the 
talus slopes at the base of bluffs in the Rio Del Mar area 
(figs. 4, 20). The geologic hazards consistently identified 
at these sites in consulting reports are slope failure in- 
duced by excess water and by seismic shaking. The 1989 
Loma Prieta earthquake provided an opportunity to check 
the distribution and characteristics of seismically induced 
failures. Eyewitness accounts of the bluffs during the earth- 
quake by one of us (N.P.) noted virtually instantaneous, 
shallow slope failures along the bluffs in this area during 
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Figure 5.-North shoreline of Monterey Bay, Calif., showing locations of coastal-bluff failures (dots) induced by 1989 Lorna Prieta earthquake. 

the main shock. The mitigation measures proposed for 
downslope homes to reduce the risk of collapse involve 
upgrading standards for rear walls and roofs so as to ab- 
sorb or deflect the loading associated with failure. 

It is somewhat puzzling that the cliffs fronting northern 
Monterey Bay in the Rio Del Mar area (fig. 4), though 
consisting of only weakly cemented sand, are able to stand 
at such steep slopes. Past bluff failures, whether from 
intense rainfall or seismic shaking, have consistently pro- 
duced relatively shallow slides. Large, deep-seated or ro- 
tational slides do not appear to have taken place in this 
geologic setting, despite its rainfall and seismic history. 

Recent laboratory study and fieldwork indicate that ce- 
mented sand and gravel derive their strength from a com- 
bination of their interlocking grain structure and varying 
amount of cementation (Sitar, 1990). Seismic failures of 
steep slopes in natural sand and gravel deposits appar- 
ently initiate by tensile splitting in the upper parts of the 
slopes (Sitar, 1990), followed by toppling of the upper 
blocks or by shear failure of the lower slopes. Both types 
of failure lead to relatively shallow slides, rarely involv- 
ing more than 2 to 5 m of material. Both natural and 
manmade slopes in cemented sand and gravel generally 
are quite steep and tend to perform surprisingly well when 
subjected to seismic loading. A problem does exist in 

Figure 6.-Large coastal landslide near Daly City (fig. 4) resulting from 
1989 Lorna Prieta earthquake. Note proximity of clifftop houses to 
headscarp. 
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evaluating the inplace strength of these deposits because 
conventional sampling techniques tend to break down the 
structure of cemented sand and are generally unsuitable 
for gravel. Sitar (1 990) suggested alternative approaches, 
such as inplace freezing, block sampling, or onsite test- 
ing. 

Although the lithology of the seacliff materials con- 
trolled the mode of seismic failure in most places, steep- 
sided promontories and narrow peninsulas or ridges along 
the coast consistently failed most extensively throughout 
the study area. Scientists also noted this effect in the Santa 
Cruz Mountains as a result of the 1989 Loma Prieta earth- 
quake (Plafker and Galloway, 1989) and in other areas 
where large earthquakes have occurred in the past (Harp 
and others, 1981). In these other, noncoastal areas, the 
topography reflected seismic waves; constructive interfer- 
ence amplified the earthquake motion and caused rock or 
soil failures due to the intensified dynamic stresses. How- 

ever, the size of a structure that can reflect incident waves 
must be approximately one wavelength (Harp and others, 
1981). The abundance of failures along the coastal prom- 
ontories and narrow peninsulas is probably attributable to 
the absence of lateral support at these bluff faces during 
the intense shaking. 

SUMMARY AND IMPLICATIONS FOR 
LAND-USE PLANNING 

Seismically induced coastal-bluff failures were com- 
mon as far as 80 km from the epicenter of the 1989 Loma 
Prieta earthquake. The failures in developed areas of the 
coast posed risks to development on the blufftop, as well 
as to private and public development on the beach below. 
One death occurred on a beach north of Santa Cruz when 
a section of weak bedrock collapsed onto a sunbather. 

Figure 7.-Geologic structure and style of typical rockfall in seacliffs underlain by well-jointed siltstone of the Purisima 
Formation. Note undercut cliff and tension cracks in Pleistocene terrace deposits. 
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The top, slope, and base of seacliffs along northern 
Monterey Bay all proved to be unstable during the earth- 
quake. At the clifftops, several structures were immedi- 
ately damaged when cliff failure undermined their 
foundations. At several sites, cracks formed 3 to 10 m 
inland from the cliff edge and, in some places, cut through 
foundations. Cracking and bluff failure were sufficiently 
damaging at four blufftop sites that three homes and six 
apartment units had to be demolished. The blufftop cracks 
exposed at these sites appear to represent incipient slides 
or detachment surfaces that may fail under renewed seis- 
mic shaking or elevated pore pressures during prolonged 
rainfall. We believe that the extent of this cracking can be 
used as a reasonable indicator of expected failures during 
seismic shaking in other California coastal bluffs consist- 
ing of similar materials. 

Hazards to houses at beach level resulted from failure 
of the cliffs above them. Several houses in the Rio Del 

Mar area (fig. 4) were either damaged or posted as unsafe 
and evacuated when the cliffs behind them failed. The 
houses most susceptible to damage were those built clos- 
est to the base of the bluffs. In addition, the bluff areas 
where the most extensive failures occurred during the 
earthquake, and where homes were most heavily dam- 
aged, were those that had failed most frequently during 
past episodes of intense rainfall, as evidenced in aerial 
photographs. Along the north shoreline of Monterey Bay, 
the areas of most frequent failure were the steep bluffs of 
Purisima Formation from Capitola to Rio Del Mar and the 
bluffs consisting of weakly cemented Aromas Sand that 
extend down the coast to Sunset Beach. Owing to the 
high value of ocean-front or ocean-view property, new 
homes are still being proposed for construction on the 
talus slopes at the base of the in the Rio Del Mar area 
(fig. 20), with rear walls and roofs engineered to absorb 
the impact of expected future slope failures. 

Figure 8.-Geologic structure and typical debris slide in seacliffs underlain by sandstone of the Purisima Formation. 
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The 1989 Loma Prieta earthquake, which was the larg- 
est earthquake to strike northern California in 83 years, 
initiated slope failure along approximately 240 km of coast- 
line. The slope failures induced by seismic shaking pro- 
vided the geological, geotechnical, and land-use-regulatory 
community with a unique opportunity to observe the ef- 
fects of a large earthquake on coastal-bluff stability. The 
potential hazards of seismic shaking to ocean-front and 
seacliff construction have been well documented. The close 
proximity of virtually the entire 1,750 km of the Califor- 
nia coastline to active faults ensures that seismic shaking 
can reasonably be expected at any ocean-front site during 
the lifetime of any structure built today. 

RECOMMENDATIONS 

We need to both anticipate and plan for the inevitable 
earthquake-induced landslides that will take place along 
the State's coastal bluffs during future large earthquakes. 
Failure during the 1989 Loma Prieta earthquake occurred 

not only along bluffs that were actively eroding but also 
along bluffs that were protected from marine erosion. 

Encroachment of public or private structures and utilities 
in the coastal zone should be permitted only after a com- 
plete assessment of geologic hazards and risks. 
We need a regional understanding of long-term bluff or 
shoreline erosional rates and their relation to both coastal 
processes and regional seismicity. 
Although the main shock of the earthquake caused wide- 
spread instantaneous failure, erosional and failure rates in 
earthquake-weakened bedrock and soils may increase as 
future winter storms and rain batter the coastline. 
Current and future development proposals along the coast 
should consider the evidence and experience gained 
from this earthquake to evaluate both building setbacks 
and the feasibility of hazard-mitigation measures. Recon- 
struction on earthquake-damaged sites should proceed 
only after extensive geologic and geotechnical investiga- 
tions conclude that appropriate mitigation measures 
have been taken to reduce the future risks of damage to an 
acceptable level. 

Figure 9.-Drv sandflow in uncemented eolian deoosits. Note tension cracks in overlvine. more cohesive surficial soils. 
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Figure 10.-Plan view and longitudinal section showing locations and sizes of earthquake-induced seacliff failures and geology between Seabright 
Beach and Soquel Point (A)  and between Soquel Point and New Brighton State Beach (B) (see fig. 5 for locations). Units: Qm, marine-terrace deposits 
(Quaternary); Tp, Purisima Formation (late Miocene and Pliocene). 

Figure 11.-Collapse of terrace deposits and underlying jointed bedrock 
of the Purisima Formation at Capitola (fig. 5) as a result of the 1989 Loma 
Prieta earthquake. These six apartment units were subsequently demol- 
ished, owing to blufftop cracking and loss of foundation support. 
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Figure 12.-Earthquake-induced failure of terrace deposits and sandstone of the Purisima Formation between Capitola 
and Rio Del Mar (see fig. 5 for location). 
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Figure 13.-Plan view and longitudinal section showing locations and sizes of seacliff failures and geology between New Brighton State Beach and 
Aptos Creek (A), and between Aptos Creek and Rio Del Mar (B) (see fig. 5 for locations). Units: Qa, Aromas Sand (Pleistocene); Qd, dune sand 
(Quaternary); Qm, marine terrace deposits (Quaternary); Tp, Purisima Formation (late Miocene and Pliocene). 

Figure 14.-Base of seacliff in area of figure 12 where material from bluff failure has blocked access to beach-front 
homes. 
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Figure 15.-Deep tension cracks (arrows) in terrace deposits in Rio Del Mar (fig. 5). Cracks cut through house 
foundation and indicate potential extent of future failure. At this site, house was demolished, and unstable material 
was removed to stabilize site. 

failure surface 

Figure 16.-Plan view and longitudinal section showing locations and sizes of seacliff failures and geology between Rio Del Mar and Sunset State 
Beach (see fig. 5 for locations). Units: Qa, Aromas Sand (Pleistocene); Qd, dune sand (Quaternary). 
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Figure 17.-Large translational slide above condominium development south of Rio Del Mar (fig. 5). One house at 
top of bluff had to be demolished; homes at base of bluff were threatened, and access partly blocked (see fig. 18). 

Figure 18.-Weakly consolidated sand of the Aromas Sand disintegrated and flowed downhill to block access and 
threaten condominiums at base of bluff (see fig. 16). Tires had been placed on slope in an attempt to control 
erosion. 
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Figure 19.-Large sandflows above Sunset State Beach (fig. 5). One blufftop house was to be relocated. 

Figure 20.-Earthquake-induced bluff failures in Beach Drive area of Rio Del Mar (fig. 5). New homes are being proposed at base of this 
bluff behind existing beach-front homes. 
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ABSTRACT 

In mountainous areas, landslide blockages of streams 
are an occasional, but hazardous, result of landslides trig- 
gered by seismic activity. These natural dams may have 
the following negative effects: (1) upstream (backwater) 
flooding, (2) downstream flooding as a result of dam fail- 
ure, (3) deterioration of water quality, and (4) deteriora- 
tion of fish habitats. Eight reported landslide dams occurred 
over a widespread area in northern and central California 
as a result of the 1906 San Francisco earthquake, and five 
dams were formed in Santa Cruz County by landslides 
triggered by the 1989 Loma Prieta earthquake. Because of 

the smaller size of the 1989 earthquake and because of 
drought conditions, the 1989 landslides and their resulting 
dams also were smaller (max 7 m high), had smaller im- 
poundments (max 6,000 m3 volume), and were distrib- 
uted over a smaller area than those that formed under the 
wetter soil conditions in 1906. 

Two landslide dams on Corralitos Creek were removed 
by "stage" (that is, incremental) excavation to eliminate 
the possibility of minor downstream flooding as a result 
of breaching. One dam on West Branch Soquel Creek and 
another on Hinckley Creek failed during subsequent heavy 
rainfall, but downstream channel capacity was not ex- 
ceeded by the resulting small floods; thus, no flood dam- 
age occurred to homes or property. However, sediment 
deposited immediately downstream from these two 
breached dams locally damaged spawning beds for anadro- 
mous (that is, sea-run) steelhead trout. 

INTRODUCTION 

Landslide dams form most frequently where narrow, 
steep valleys are bordered by high, rugged mountains 
(Costa and Schuster, 1988). This setting is common in 
geologically active areas where earthquakes, volcanoes, 
or glacially oversteepened slopes occur. The most com- 
mon types of landslides that form landslide dams are rock/ 
debris avalanches, earth slumps and slides, and debris 
flows. The most common initiation mechanisms for dam- 
forming landslides are excessive precipitation (rainfall and 
snowmelt) and earthquakes. 

A landslide dam differs from a constructed embank- 
ment dam because it consists of a heterogeneous mass of 
unconsolidated or poorly consolidated material and be- 
cause it includes no engineered water barrier (impervious 
core), no filter zone to prevent piping (that is, internal 
erosion), and no drain zones to control pore pressures 
within the mass. It also has no spillway or other protected 
outlet; thus, landslide dams commonly fail. Failure mostly 

C5 1 
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occurs by overtopping, followed by erosion by the 
overflowing water, although a few landslide dams have 
breached as a result of piping. Some dams fail soon after 
they form, some last for months or years, and some never 
fail. Evidence of long-term landslide dams can be noted 
in mountain ranges worldwide, where landslide-dammed 
lakes are common features. 

In addition to catastrophic downstream flooding caused 
by failure of a landslide dam, upstream (that is, backwa- 
ter) flooding behind dams can inundate communities and 
valuable agricultural land. Some of the most catastrophic 
failures have been of large landslide dams formed by earth- 
quake-induced landslides. The most disastrous recorded 
case of downstream flooding occurred in central China in 
1786, when an estimated M=7.5 earthquake caused a ma- 
jor landslide that dammed the Dadu River for 10 days (Li 
Tianchi, 1989). When the landslide dam overtopped and 
breached, a flood that extended 1,400 km downstream 
drowned as many as 100,000 people, whereas the earth- 
quake had killed only 400 to 500 people directly. A graphic 
account of the 1841 failure of an earthquake-induced land- 
slide dam on the Indus River, India, was provided by 
Mason (1929). When this natural dam, which was more 
than 200 m high and impounded a lake 65 km long, 
breached, the entire lake drained within 24 hours, causing 
a tremendous flood. Hundreds of towns and villages were 
swept away, with great numbers of casualties. In 1933, at 
least 2,400 people died in the flood caused by failure of 
the 240-m-high earthquake-induced (M=7.5) Deixi land- 
slide dam on the Min River in central China (Li Tianchi 
and others, 1986). In 1986, the sudden failure of an earth- 
quake-induced (M=7.1) debris-avalanche dam on the 
Bairaman River on the island of New Britain, Papua New 
Guinea, resulted in a 100-m-deep flood in the canyon 
downstream (King and others, 1989). 

HISTORICAL LANDSLIDE DAMS IN 
CALIFORNIA 

The locations of 29 historical landslide dams in Cali- 
fornia are shown in figure 1. All of these natural dams 
occurred in the north half of the State. Of the blockages, 
16 were formed by landslides triggered by precipitation 
(rainfall or snowmelt), and 13 were earthquake triggered 
(8 by the 1906 San Francisco earthquake and 5 by the 
1989 Loma Prieta earthquake). A literature search for pos- 
sible leads to the historical occurrence of landslide dams 
in southern California found only the following two ex- 
amples, both of which are either too controversial or lack 
enough detail to be included in figure 1. 
1. As reported by Townley and Allen (1 939, p. 153), the San 

Francisco Chronicle of April 25, 1909, stated that an 
earthquake had caused a great slide in Santa Paula Canyon, 
in the Coast Ranges of Ventura County, blocking the 

drainage and creating a lake. Townley and Allen noted, 
however, that no seismic activity had been reported in the 
vicinity; instead, the slide seemed to have been caused by 
extremely heavy spring rains. 

2. As aresult of the 1952Arvin-Tehachapi earthquake (M=7.6) 
in Kern County, Buwalda and St. Amand (1955) noted, 
"Canyons were dammed with rock debris, and some small 
lakes were formed." 
Most of the recorded landslide dams in California failed 

without serious downstream flooding or were intention- 
ally removed to prevent flooding; however, two large dams 
failed catastrophically, resulting in serious flooding. The 
earliest recorded landslide dam in California formed on 
December 20, 1867, on the South Fork of the Kaweah 
River (fig. 1) in what is now Sequoia National Park (Fry, 
1933). A period of 41 days of rain had triggered a large 
debris avalancheldebris flow that dammed the river at its 
confluence with Garfield Creek. The 20-m-high blockage 
soon failed; the flood swept down the Kaweah River, car- 
rying with it trees and debris and inundating part of the 
San Joaquin Valley. The town of Visalia (fig. I), 60 km 
downstream from the dam, was flooded to a depth of 
nearly 2 m on December 23. Several other rainfall-in- 
duced landslides have blocked streams in northern Cali- 
fornia since then, but none has produced a comparable 
flood. 

The 1906 San Francisco earthquake (M-8.2) resulted in 
eight recorded landslide dams (Costa and Schuster, 1991), 
and the 1989 Loma Prieta earthquake (M=7.1) triggered 
landslides that formed five stream blockages, all of which 
were small. This paper describes the landslide dams caused 
by the 1989 earthquake, in comparison with those caused 
by the 1906 earthquake. 

LANDSLIDE DAMS CAUSED BY THE 
1906 SAN FRANCISCO EARTHQUAKE 

The 1906 San Francisco earthquake triggered thousands 
of landslides throughout a 600-km-long stretch of the Cali- 
fornia Coast Ranges from southern Monterey County in 
the south to Eureka in the north (Lawson, 1908; Youd and 
Hoose, 1978; Keefer, 1984). As shown in figure 1, streams 
were dammed in eight places by landslides triggered by 
the earthquake. In addition, there were sketchy reports of 
other small landslide dams in Santa Cruz County, but avail- 
able information on these dams is so vague that we have 
not included them in this paper. The locations of the re- 
corded dams ranged from the Eel River near Island Moun- 
tain in Trinity County (approx 260 km north of San 
Francisco) to Hinckley Creek in Santa Cruz County 
(approx 90 km southeast of San Francisco). Most of these 
natural dams were small (max 10 m high, table 1). A 
typical example was the dam that formed on Los Gatos 
Creek in Santa Clara County (fig.2). However, the Olive 
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Springs landslide (also called the Sawmill slide because it Lake County formed a 30-m-high blockage of Cache Creek 
destroyed the Loma Prieta Mill, fig. 3) in Santa Cruz (Scott, 1970; Manson, 1990). 
County dammed Hinckley Creek to a depth of 20 m (Santa Within 13 days after the earthquake, the 2 .4~10~-m3-  
Cruz Morning Sentinel, 1906), and a large debris slide in volume Cache Creek debris slide in Lake County (approx 

124' 122' 1 20' 

-L------LQEGGN---- ------- 
1965,1970 
South Fork Smith River z 

lm 

) 
1964 Hurdygurdy Creek 

1 979-80 Mosquito Creek 
3JREKA 1 
m 0 1890 Trinity River 

/ 1955-64 Grouse Creek 

EXPLANATION 

0 Rainfall- induced landslide dams 

Earthquake-induced landslide dams: 

V 1906 San Francisco earthquake 
r 

1964 Van 0 1 
REDDING 

A 1989 Loma Prieta earthquake 
Duzen River 
\ a 9 7 0  Eel River 
19830 
Mattole River 

\ 0 906 Eel River 
I 

1986 South Fork I 
Eel River 1 

1964 Long CHIC0 
Valley Creek 1 

I 

1 go6 Cache Creek 
I906 Gualala River \ 

\ 

1906 Maacama Creek 
V 

,983 South F o A  
American River \ 

SACRAMENTO 
\ 

\ 
\ 

PACIFIC OCEAN 

FRESNO 

(upper and lower dams) 
1867 South Fortk 
Kaweah River 

\ 
0 100 Kilometers VISALIA 

1867 
I I I ' Garfield Creek 

Figure 1.-Northern California, showing distribution of 29 historical landslide dams. Data primarily from Costa and Schuster (1991). 
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Table 1 .-Landslide dams caused by the 1906 Sun Francisco earthquake 

Riverlstream Dam height Comments References 
(m) 

San Gregorio Creek ---------- 2 

Los Gatos Creek ------------- ? 
(fig. 2). 

Reported by Northwestern 
Pacific Railroad. 

Dam failure caused 
downstream flooding. 

'@*****river was tempor- 
arily dammed up by 
slides from both slopes. 

"*****avalanche cut its 
way through a fir forest 
and dammed Maacama Creek." 

''*****slide*****dammed the 
creek to a depth of 25 or 
30 feet." 

'@*****creek was dammed up 
to a depth of 6 feet.'@ 

"Large pond" formed. 

Nine killed by "Sawmill 
slide. 

Dwyer and others 
(1971) . 

Scott (1970), 
Manson (1990). 

Lawson (1908) . 

Do. 

Do. 

Do. 

Do. 

Santa Cruz Morning 
Sentinel (1906). 

Figure 2.-Landslide that dammed Los Gatos Creek, Santa Clara County, Calif. (fig. I),  as a result of 1906 San 
Francisco earthquake. Photograph courtesy of J.C. Branner Papers, Stanford University Archives. 
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120 km north of San Francisco) formed; the slide dammed 
Cache Creek (fig, 1; Scott, 1970). In including this slide 
with others triggered by the earthquake, Lawson (1908, p. 
390) stated, "This earth-avalanche cannot be so directly 
referred to the earthquake of April 18 [I9061 as the others 
heretofore described, but it was probably indirectly caused 
by the shock.'' In the absence of proof, this slide most 
probably was caused by a change in the ground-water 
regimen as a result of the earthquake. In this regard, Scott 
(1970) noted: 

According to the Carnegie report [Lawson, 19081, 
Cache Canyon was in a seismic intensity zone of about 
V to VI. This ground motion could have opened incipi- 
ent failure planes in the slide mass along which ground- 
water percolation and increased hydrostatic pressures 
developed until, 12 [sic] days later, the slope failed. 
Then, 5 days later, the natural dam failed by overtop- 

ping and (or) piping, releasing approximately 15x 1 o6 m3 
of impounded water as a flood that entered Capay Valley 
to the southeast and devastated the small town of Rumsey 
on Cache Creek, 30 km downstream from the landslide. 
The flood destroyed several buildings, carried away the 
Rumsey post office and store, and damaged Southern Pa- 
cific Railroad facilities and the county bridge over Cache 
Creek (Manson, 1990). No one was killed or injured. 

LANDSLIDE DAMS CAUSED BY THE 
1989 LOMA PRIETA EARTHQUAKE 

LOCATIONS AND CHARACTERISTICS 

Five landslides triggered by the 1989 Loma Prieta earth- 
quake formed small dams on streams in Santa Cruz County 
(figs. 4, 5; table 2). All five of these landslides occurred 
in rocks of the upper Miocene and Pliocene Purisima For- 
mation (McLaughlin and others, 1988; Brabb, 1989; Clark 
and others, 1989; Weber and Nolan, 1992). The general 
characteristics of these landslides and the resulting dams 
and impoundments are described below. 

WEST BRANCH SOQUEL CREEK 

The rockslide on West Branch Soquel Creek (fig. 6), 
which occurred on a rather remote stretch of the creek 
(fig. 4), is the largest of the five 1989 landslides dis- 
cussed in this paper. This slide was approximately 250 m 
long, averaged 50 m in width, and had an estimated maxi- 
mum thickness of 6 m and a volume of 50,000 m3, The 
slide began in Purisima Formation sandstone, siltstone, 

Figure 3.-Workers removing toe of earthquake-induced landslide that dammed Hinckley Creek at Olive Springs 
sawmill in 1906 (see fig. 4 for location). Landslide killed nine workers at Olive Springs and formed a 20-m-deep 
impoundment where it dammed the creek. Photograph courtesy of California Department of Parks and Recreation. 
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Figure 5.-Area of Santa Cruz Mountains, Calif., showing locations of 1989 landslide dams on Comalitos Creek and Browns Creek and of Corralitos strong-motion station. Base from 7 '12-minute 
Loma Prieta quadrangle, Calif.; contour interval, 40 ft. 
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Table 2.-Summary of characteristics of landslides and landslide dams in Santa Cruz County resulting from the 1989 Loma Prieta earthquake 

~ocationl Site Failed Landslide Landslide Dam Lake Comments 
stream geology slope type volume height volume 

(m3 ) (m) (m3) 

West Branch Purisima 26' 
Soquel Formation 
Creek (sandstone, 

siltstone, 
mudstone). 

Hinckley Pur isima 60Â 
Creek Formation 
(Olive (sand- 
Springs) stone). 

Corralitos ---do---- 75O 
Creek, 
upper dam. 

~orralitos Purisima 30Â 
Creek, Format ion 
lower dam. (sandstone, 

siltstone, 
mudstone) . 

Browns Purisima 70Â 
Creek Formation 

(sandstone) . 

Rock slide 

Rock fall 

Rock fall 

Dam failed 61 days 
after earthquake; 
minor stream 
flooding and 
sedimentation. 

Soil matrix of 
dam failed in 
February 1992. 

Spillway excav- 
ated; then dam 
removed. 

Do. 

2 150 Dam failed by 
overtopping. 
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and mudstone at the site of a spring on the valley wall. 
Initial failure probably occurred in a weak layer of silt or 
clay in the Purisima Formation. The slide crosses the 
Zayante fault (Clark and others, 1989) on a slope averag- 
ing 26O, and its toe lies on rocks of the Eocene Butano 
sandstone in the valley bottom. The existing, nearly verti- 
cal headscarp in Purisima Formation rocks is 12 m high 
and 30 m long and has a spring issuing from its base. As 
indicated by Clark and others, the strike of the Purisima 
Formation beds at this site approximately parallels West 
Branch Soquel Creek, and the dip is back into the valley 
wall. Thus, this slide was not a dip-slope failure; instead, 
failure probably was related to the low shear strength of 
mudstone and siltstone that had been saturated locally by 
ground water from the spring. 

Although this slide is much larger than the others dis- 
cussed here, it barely crossed the creek, forming only a 
low dam and a resulting small impoundment. The mini- 
mum crest height of the blockage formed by the toe of the 
slide was 4 m. The original landslide dam was 10 m long 
(perpendicular to the stream) by 55 m wide (parallel to 
the stream); it impounded an 1,800-m3-volume lake. The 
dam was composed of a heterogeneous, fairly impervious 
mass of clay, silt, sand, and small blocks of sandstone. On 
December 17, 1989,6 1 days after the earthquake, the land- 
slide dam failed, causing minor downstream flooding and 
deposition of 5,000 m3 of sediment in the streambed. 

HINCKLEY CREEK 

The 1989 Hinckley Creek rock fall occurred near Olive 
Springs (fig. 4) on a 60' slope in weathered sandstone of 
the Purisima Formation, 60 m high, about 800 m down- 
stream from the 1906 Hinckley Creek "Sawmill slide" 
(table 1). As shown by Clark and others (1989), the 
Purisima Formation strikes nearly normal to Hinckley 
Creek at this site and dips about 20' upstream; thus, the 
attitude of the formation had little influence on the 1989 
slope failure. Weathering and joints at the surface of the 
sandstone probably were the important elements in failure 
of the slope. The 1989 rock fall had an estimated volume 
of 1,600 m3, consisting mainly of broken blocks of soft 
sandstone that disintegrated to silt and fine sand in the 
valley bottom. This broken-up sandstone, combined with 
timber debris, dammed Hinckley Creek to a depth of 4 m, 
impounding a lake 160 m long with an estimated volume 
of 3,500 m3. The blockage, which was 20 m long (normal 
to the creek) by 15 m wide (parallel to the creek), breached 
in February 1992 after heavy rain. 

ered surface of a 35-m-high, 75' face of Purisima Forma- 
tion sandstone. In the vicinity of the rock fall, the Purisima 
Formation strikes nearly normal to the creek and dips 35' 
upstream (McLaughlin and others, 1988); thus, the failure 
was related to surficial weathering and jointing, not to the 
attitude of the sandstone forming the face. The volume of 
the rock fall was only 3,500 m3, but because it fell into a 
very narrow (10 m wide) canyon bottom, it formed a block- 
age that was 7 m high at the low point of the crest. This 

CORRALITOS CREEK, UPPER DAM 

The upper dam on Corralitos Creek in Eureka Canyon 
(fig. 5) was formed by a rock fall (fig. 7) from the weath- 

Figure 7.-Rock fall on upper Corralitos Creek (see fig. 5 for location) 
triggered by 1989 Loma Prieta earthquake. Note logs and brush inter- 
mingled with earth material to form landslide dam at base of slope. 
Impoundment is outside photograph to immediate left. Photograph taken 
October 25, 1989, 1 week after 1989 Loma Prieta earthquake. 
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mass of silt and fine sand from disintegrated rock-fall 
blocks impounded an estimated 6,000 m3 of water. Just 1 
day after the earthquake, a spillway was excavated across 
the 25-m-wide landslide dam by a Santa Cruz County 
Flood and Water Conservation District crew, and within 2 
weeks the dam was removed. No downstream flooding 
occurred. 

CORRALITOS CREEK, LOWER DAM 

The lower dam on Corralitos Creek in Eureka Canyon 
(100 m downstream from the upper dam, fig. 5) was 
formed by a shallow rockslide from a 30' valley wall 
consisting of weathered sandstone, siltstone, and mudstone 
of the Purisima Formation. A spring at the site of the 
slide was a prime factor in the failure. As shown by 
McLaughlin and others (1988), the Purisima Formation in 
the vicinity of the site strikes nearly normal to the creek, 
and the rocks dip 37' upstream; thus, the attitude of the 
formation probably was not a factor in the failure. The 
slide formed a dam of clay, silt, and fine sand that was 3 
m high, 20 m long (normal to the creek), and 20 m wide 
(parallel to the creek), and it impounded a pond with an 
estimated volume of 1,300 m3. Just 1 day after the earth- 
quake, a spillway was constructed across the landslide 
dam by a Santa Cruz County Flood and Water Conserva- 
tion District crew, and within 2 weeks the dam was re- 
moved. No downstream flooding occurred. 

BROWNS CREEK 

The small landslide dam on Browns Creek (fig. 5) was 
formed by a 200-m3 rock fall on a 70' canyon wall of 
weathered and jointed Purisima Formation sandstone. In 
the vicinity of the dam, the Purisima Formation strikes 
nearly normal to the creek and dips about 20' downstream 
(McLaughlin and others, 1988); thus, the attitude of the 
bedding had little influence on the stability of the steep 
face. As in the rock falls described above, the failure was 
related primarily to jointing in the soft, weathered sand- 
stone composing the steep face above the creek. The dam 
was only 2 m high at the low point in the crest, 8 m long 
(normal to the stream), and 8 m wide (parallel to the 
stream) at its narrowest part. The impoundment was only 
40 m long. The blockage failed by overtopping, but the 
volume of the pond (about 150 m3) was so small that no 
downstream flooding occurred. 

In summary, all five of the landslides that formed dams 
occurred in Purisima Formation weathered sandstone, silt- 
stone, or mudstone on slopes ranging from 26' for the 
slide on West Branch Soquel Creek to 75' for the rock 
fall that formed the upper dam on Corralitos Creek. Land- 
slide volumes ranged from only 200 m3 for the rock fall 

on Browns Creek to about 50,000 m3 for the slide on 
West Branch Soquel Creek. The effective heights of the 
landslide dams were all small, ranging from 2 m for the 
dam on Browns Creek to 7 m for the upper dam on 
Corralitos Creek. In addition, these small landslide dams 
occurred in narrow canyons with steep gradients; thus, 
the impoundments were also small, ranging from 150 m3 
behind the lower dam on Corralitos Creek to 6,000 m3 
behind the upper Corralitos Creek dam. None of the im- 
pounded lakes was large enough to cause damage from 
upstream flooding or to pose a serious downstream flood- 
ing hazard if its dam had failed. 

EFFECTS 

Damming of streams in Santa Cruz County by land- 
slides triggered by the 1989 Loma Prieta earthquake caused 
no permanent change in the gradients of the streams be- 
cause the dams were small and either were soon removed 
by the Santa Cmz County Flood and Water Conservation 
District or breached owing to natural causes. However, 
they did affect the streams in regard to (1) upstream flood- 
ing due to impoundment, (2) downstream flooding result- 
ing from dam failure, (3) deterioration of water quality 
downstream, and (4) deterioration of fish habitats. 

UPSTREAM FLOODING 

As noted earlier, upstream or backwater flooding was 
minimal from all five landslide dams because of low dam 
heights, narrow canyons, and steep stream gradients, all 
of which resulted in small impoundments. The longest 
lake, behind the Hinckley Creek landslide dam, was only 
160 m long. In addition, no buildings or other structures 
were located immediately upstream of the dams. Thus, 
the impoundments caused no significant upstream dam- 
age or economic loss. 

DOWNSTREAM FLOODING 

Although the impoundments were small, there still was 
some danger of downstream flooding if the dams were to 
breach rapidly. For this reason, the Santa Cruz County 
Flood and Water Conservation District and its contractors 
excavated spillways across both of the Corralitos Creek 
landslide dams within 72 hours after the earthquake. Ex- 
cavation was difficult because large amounts of tree and 
brush remnants (logs, limbs, and so on) were incorporated 
into the dams (fig. 8). This same wood material, however, 
protected the constructed spillways against erosion. Within 
2 weeks after the earthquake, both Corralitos Creek land- 
slide dams were completely removed by Santa Cruz County 
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Flood and Water Conservation District crews because of On the day after the earthquake, the landslide dam on 
the potential danger of dam failure and flooding during West Branch Sequel Creek (fig. 6) was noted from the air 
future heavy rains. Nothing was done to the Browns Creek (Capt. Dennis Smith, Santa Cruz County Sheriffs Office, 
landslide dam because its impoundment was too small to oral commun., 1989). However, because this landslide dam 
be considered a threat downstream; it was allowed to fail was in an unpopulated, untraveled area and its impound- 
naturally. ment was small, no mitigative measures were undertaken. 

Figure 8.-Rock-fall and timber debris forming dam on Hinckley Creek (see fig. 4 for location). Arrows denote 
downstream end of impoundment. Photograph taken on October 25, 1989, 1 week after 1989 Lorna Prieta earth- 
quake. 

Figure 9.-Downstream view of remnants of 1989 Hinckley Creek landslide dam after it had failed in February 
1992. Arrows denote previous shoreline of now-drained 4-m-deep impoundment. Photograph taken May 1992. 
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Then, 61 days after the earthquake, the dam failed, caus- 
ing minor downstream flooding in the channels of West 
Branch Soquel Creek and Soquel Creek. Channel capacity 
was not exceeded; thus, no damage occurred as a result of 
flooding. 

The 4-m-high Hinckley Creek landslide dam was natu- 
rally reinforced by timber debris (logs and limbs) within 
the landslide, and so, because it was thought to be stable, 
it was not removed, as both the Corralitos Creek landslide 
dams were. During heavy rain in February 1992, how- 
ever, the soil matrix of the dam was removed by erosion, 
resulting in rapid drainage of the impoundment (fig. 9) 
and minor downstream flooding that did not exceed chan- 
nel capacity. Most of the interwoven logs, branches, and 
brush that had held the dam together remained in place 
(fig. 10). 

DETERIORATION OF WATER QUALITY 

No formal studies were conducted on the effects of the 
five 1989 landslide dams on the water quality of Soquel, 
Hinckley, Corralitos, and Brown Creeks, although it was 
noted that Corralitos Creek received only small amounts 
of sediment over a short period of time because its two 
landslide dams were effectively removed by Santa Cruz 
County Flood and Water Conservation District crews. Al- 
though the Browns Creek landslide dam failed, it was so 
small that only about 200 m3 of earth material washed 
down the stream. 

Figure 10.Ã‘Closeu of loghrush remnant of 1989 Hinckley Creek land- 
slide dam after soil matrix of dam had eroded away in February 1992. 
Photograph taken May 1992. 

The effects of the West Branch Soquel Creek and 
Hinckley Creek landslide dams on downstream water qual- 
ity were more serious because both of these dams failed 
and both were made up of moderate amounts of earth 
material that was flushed downstream. As noted above, 
the landslide dam on West Branch Soquel Creek failed in 
December 1989, 61 days after the earthquake. During this 
61-day period, approximately 2,500 m3 of soil eroded from 
the upstream part of the landslide and was deposited in 
the impoundment. When the dam failed, this material, plus 
an equal amount from the dam itself, was carried down- 
stream by the floodwaters. Gravel and coarse sand were 
deposited within the first few hundred meters, but silt was 
carried as far as 2 km downstream on West Branch Soquel 
Creek. Clay-size particles were carried in suspension even 
farther. 

When the soil matrix of the rest of the Hinckley Creek 
landslide dam eroded away in February 1992, the effect 
on downstream water quality was similar to that from the 
failure of the landslide dam on West Branch Soquel Creek, 
except that only about 1,000 m3 of sediment was washed 
downstream. The coarse materials were deposited within 
200 m of the dam, but a significant amount of silt and 
fine sand was carried as far as the confluence of Hinckley 
and Soquel Creeks, 1 km downstream (fig. 4). 

The clay in sediment from the failures of the landslide 
dams on both West Branch Soquel Creek and Hinckley 
Creek evidently was carried farther downstream in sus- 
pension, as were small amounts of suspended sediment 
from both Corralitos Creek landslide dams, but these small 
amounts of suspended material had no evident long-term 
effect on water quality in the streams. 

DETERIORATION OF FISH HABITATS 

Soquel, Hinckley, Corralitos, and Browns Creeks serve 
as spawning grounds for steelhead trout and as permanent 
habitats for a few other species of nonsport fish. The 
anadromous steelhead require stable gravelly stream bot- 
toms as spawning beds. Spawning is unsuccessful when 
these gravel beds are buried by silt and fine sand, as oc- 
curred immediately downstream of the failed landslide 
dams on West Branch Soquel Creek and Hinckley Creek. 
However, because the stretches of these streams that were 
subjected to fine-grained sedimentation constituted only a 
small percentage of the total spawning areas on the head- 
waters of these streams, and because very little sedimen- 
tation occurred in Corralitos and Browns Creeks, the 
overall effects of the 1989 landslide dams on steelhead 
reproduction were insignificant. Because spawning occurs 
in the fall and winter, the sediment was deposited at a 
critical time; however, other factors, such as below-nor- 
ma1 streamflow due to the prolonged drought, may have 
had a greater effect on spawning in 1989-90 than did 
sediment from the failed landslide dams. 
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Table 3.-Distance and direction of landslide-dam sites from the epicenter of the 1989 Loma Prieta earthquake 

Locat ion/ Slope Distance from Direction from 
stream aspect epicenter epicenter 

(km) 

West Branch SW 
Soquel Creek. 

Hinckley Creek SE 
(olive Springs) . 

~orralitos Creek, W-SW 
upper dam. 

Corralitos Creek, W-SW 
lower dam. 

Browns Creek. NW 10.2 

Table 4.-Seismic intensity of the 1989 Loma Prieta earthquake near landslide dams 

[From Shakal and others (1989); Arias intensities from E.L. Harp (written cornmun., 1992)l 

Strong- Epicentral Comp- Peak Arias Site 
motion distance onent accel- Intensity, Geology 
station (km) eration, I. ( m / s )  
name g 

Corralitos --- 7 90 
UP 
360 

Capitola ----- 9 90 
UP 
360 

Santa Cruz --- 16 90 
UP 
360 

2.572 Lands1 ide 
0.917 deposits. 
3.258 

2.043 Lime- 
1.072 stone. 
2.666 

Purisima Formation consists of upper Miocene and 
Pliocene, very thick bedded, tuffaceous, diatomaceous silt- 
stone with thick interbeds of semifriable, fine-grained 
andesitic sandstone. As mapped in some areas, the Purisima 
Formation includes Santa Cruz Mudstone, a medium- to 
thick-bedded, blocky-weathering, siliceous organic mud- 
stone. The area is thickly vegetated by redwood and other 
evergreen forest. The relatively few outcrops expose deeply 
weathered bedrock. A generally deep weathering profile 
in the Purisima Formation bedrock resulted in mainly shal- 
low (<3 m deep) landslides representative of most of those 
that dammed streams in this earthquake. 

SOIL MOISTUREIGROUND WATER 

Soil-moisture contents and ground-water levels at the 
time of the earthquake were probably at or near record 
historical lows. The third consecutive season (1986-87, 
1987-88, 1988-89) of abnormally low rainfall or drought 
conditions, combined with the end of the summer dry 
season before the onset of fall rains, set the hydrogeo- 
logic stage for the region at the time of the earthquake. In 
the Santa Cruz Mountains, hillside ground-water levels 
typically fluctuate about 5 m during years of near-average 
rainfall (Rojstaczer and Wolf, 1991). This semiannual cycle 
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ranges from high hillside ground-water levels at or slightly 
after the height of the January-March rainy season to low 
ground-water levels at the end of the summer dry season 
before the onset of fall rains in October or November (fig. 
11). The seasonal ground-water trends from 1976 to 1990 
and the low ground-water levels at the time of the earth- 
quake in the Santa Cruz Mountains were well documented 
in one well that was monitored weekly (fig. 12), and con- 
firmed by numerous other well and stream-gage records 
in basins in the area affected by the earthquake (Rojstaczer 
and Wolf, 1991). 

The exceptionally low ground-water levels at the time 
of the earthquake probably minimized the number and 
volumes of landslides triggered by the earthquake, par- 
ticularly limiting deeper-seated coherent landslides 
(category I1 landslides; Keefer and Wilson, 1989). Some 
deep hillside soils and rocks that normally would have 
been below ground-water levels and thus would have been 
saturated were probably dry and thus more resistant to 
sliding at the time of the earthquake. However, springs at 
the head of the West Branch Soquel Creek and lower 
Corralitos Creek sites indicated that in isolated places 
ground water remained moderately high and may have 
assisted in triggering landslides. 

Ground-water flow in fracture networks immediately 
after the earthquake was suggested to be important. The 
earthquake apparently caused discharge of water from 
fractures and resulting short-term increases in stream- 
flow. Water-well levels on ridgecrests generally fell 
within several weeks after the earthquake (Rojstaczer and 
Wolf, 1991), and streamflows in the basins increased by 
a factor of 2 to 5 within hours of the main shock (Briggs, 
1991; Curry and others, 1994). This sudden increase in 
fracture flow and streamflow probably had a minimal 
effect on the triggering of landslides at the time of the 
earthquake because of the delay times needed for water 
to flow through the fractures. However, the increased flows 
probably significantly affected landslide dams because 
their impoundments were able to fill at faster rates 
than would have been expected for preearthquake 
streamflow. 

INFLUENCE OF CLIMATE AND 
HYDROGEOLOGY 

Landslide dams are a potential hazard in areas that are 
subject to large earthquakes and vulnerable to landslides 

- 
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1849-1 990 

Figure 11.-Monthly seasonal rainfall for San Francisco (A), Santa Cruz (B), and Watsonville (C) for 1905-6 
and 1989-90, in comparison with long-term monthly averages. In 1905-6, before 1906 San Francisco earth- 
quake, rainfall during months of January, February, and March, normally wettest part of year, was about equal 
to or above long-term monthly averages for these months. During 1989-90, before 1989 Loma Prieta earth- 
quake, monthly rainfall in July, August, and September was above average, but total was extremely low during 
this normally dry part of season. Data from U.S. Department of Agriculture (1907) and U.S. National Oceanic 
and Atmospheric Administration (1988, 1989, 1990). 
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on steep slopes. The seasonal climatic and hydrologic historical landslide dams in California, very few have 

characteristics of a region, however, are extremely occurred in seismically active southern California, 

important in establishing the severity of hazard. Of the where seasonal rainfall, hillside ground-water levels, and 
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Figure 1 1 .-Continued. 
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streamflow are generally lower than in central and north- 
ern California. 

On the basis of a comparison of the ground-failure ef- 
fects of the 1906 and 1989 earthquakes, apparently more 
numerous deep-seated landslides (category 11) and land- 
slide dams occur during wet periods, although differences 
in earthquake magnitude and duration, topography, and 
geologic site conditions could account for some of the 
observed variations. The difference in size between the 
1906 San Francisco earthquake (M-8.2) and the 1989 
Loma Prieta earthquake (M=7.1) can certainly account for 
the major difference in the number of landslides and land- 
slide dams caused by these two earthquakes, but hydro- 
geologic conditions, as influenced by antecedent rainfall, 
probably also were a significant factor. The influence of 
antecedent rainfall on the seismic triggering of landslides 
that form dams can be examined by comparing the 1906 
San Francisco earthquake with the 1989 Loma Prieta earth- 
quake. The 1906 earthquake triggered many large, deep- 
seated landslides throughout the coastal area of central 
and northern California (Youd and Hoose, 1978), and cre- 
ated at least eight landslide dams, some of which were 
large (fig. 1; table 1). In contrast, the 1989 earthquake 
triggered mostly shallow landslides, commonly less than 
about 100 m3 in volume. Of the five landslides that 
dammed streams in Santa Cruz County in 1989, four were 
small (Â£3,50 m3 volume). The resulting small landslide 
dams might have gone unnoticed in remote areas or been 
underreported during postearthquake investigations, and 
so the number of landslide dams resulting from the 1906 
earthquake may have been even higher than reported. Thus, 
the largest (category 11) landslide dam (on West Branch 
Soquel Creek) that occurred in the 1989 earthquake can 
be compared to each of six that occurred in the 1906 
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Figure 12.-Water-table elevation (from well on east edge of Pescadero 
Basin, 25-35 km northwest of landslide dams in this paper) as a func- 
tion of precipitation for period 1976-90 (Rojstaczer and Wolf, 1991). 

earthquake. Because category I1 landslides are commonly 
larger and more deep seated than category I landslides, 
they are more likely to fill or constrict narrow canyons 
and to form large landslide dams. 

Although it had not rained for 17 days before the April 
18, 1906, earthquake (Youd and Hoose, 1978), the month 
of March 1906 was exceptionally wet (fig. 11). Cumula- 
tive rainfall for San Francisco, Santa Cruz, and Watsonville 
for I-, 3-, and 6-month periods before the earthquake was 
about 1 112 to 2 times normal (table 5). Thus, at the time 
of the 1906 earthquake, although surface soils may have 
dried, hillside ground-water levels probably were relatively 
high throughout central and northern California as a result 
of the high antecedent rainfall in the preceding several 
months (Youd and Hoose, 1978). The exact period of an- 
tecedent rainfall that is most effective in recharging and 
raising ground-water levels at a particular site depends on 
site-specific characteristics of the soil and rock-thick- 
ness, permeability, and stratigraphy. The fact that much 
higher than normal rainfall occurred consistently during 
the 1- to 6-month period before the 1906 earthquake sug- 
gests that ground-water levels were significantly above 
normal, if recent ground-water measurements after heavy 
seasonal rainfall in northern California are any indication 
(Wieczorek, 198 1 ; Wilson and Dietrich, 1987; Wilson, 
1989; Rojstaczer and Wolf, 1991). 

In comparison, rainfall recorded at San Francisco, Santa 
Cruz, and Watsonville before the 1989 earthquake was 
significantly below normal for the preceding I-, 3-, 6-, 
and 12-month periods or for seasonal totals (table 5). In 
addition, significant gradual decreases in ground-water lev- 
els for the 1989-90 season before the earthquake were 
measured in the Santa Cruz Mountains (Rojstaczer and 
Wolf, 1991). These generally low ground-water levels were 
probably at least partly responsible for the relatively few 
large, deep-seated landslides that occurred or that moved 
only short distances in the earthquake (Plafker and Gallo- 
way, 1989; Keefer, 1991; Keefer and Manson, this vol- 
ume; Keefer and others, this volume). 

The time required for a landslide-dam impoundment to 
fill depends (1) on the rate of stream discharge, which in 
California is controlled by seasonal patterns of rainfall, 
infiltration, and runoff; and (2) on the basic characteris- 
tics of the dam, including height, potential storage capac- 
ity, and permeability. The 61-day period after the 1989 
Loma Prieta earthquake before the failure of the landslide 
dam on West Branch Soquel Creek attests at least in part 
to the relatively low runoff during the fall rains after a 3- 
year drought. 

There appears to be inadequate accurate historical in- 
formation available for a statistically significant charac- 
terization of the expected size of landslide dams in 
California. Given the specific size and location of a pos- 
tulated earthquake, then the areal limits of category I and 
I1 landslides can be estimated by the methods of Keefer 
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Table 5.-Antecedent, seasonal, and average rainfall for I-, 3-, 6 ,  and 12-month periods before the 1906 Sun 
Francisco and 1989 Lorna Prieta earthquakes measured in Sun Francisco (1849-1990), Santa Cruz (1879-1990), 
and Watsonville (1879-1 990) 

[Data from U.S. Department of Agriculture (1907) and U.S. National Oceanic and Atmospheric Administration (1988, 1989, 1990)l 

Antecedent San Francisco Santa Cruz Watsonville 
time period rainfall rainfall rainfall 

(nun) (nun) (mm) 

1 month: 
Mar. 1906 

(avg) 
Sept. 1989 

( avg ) 

3 months: 
Jan.-Mar. 1906 260.35 

( avg 1 (251.2) 
July-Sept. 1989 26.2 

(avg) (9.1) 

6 months: 
Oct. 1905-Mar. 1906 411.2 

( av9 ) (431.5) 
April-Sept. 1989 47.2 

(avg. ) (59.4) 

12 months: 
Apr. 1905-Mar. 1906 497.1 

(avg) (544.3) 
Oct. 1988-Sept. 1989 413.3 

(avg* (544.3) 

Seasonal totals: 
1905-6 (July 1905- 518.7 

June 1906) 
1988-9 (July 1988- 387.9 

June 1989) 
1989-90 (July 1989- 363.7 

June 1990) 

Yearly average --------- 544.3 

and Wilson (1989) and used to predict the extent of land- 
slide-dam occurrence. 

MITIGATION OF STREAM DAMMING 

The 1989 Loma Prieta earthquake occurred at 5:04 p.m. 
P.d.t. October 17. By 10:OO a.m. the next morning, recon- 
naissance by helicopter and fixed-wing aircraft, coupled 
with coordinated ground reconnaissance, had located all 
of the landslide dams caused by the earthquake. This rapid 
reconnaissance was a critical factor in the success of the 
dam-failure-control program. 

After the reconnaissance, a priority assessment was con- 
ducted to review dam size, impoundment volume, poten- 
tial for failure, and potential flood discharge. Dams close 
to homes and public infrastructure were given the highest 

priority for mitigative efforts, although water quality and 
fish habitats were also considered. Access by earth-mov- 
ing equipment to the two landslide dams on Corralitos 
Creek was facilitated by use of Santa Cruz County roads. 

The two landslide dams on Corralitos Creek were given 
the highest priority, and Santa Cruz County Flood and 
Water Conservation District crews immediately began to 
excavate spillways across both dams. The spillway in- 
verts were positioned significantly below the crests of the 
dams, thus reducing the volume of impounded water and 
preventing erosion failures by overtopping of the unpro- 
tected crests of the original dams. Each spillway was con- 
structed across the low side of the dam crest opposite the 
landslide source. In general, this part of the landslide dam 
contained the most woody debris. Wherever possible, this 
debris was left in place along the bottom and sides of the 
spillway for stabilization. 
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There was concern that impending winter storms would 
greatly increase streamflows, possibly mobilizing upstream 
logs and debris that could block the newly excavated spill- 
ways and cause dam failure. In addition, there also was 
concern that the dams would block upstream migration of 
anadromous steelhead trout. Thus, Santa Cruz County 
Flood Control and Water Conservation District crews used 
earth-moving equipment to remove the dams. The opera- 
tion was completed by "stage" (that is, incremental) exca- 
vation. Soils and debris either were trucked to offsite 
locations or were spread in thin layers across existing 
flood plains. 

Removal of landslide-dam materials was followed by 
seeding and mulching of the newly exposed surfaces and 
of spoil areas to which the materials had been hauled. The 
complete removal of the dams and seedinglmulching of 
fresh soil surfaces left the sites with the same stream gra- 
dients and crossprofiles that they had before the earth- 
quake. The long-term effect on fish habitats was minimal. 
Water quality was temporarily affected by increased tur- 
bidity during operations, but monitoring of water condi- 
tions and aquatic-life responses indicated little or no loss 
of stream life or long-term damage to fish habitats. 

CONCLUSIONS 

Precipitation totals in Santa Cruz County in the months 
before the 1989 Loma Prieta earthquake were consider- 
ably lower than those before the 1906 San Francisco earth- 
quake. As a result of a smaller earthquake and less 
antecedent rainfall, fewer landslides and landslide dams 
occurred in 1989 than in 1906; furthermore, the 1989 
blockages were smaller and impounded only small lakes. 
Because of their small size, the effects of these dams and 
their impoundments were minor. However, if future earth- 
quakes in California are larger and (or) occur during or 
soon after periods of heavy and prolonged rainfall that 
result in saturated soil conditions, landslide dams can be 
expected to be more numerous and larger than those caused 
by the 1989 earthquake. Thus, the hazards due to poten- 
tial landslide dams and their impoundments should be con- 
sidered in planning for future earthquake hazard mitigation 
in California. 

Downstream and upstream flooding are probably the 
most serious hazards to be expected from future landslide 
dams. Downstream flooding from breaching of a dam com- 
monly is more serious, especially if the flood is unex- 
pected; the severity of downstream flooding depends on 
the volume of the impoundment, the quickness of failure 
of the dam, and the velocity of flow. Upstream flooding is 
generally more gradual and leaves adequate time for evacu- 
ation. Other potential hazards from landslide dams in- 
clude sedimentation, deterioration of water quality, and 
erosion of the channel or flood plain. Disruption or block- 

age of streamflow below the dam, as well as sedimenta- 
tion, may pose a hazard to fish habitats. 
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ABSTRACT 

In the Summit Ridge area, the 1989 Loma Prieta earth- 
quake generated many anomalously large, complex land- 
slides that differed from other landslides triggered by this 
or other, comparable historical earthquakes. The area in 
which these large landslides occurred was immediately 
southwest of the San Andreas fault and contained abun- 
dant other coseismic ground-deformation features. The 
landslides were recognized and differentiated from other 
coseismic effects by detailed mapping and analysis of the 
geomorphology of the study area. In addition to mapping 
and analysis, investigations included postearthquake moni- 
toring of movement and ground-water levels; determina- 
tion of subsurface conditions through drilling, trenching, 
and a survey of earthquake-related damage to water wells; 
and analytical slope-stability modeling. 

Distinctive characteristics of the landslides in the Sum- 
mit Ridge area included their large sizes: The landslides 
were as much as 980 m long and as much as 1,220 m 
wide, and had surface areas as great as 85 ha. Maximum 
landslide depths ranged from 27 to possibly more than 
100 m, and estimated landslide volumes were as great as 
27 million m3. 
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Other distinctive features of the landslides included ir- 
regular shapes and boundaries, defined by discontinuous 
sets of surface cracks, scarps, and compressional features. 
Commonly, main scarps and heads were well developed 
and marked by conspicuous, relatively continuous scarps 
and cracks; flanks were moderately developed and delin- 
eated by discontinuous, locally echelon cracks; and toes 
were poorly developed, with local compressional features 
present on some landslides but absent on others. Mea- 
sured landslide displacements, which ranged from 25 to 
244 cm, were small relative to landslide lengths, and the 
incomplete development of landslide boundaries probably 
resulted from these comparatively small displacements. 

Material in the landslides was heterogeneous colluvium 
and bedrock consisting of poorly to moderately cemented 
sandstone, mudstone, siltstone, and shale, which were lo- 
cally sheared, faulted, and folded. The largest landslides 
occurred where folding was most intense and faults were 
most numerous. Virtually all the earthquake-induced land- 
slides exhibited geomorphic indications of previous land- 
slide movement. 

Postearthquake movement and ground-water levels were 
monitored through spring 1991. Rainfall during that 2- 
year period was below normal, except for a short time in 
February and March 199 1, when renewed displacement 
and associated ground cracking occurred along and adja- 
cent to the main scarps of three landslides. This activity, 
which was the only significant landslide movement re- 
corded during the 2 years of monitoring, was probably 
due to local upslope migration (retrogressive failure) of 
the landslide heads. Measured ground-water levels during 
the 1991 period of high rainfall rose as much as 6.1 m. 

These large, complex landslides occurred only where 
ground cracks produced by other coseismic processes were 
also abundant. This correlation indicates that the two types 
of features are mechanistically related. Many of the 
coseismic ground cracks were almost certainly produced 
either directly by tectonic deformation or by the effects of 
seismic shaking on preexisting planes of weakness. Once 
these ground cracks formed, they provided loci for 
downslope movement and landslide formation as shaking 
continued. This mechanism implies that landslides of this 
type are specifically generated by seismic shaking, a con- 
clusion supported both by slope-stability modeling and by 
the historical record of landslides in the study area. 

INTRODUCTION 

The 1989 Loma Prieta earthquake ( M ~ 7 . 1 ,  M=7.0) gen- 
erated thousands of landslides throughout an area of ap- 
proximately 15,000 km2 (see Keefer and Manson, this 
chapter). Most of these landslides were similar to those 
triggered by other worldwide historical earthquakes of 
approximately the same size (Keefer, 1984; Keefer and 
Manson, this chapter). In the Summit Ridge area, how- 

ever, immediately southwest of the rupture zone (fig. l), 
the earthquake produced many particularly large and com- 
plex landslides with uncommon characteristics. These land- 
slides were restricted to a small area of approximately 40 
km2 that also contained the highest known concentration 
of coseismic ground cracks (see pi. 3; Spittler and Harp, 
1990; additional data from Ponti and Wells, 1991 and in 
press, and Harp, this chapter). Outside this area, land- 
slides were predominantly shallow, small to moderate- 
size rock falls, rock slides, and soil slides and small to 
moderate-size slumps and block slides that typically had 
relatively simple morphologies (Manson and others, 1991; 
Keefer and Manson, this chapter). Inside this area, land- 
slides were exceptionally large and deep, complex, irregu- 
lar in shape, and bounded by intricate networks of 
discontinuous ground cracks and other features. 

The landslides in the Summit Ridge area were first rec- 
ognized and differentiated from other coseismic ground- 
deformation effects as a result of detailed mapping initiated 
immediately after the earthquake (Spittler and Harp, 1990). 
The landslides had caused considerable damage to resi- 
dences, roads, and other structures, mostly in Santa Cruz 
County; and because of the potential continuing hazard, a 
comprehensive investigation was carried out as part of the 
U.S. Government disaster-relief effort to Santa Cruz 
County (Keefer, 1991). Components of this investigation 
included (1) mapping ground cracks; (2) surveying se- 
lected topographic profiles; (3) reviewing historical and 
scientific literature on pre-1989 landslides in the area; (4) 
compiling data on earthquake-induced damage to water 
wells in the area; (5) trenching across selected scarps; (6) 
drilling, sampling, and testing landslide materials; (7) in- 
stalling and monitoring arrays of survey stakes and strain 
gages to measure any surficial, postearthquake landslide 
movements; (8) installing and monitoring borehole incli- 
nometers and piezometers to measure subsurface move- 
ments and ground-water levels; and (9) performing 
analytical slope-stability modeling. 

This paper describes the unusual features of these land- 
slides, summarizes the results of investigations, and sug- 
gests a mechanism for landslide generation. Some aspects 
of the investigations are also discussed in other publica- 
tions (Griggs and others, 1990; Spittler and Harp, 1990; 
William Cotton and Associates, 1990; Keefer, 199 1 ; 
Marshall and Griggs, 1991; Harp, this chapter; Nolan and 
Weber, this chapter). 

PHYSICAL, CULTURAL, AND SEISMIC 
SETTING 

LOCATION, TOPOGRAPHY, VEGETATION, AND 
POPULATION 

The Summit Ridge area is adjacent to the northeast 
edge of Santa Cruz County, Calif., approximately 80 krn 
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southeast of San Francisco, 16 km south of San Jose, and 
16 km north of Santa Cruz (fig. 1). The boundaries of the 
area studied in most detail (see pi. 3), which contained 
most of the large, complex landslides, were chosen on the 
basis of criteria established for U.S. Government disaster 
assistance (Keefer, 199 1). 

Much of the north and northeast boundary of the study 
area coincides with the crest of the Santa Cruz Moun- 
tains, which separate 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, approximately 6 lun east of 
the study area, which has an elevation of 1,155 m above 
mean sea level. Within the study area itself, elevation 

ranges from approximately 160 to 661 m. The study area 
includes parts of Skyland Ridge, the features locally known 
as Summit Ridge and Amaya Ridge, and several adjacent 
ridges and valleys (see pi. 3). Surveyed profiles show that 
average slopes in the area typically range from 10' to 25'. 
Many slopes also exhibit irregular, benched topographic 
profiles, with alternating steep and gentle stretches. Much 
of the study area is covered with dense forest, dominated 
in some zones by coast redwood (Sequoia sempervirens) 
and in others by oak (Quercus sp.). Nonforested areas are 
typically covered by chaparral or grassland vegetation. 

Despite the proximity of the study area to an urban 
metropolis of 5.9 million people in the San Francisco Bay 
region, the study area is primarily rural to locally subur- 

1 1. Campbell \ 

Figure 1.-Loma Prieta region, Calif., showing locations of study area, epicenter of 1989 earthquake, and rupture zone. 
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ban, with a total population of approximately 4,000. The 3). The San Andreas fault passes along the northeast 
largest communities are the Villa Del Monte neighbor- boundary of the area. The Butano and Zayante faults, as 
hood, which contains 195 residential lots and approximately well as many minor, unnamed faults, also pass through 
165 single-family homes, and the Redwood Lodge-Sum- the area (see pi. 3). Major folds include the Laurel anti- 
mit Woods neighborhood, where approximately 100 lots cline, the Summit syncline, and the Glenwood syncline 
are located. In addition to the several hundred private (see pi. 3). 
residences, one public school and several churches are 
located in the study area. More than 100 residences in the 
study area were heavily damaged by earthquake-induced 
landslides and ground cracks (Spittler and Harp, 1990). 

CLIMATE AND RAINFALL 

The area has a Mediterranean climate, characterized by 
warm, dry summers and cool, rainy winters. Tempera- 
tures rarely exceed 40Â° or fall below OÂ°C Virtually all 
precipitation occurs as rain, about 90 percent of which 
falls during the winter months of November through April, 
inclusive; precipitation varies substantially from year to 
year (fig. 2). 

Mean annual precipitation in the Summit Ridge area 
ranges from 1,140 to 1,270 mm (Rantz, 1971). However, 
the 1989 Loma Prieta earthquake occurred in the midst of 
a 5-year drought: Annual precipitation during the 3 years 
before and the 2 years after the earthquake was, respec- 
tively, 71, 56, 64, 67, and 78 percent of normal (fig. 2). 
The earthquake also occurred near the end of the dry sum- 
mer season: The only precipitation in the area between 
June 1 and October 17, 1989, was 30 mm of rain that fell 
between September 16 and 29. Thus, the area was unusu- 
ally dry at the time of the earthquake. 

GEOLOGIC SETTING 

Bedrock in and around the Summit Ridge area consists 
primarily of Tertiary marine sedimentary rocks-mostly 
sandstone, mudstone, siltstone, and shale (see pi. 3). The 
rocks, which generally strike northwest, have been in- 
tensely folded and locally faulted, so that they typically 
dip steeply, are vertical, or are overturned. 

The rocks in the area are assigned to the Butano Sand- 
stone, San Lorenzo Formation, Vaqueros Sandstone, Lam- 
bert Shale, and Purisima Formation (see pi. 3: Clark and 
others, 1989, with landslide boundaries revised by R.J. 
McLaughlin and J.C. Clark, unpub. data, 1990; 
McLaughlin and others, 1991). These rocks are generally 
poorly to moderately cemented, contain numerous shear 
surfaces, and locally are deeply weathered, intensely frac- 
tured, or both. Exposures of bedrock within the area are 
few because the rocks are typically mantled by several 
meters or more of colluvium. 

The geologic structure of the Summit Ridge area is 
dominated by northwest-striking faults and folds (see pi. 
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SEISMICITY AND CHARACTERISTICS OF THE 
1989 LOMA PRIETA EARTHQUAKE 

Previous historical earthquakes in the San Francisco 
Bay-Monterey Bay region have included 23 events of 
M26.0, of which 2 were approximately as large as the 
1989 Loma Prieta earthquake (M=7.0 in 1838 and 
M=7.0 in 1868) and 1 was substantially larger (M=8.2-8.3 
in 1906; Wesnousky, 1986; U.S. Geological Survey, 
1990). 

The hypocenter of the 1989 Loma Prieta earthquake 
( M F ~ .  1 ; M=7.0) was at a depth of approximately 18 km, 
located at lat 37'02' N., long 121'53' W., 4.1 km south- 
east of the study area (fig. 1). The earthquake is inferred 
to have ruptured a 40-km-long fault segment extending 
from near Pajaro Gap, east of Watsonville, northwestward 
through the Summit ~ i d ~ e h r e a ,  to just north of California 

\ Highway 17 (Plafker and Galloway, 1989; Working Group 
on California Earthquake probabilities, 1990). 

The aftershock distribution indicates that the fault plane 
dips approximately 70' SW. under the Summit Ridge area 
(Plafker and Galloway, 1989). The coseismic fault slip at 
depth had both right-lateral strike-slip and vertical, com- 
pressional components. The inferred fault slip at depth 
was approximately 1.9 m right lateral, 1.3 m reverse, and 
2.3 m total (Plafker and Galloway, 1989). No throughgoing 
surface fault rupture was found. 

Preearthquake and postearthquake leveling surveys 
showed that the fault slip produced a zone of ground- 
surface subsidence northeast of the San Andreas fault and 
a zone of uplift southwest of the fault, in and around the 
Summit Ridge area. Maximum measured uplift was 592 
mm, and maximum measured subsidence was 173 mm 
(Marshall and others, 1991). 

During the earthquake, ground shaking in the Summit 
Ridge area was violent, as indicated by eyewitness ac- 
counts and such effects as the snapping of large redwood 
trees, movement of heavy vehicles, and destruction of 
homes and other structures. The free-field strong-motion 
station closest to the study area was in Corralitos (fig. I), 
maintained by the California Division of Mines and Geol- 
ogy. That station, located on landslide deposits 200 m 
from the San Andreas fault and 12 km southeast of the 
study area, recorded a peak horizontal ground accelera- 
tion of 0.64 g and peak vertical acceleration of 0.47 g 
(Shakal and others, 1989). 

PREVIOUS LANDSLIDES AND LANDSLIDE- 
HAZARD MAPPING IN THE SUMMIT RIDGE 

AREA 

Preexisting landslide deposits are widespread in the 
Summit Ridge area, as well as throughout much of the 
rest of the Santa Cruz Mountains, and abundant historical 

landslides have occurred in the Santa Cruz Mountains in 
association with earthquakes (Lawson, 1908; Youd and 
Hoose, 1978; Marshall, 1990), storms (Keefer and others, 
1987; Ellen and Wieczorek, 1988), and other events. 

LANDSLIDES CAUSED BY PREVIOUS 
EARTHQUAKES 

Landslides are known to have occurred in the Santa 
Cruz Mountains during both the October 8, 1865, earth- 
quake (M=6.5) on the San Andreas fault and the October 
21, 1868, earthquake (M=7.0) on the Hayward fault. The 
landslides in those events, however, were poorly docu- 
mented, and the available historical information is frag- 
mentary (Youd and Hoose, 1978; Marshall, 1990). 

Documentation of landslides caused by the much larger 
April 18, 1906, San Francisco earthquake (M=8.2-8.3), 
though incomplete, was substantially more extensive, ow- 
ing to the report by Lawson (1908) and many other re- 
ports, books, and newspaper articles. The 1906 earthquake 
triggered or reactivated thousands of landslides through- 
out an area of approximately 32,000 krn2 (Keefer, 1984), 
including all of the Santa Cruz Mountains. 

The severity of landsliding in the Summit Ridge 
vicinity during the 1906 earthquake was described in gen- 
eral terms by an article in the Santa Cruz Morning Senti- 
nel of May 1, 1906 (in Griggs and others, 1990), as 
follows: 

From all reports, the higher altitudes of the Santa Cruz 
Mountains all the way from beyond Saratoga to Loma 
Prieta, on both slopes, appear to have been more seri- 
ously disturbed than many localities in the valleys and 
foothills. In 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, detailed descriptions of the ground cracks 

and landslides caused by the 1906 earthquake in and 
around the Summit Ridge area are listed in table 1. Even 
though the reports from the 1906 earthquake are incom- 
plete and locations are, for the most part, imprecise, the 
available information indicates that landslides occurred in 
many parts of the Summit Ridge area, including Summit 
Ridge, Skyland Ridge, the Morrell, Burrell School, and 
Laurel areas, and along Old San Jose and Redwood Lodge 
Roads (see pi. 3). These reports indicate that several of 
the landslides were large and that, at several localities, 
many landslides occurred. 

LANDSLIDES CAUSED BY PRECIPITATION 

As with the historical record of landslides caused by 
earthquakes, the record concerning landslides caused by 
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Table 1 .-Landslides and ground cracks in and around the Summit Ridge area produced by the San Francisco earthquake 
, of April 18, 1906 [Modified from Youd and Hoose (1978, table 6) and Marshall (1990)l I 

Locat ion 
(PI. 4) 

Description Original Reference 

Eva A 10-acre slide dammed the creek at Eva station until the water crossed the 
railroad tracks following a new raised channel. 

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. 

Alma to Wrights The railroad between Alma [6.4 krn northwest of Wrights] and Wrights was 
impassable, owing to several landslides and boulders on the tracks. 

A landslide dammed Los Gatos Creek at the News Letter Ranch, forming a 
lake ranging in depth from 50 to 100 ft. 

Patchin to 
Wrights 

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. 33O E.). Several stretches of numerous small 
cracks alternating with a few long continuous fissures, mark the course from 
Patchin to Wright Station." 

"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." 

'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 [sic] 4 feet downhill from its original position toward the 
northeast." Just below the Summit schoolhouse was the headscarp of the 
landslide that dammed Los Gatos Creek near Wright Station. 

"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." 

"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." 

"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." 

"Large fissures and ridges" formed in the ground at Wrights. 

Santa Cruz Morning Sentinel, 
April 26, 1906, p. 8. 

Young (1979, p. 39) 

Santa Cruz Morning Sentinel, 
April 26, 1906, p. 8. 

Santa Cruz Morning Sentinel, 
May 1, 1906, p. 2. 

Lawson (1908, p. 109-110). 

Lawson (1908, p. 276). 

Lawson (1908, p. 275-276). 

Lawson (1908, p. 278). 

Jordan (1907, p. 27). 

Carey (1906, p. 297). 

Santa Cmz Evening Sentinel, 
April 21, 1906, p. 2. 
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Table I .-Continued. 

Description Original Reference 
Location 
(pi. 4) 

Wrights Laurel The Wrights-to-Laurel railroad tunnel collapsed in the earthquake just hours 
before the planned inaugural run of the first standard-gage train along this 
previously narrow-gage line. Where the tunnel crosses the summit, it was 
offset laterally 5 ft. Almost all other railroad tunnels in the Santa Cruz 
Mountains partly collapsed or were blocked by slides at their entrances. 

The Wrights-to-Laurel railroad tunnel cracked in the middle and settled 
several inches out of line. 

"The tunnel floors have raised as much as three to four feet in places ...." 

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

About 400 ft of tunnel No. 3 between Laurel and Glenwood caved in. 

Morrell 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 [sic] 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." 

"The earthquake crack past thru [sic] [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 [sic] 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 [sic] 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 [sic] 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." 

Payne (1978, p. 49). 

Young (1979, p. 38-39). 

Santa Cruz Jvlornixg Sentinel, 
April 26, 1906, p. 8. 

Young (1979, p. 39). 

Santa Cruz Evening Sentinel, 
April 19, 1906, p. 5. 

Lawson (1908, p. 276-277). 

Lawson (1908, p. 277-278). 
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Description Original Reference 
Locat ion 
(pi* 4) 

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

Burrell [Laurel 
Creek 

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

] "Gulches appear to have been contracted as the bridges crossing them show Lawson (1908, p. 276). 
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." 

Highland 

S kyland 

"Half a mile to the northwest of the [Beecher] house [on Loma Prieta 
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 (1908, p. 276). 

''Large landslides occurred in the neighborhood." Lawson (1908, p. 278). 

'The road between the King and Crane places has slid into the orchard Santa Cruz Evening. Sentinel, 
below. " April 21, 1906, p. 4. 

'There seems to have been a narrow strip, about two miles wide, east of Santa Cruz M o r w  Sentinel, 
Skyland, with Skyland as the center, where hardly a building remains April 24, 1906, p. 7. 
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 3 days of heavy work by a crew of 6 
men. 

'...the cracks run up over the ridge just west of Skyland. Large fissures show Lawson (1908, p. 110). 
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 [sic] off or uprooted." 

"The slides which obliterated Fern Gulch at Skyland ... lie to the west of the Lawson ( 
crack [fault] ." 

On the western slopes of the ridge just west of Skyland, several earth- Lawson ( 
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." 
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Table 1 .-Continued. 

Description 
L o c a t i o n  

Original Reference 

"About Four 
Miles South of 
Wright Station" 
[probably near 
Laurel township] 

San Jose-Soquel 
Road 

Redwood Lodge 
Road 

Upper Soquel 
Creek 

Hinckley Creek 
(Olive Springs) 
[2.6 krn SSE of 
study area] 

'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 . " 

San Jose-Soquel Road was extensively damaged in the earthquake but was 
reopened by July 4, 1906. 

The earthquake "severely damaged Redwood Lodge Road, and workmen took 
until June 1906 to complete repairs." 

A newspaper article of May 7, 1906, reported an eyewitness story that the 
headwaters of Soquel Creek were dammed by two landslides, forming a pond 
100 ft deep. The upper Soquel Creek basin was reportedly 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 claimed that the damming of the creek 
resulted not from landslides but from an upward vertical displacement of the 
creekbed of from 5 to 30 ft in places. The pond averaged 15 ft in depth but 
was no more than 20 ft deep. Many fissures in the ground near Soquel Creek 
were "now largely filled in." 

"The mountains are said to have come together and 17 lives ... lost." [Nine 
people were actually killed.] 

With the first severe shock of the earthquake, a landslide 500 ft 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 of people were involved in a massive digging 
effort in the following week, but only three bodies had been discovered by 5 
days later. [More than a year passed before the last body was finally removed 
from the debris.] 

Lawson (1908, p. 278). 

Payne (1978, p. 17). 

Payne (1978, p. 17). 

Santa Cruz Fvenin~ Sentinel, May 
7, 1906, p. I, and May 9, 1906, 
P. 1) 

Santa Cruz w, 
April 18, 1906, p. 1, and April 
19, 1906, p. 7. 

Santa Cruz Morning Sentinel, 
April 26, 1906, p. 1) 
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Table 1 .-Continued. 

Description Original Reference 
L o c a t i o n  
(PI* 4) 

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

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

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

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

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

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

''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." [Picture Jordan (1907, p. 31). 
caption] 

"Loma Prieta Lumber Company's Mill. The mill, boarding house and other Salinas D a i l v w ,  April 25, 
buildings of the plant were situated in a gulch, and were overwhelmed by a 1906, p. 3. 
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." 

"LOMA PRIETA COPS LOSS. When the earthquake occurred yesterday Salinas Jlailv Inde%, April 19, 
morning it caused a large mountain of earth to slide into the canyon and 1906, p. 3. 
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." 
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rainfall in and around the Summit Ridge area is incom- 
plete. Sources of available data include the following. 
1. Marshall (1990), who compiled information on landslides 

in the central Santa Cruz Mountains before and after the 
1865 and 1906 earthquakes, reported that landslides were 
abundant there in rainstorms that occurred during the 
winters of 1866-67 and 1906-7. For example, on Decem- 
ber 29,1866, the Santa Cruz Evening Sentinel reported that 
the road between Santa Cruz and Santa Clara was impass- 
able after heavy rains caused landslides and flooding 
(Marshall, 1990). Landslides along roads and railroads in 
the central Santa Cmz Mountains were reported from at 
least five storms in the winter of 1906-7, although the 
accounts do not mention the Summit Ridge area specifi- 
cally (Marshall, 1990). 

2. Wieczorek and others (1988) mapped landslides in Santa 
Cmz County caused by the storm of January 3-5, 1982. 
This storm, which produced as much as 610 mm of rain 
within 34 hours, caused more than 18,000 landslides and 
more than $66 million in landslide-related damage through- 
out the San Francisco B ay-Monterey Bay region (Ellen and 
others, 1988). This is the only storm for which detailed 
and comprehensive data on landslide distribution are avail- 
able. Within the Summit Ridge area, approximately 20 
shallow, fast-moving debris flows were mapped (Wieczorek 
and others, 1988); this number was probably a minimum 
because the dense vegetation cover in many areas made 
detection of debris flows difficult. In addition to mapped 
debris flows, Santa Cruz County road-repair records 
show that lower Schultheis and Redwood Lodge Roads 
required repairs as a result of landslide damage in 1982 
(fig. 3; table 2). 

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 the locations of individual landslides within that 
zone. 

4. In addition to the landslide activity discussed above, 
Brown (1988) reported that rainstorms caused signifi- 
cant landslide activity in parts or all of the San Fran- 
cisco Bay-Monterey Bay region during the winters of 
1949-50, 1955-56, 1961-62, 1962-63, 1964-65, 
196647,196849,1969-70,1972-73,1974-75, and 1977- 
78. Documentation of landslides from these seasons, how- 
ever, is fragmentary, and the number of landslides that may 
have occurred in the Summit Ridge area, if any, is un- 
known. 

LANDSLIDE DAMAGE TO ROADS 

Griggs and others (1990) described landslide damage 
to roads in the Summit Ridge area, obtained from a re- 
view of Santa Cruz County Public Works Department files 

and a field trip through the area with Ray Geyon, one of 
the department's senior staff members. Landslide damage 
reportedly occurred at seven localities in 1975, 1976, 1980, 
1982, 1983, and 1986 (circled numbers, fig. 3; table 2). 
Although all seven of these localities were also sites of 
landslides and (or) ground cracks generated by the 1989 
Loma Prieta earthquake, the pre- 1989 landslides were all 
smaller than those triggered by the earthquake. 

PREVIOUS LANDSLIDE-HAZARDS MAPPING 

Preexisting landslide deposits in the Summit Ridge area 
are shown on the map of landslide deposits in Santa Cruz 
County by Cooper-Clark and Associates (1 975), which 
was prepared from interpretation of vertical, black-and- 
white aerial photographs (fig. 4). Limitations of that map 
include a minimum size of landslide deposits that could 
be mapped (length or width of 15 m), possible incomplete 
identification of landslide deposits in areas of dense veg- 
etation, and difficulties in differentiating landslide depos- 
its from such similar-appearing features as alluvial terraces 
(Cooper-Clark and Associates, 1975). To reflect the vari- 
ous degrees of certainty in identification, landslide depos- 
its were classified as "definite" (D), "probable" (P), or 
"questionable" (?) (fig. 4). Many landslide deposits are 
also shown on U.S. Geological Survey geologic-quadrangle 
maps of the study area (see pi. 3; Clark and others, 1989, 
with landslide boundaries revised by R.J. McLaughlin and 
J.C. Clark, unpub. data, 1990; McLaughlin and others, 
1991). 

IDENTIFICATION AND 
CHARACTERISTICS OF EARTHQUAKE- 

INDUCED LANDSLIDES 

DATA AND CRITERIA FOR IDENTIFYING 
LANDSLIDES 

Coseismic ground cracks in the Summit Ridge area were 
probably the result of several different processes, includ- 
ing landsliding. Other crack-forming processes are inferred 
to include discontinuous surface fault rupture (Aydin and 
others, in press), slip along bedding planes (Cotton, 1990; 
Ponti and Wells, 1991), adjustments to the local tectonic 
uplift that accompanied the earthquake (Ponti and others, 
1990; Ponti and Wells, 1991), and extension over active 
bedrock folds (Ponti and Wells, 1991). Many of the ground 
cracks produced by the various coseismic processes, in- 
cluding landsliding, showed evidence of control by struc- 
tures in the underlying bedrock, such as bedding planes 
and faults (Ponti and others, 1990; Keefer, 1991; Ponti 
and Wells, 1991 and in press; Harp, this chapter). 
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Table 2.-Landslide-related damage to roads before the 1989 Loma Prieta earthquake, as reported by the Santa 
Cruz County Public Works Department 

[Modified from Griggs and others (1990)l 

Locality Description and date of damage 
(fig* 3) 

1 Lower Schultheis Road--1982: The slope below Lower Schultheis Road failed in 
1982 approximately 0.5 km 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 60 cm. In 1989, earthquake- 
induced ground cracks were found across the road, around the margins of the 
previous failure. This failure was on the northeast flank of the larger Lower 
Schultheis Road East landslide. 

Redwood Lodge Road--repeated failures: Over the years, Redwood Lodge Road 
has had 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 landslide with 
significant movement as a result of the 1989 Loma Prieta earthquake was the 
Upper Redwood Lodge Road landslide, which displaced the road west of its 
intersection with Old San Jose Road. This section of road, in particular, has a long 
history of repeated landslide damage and repair. 

Redwood Lodge Road--1981-82 and 1983: 
During the winter of 1981-82, a large landslide covered the road near the 
confluence of Laurel Creek and Bums Creek. Residents living below the damaged 
road were trapped and had to be evacuated. The road was reconstructed, sustained 
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 to 
40 years. The 1989 Loma Prieta earthquake reactivated the landslide; ground 
cracks were opened along approximately 240 m of steep hillside above the road 
and extended headword from the preexisting main scarp. 

Morrell Road--1982-83: A landslide, approximately 60 m long by 60 m wide, 
buried Morrell Road immediately south of its crossing of Laurel Creek. The main 
scarp of the landslide was approximately 10 m upslope from the road. The County 
of Santa Cruz had to evacuate local residents and rebuild the road, which was 
covered with more than 6 m of debris. The slope was stabilized in 1984. Ground 
cracks from the Lower Morrell landslide complex, which moved during the 1989 
Loma Prieta earthquake, crossed the road on both the right and left flanks of the 
1982-83 landslide. 
Morrell Road-1980: Northwest of where Morrell Road crosses Laurel Creek, a 
stretch of the road moved downhill approximately 2 to 3 m during a 2-year period. 
A house was moved to protect it from landslide damage. The slope movement was 
relatively rapid, forming large cracks and a 1.2-m-high scarp across the road; 
however, the landslide did not bulge below the road to compensate for the 
extensional movement associated with this scarp. County of Santa Cruz 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 
1989 Loma Prieta earthquake. 

Morrell Road--repeated damage: Although the area downslope from the 1989 
Upper Morrell Road landslide was never reported as a problem area, several 
stretches of the road have been patched repeatedly. Road-repair records did not 
identify this patching as landslide related, but the repeated, slow offset of the road 
may be related to a landslide. Ground cracks caused by the 1989 Loma Prieta 
earthquake crossed the road in several places. Cutbanks both upslope and 
downslope from the road have required cribbing and maintenance in the past, 
evidently because of local roadcut failures. Several of these roadcuts failed during 
the 1989 Loma Prieta earthquake. 

Villa Del Monte-1975-76 and repeated damage: Within the Villa Del Monte 
landslide are several areas that have required road 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. County 
of Santa Cruz maintenance crews cleared the road approximately once a week 
during that time. 
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Because of the complexity of the coseismic ground 
cracking, the extent of large landslides was recognized 
only by interpreting detailed postearthquake maps of the 
area (Spittler and Harp, 1990, with landslide boundaries 
defined by Keefer, 1991). These maps were initially com- 
piled on a planimetric base at a scale of 1:4,800 (Spittler 
and Harp, 1990), and later on a topographic base at a 
scale of 1:6,000 (Keefer, 1991). 

Supplemental data for delineating some landslide fea- 
tures were obtained from a postearthquake survey of wa- 
ter wells (Brumbaugh, 1990). However, these water-well 
data were used only on a limited basis because (1) most 
reports of damage (or absence of damage) were second- 
hand, (2) many well locations were determined only ap- 
proximately, (3) the causes of well damage were typically 

unknown, (4) the extent to which reportedly undamaged 
wells were actually surveyed is unknown, and (5) the 
ground displacements that the wells could tolerate with- 
out damage are also unknown. 

SUMMARY OF LANDSLIDE CHARACTERISTICS 

Within the Summit Ridge area, 20 large landslides and 
landslide complexes, with surface areas larger than 1 ha, 
were identified as having moved during the earthquake 
(see pi. 3; table 3). (The term "landslide complex" here 
denotes a feature made up of several to many coalescing, 
juxtaposed, and (or) superimposed landslides.) The larg- 
est landslide complex had an area of about 85 ha. Of 

Base f rom Griggs and others, 1990 
Contour interval 200 feet 

0 0.5 1 KILOMETER 
0 

Figure 3.-Summit Road area, showing localities of preearthquake landslide damage to roads (circled numbers) as reported by Santa Cruz County 
Public Works Department (modified from Griggs and others, 1990). See table 2 for detailed descriptions of localities. 
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these landslides and landslide complexes, 18 were within 
the area delineated for detailed study (see pi. 3). Most of 
the largest landslides and landslide complexes were on 
the southwest flank of Summit Ridge, in an area extend- 
ing eastward from California Highway 17 to near Morrell 
Road. In that area, about 60 percent of the ridge flank was 
involved in large earthquake-induced landslides (see pi. 
3). The characteristics of the landslides are summarized 
in table 3, and the terms used to describe various land- 
slide features are defined in figure 5. 

In general, such surficial features as scarps, ground 
cracks, or pressure ridges were not continuous around the 

boundaries of the landslides in the Summit Ridge area 
(fig. 6). The best developed, most continuous sets of cracks 
and scarps typically occurred in and around the landslide 
crowns and heads (figs. 5, 6). Those cracks and scarps 
commonly (1) had trends approximately across the slope 
(perpendicular to the gradient); (2) were linear or, more 
commonly, arcuate and concave downslope in plan view; 
and (3) exhibited extensional components of displacement 
and (or) downslope-facing scarp segments, features con- 
sistent with generation by downslope movement. Such 
cracks and scarps formed the main scarps of the land- 
slides, as defined in figure 5. 

Limit of  
study area 

Figure 4.-Summit Ridge study area, showing generalized boundaries of large earthquake-generated landslides (diagonal-lined areas) in 
relation to generalized landslide deposits and landslide scarps (dotted areas) identified on preearthquake landslide-hazard map of Cooper- 
Clark and Associates (1975): D, definite; P, probable; ?, questionable. 
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Downslope from the main scarps, landslide 
flanks were delineated either by cracks trending 
nearly parallel to gradient or by complex sets of 
echelon cracks (fig. 6). In some places, flank 
cracks were continuous with the main scarps far- 
ther upslope. These flanks cracks exhibited rela- 
tive splacements consistent with downslope 
move ent, with components of right-lateral shear 
alon right flanks and left-lateral shear along left 
fla / s. 

I ownslope from some landslide flanks were 
local to relatively continuous pressure ridges or 
a eas of bulging ground, convex upward in pro- f 
file, that were interpreted as marking landslide 
toes (fig. 5). In several places where such fea- 
tures were absent, the positions of other ground 
cracks suggested that the landslides extended all 
the way to the stream channels at the bases of the 
slopes. In addition to main scarps, flank cracks, 
and toe features, the landslides also contained 
abundant internal scarps and cracks, as well as a 
few internal ridges (fig. 5). 

In the following sections, we describe several 
of these landslides and landslide complexes indi- 
vidually to illustrate their characteristics and to 
provide the evidence used to delineate them and 
to differentiate them from other coseismic fea- 
tures. The landslides and landslide complexes de- 
scribed here include all of the largest, those where 
the most detailed investigations were performed, 
and those with features judged to be particularly 
significant. Following the individual descriptions 
is a summary of the characteristics of the other 
landslides. 

OLD SANTA CRUZ HIGHWAY 
LANDSLIDE COMPLEX 

The Old Santa Cruz Highway area (area 2, pi. 
3), on the southwest flank of Summit Ridge, en- 
compasses a complex of earthquake-induced land- 
slides, about 670 m long, 1,300 m wide, and 85 
ha in area (fig. 7). 

The longest ground-cracking feature within this 
area is a nearly continuous, southeast-trending line 
of cracks and scarps (fig. 8), approximately 1,200 
m long (leg A-A', fig. 7A). Displacements across 
this feature vary along its length; maximum dis- 
placement components are about 60 cm vertical 
(down to the southwest), 75 cm left lateral, and 
15 cm extensional. 

A second, virtually continuous, 420-m-long 
scarp strikes parallel to this line of cracks and 
scarps and crosses Summit Road 500 m farther 
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ORIGINAL GROUND 

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 from the top of the slide. 
FOOT - That part 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 the 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 that is being 

considered took place. 
LEFT AND RIGHT - Compass directions are preferable in describing a slide, but if these 

terms 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 fLI - The distance from top to tip. . . 
WIDTH (W) - The maximum distance from the left flank to the right flank, measured Figure 5-1dea1ized 

perpendicular to length. deep-seated, complex 
landslide, illustrating DEPTH (D) - The maximum depth to the basal shear surface, measured perpendicular to the 
nomenclature for con- ground surface. stituent parts (modified BASAL SHEAR (or RUPTURE) SURFACE - The surface at the base of the main body on which from Varnes, 1978). 

landslide movement took place. 
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east (leg B-B', fig. 7A). Measurements across this scarp 
showed 20 to 30 cm of movement downslope (to the south- 
west). Stratigraphic and structural relations exposed in a 
trench excavated across the scarp revealed at least three 
and, possibly, many more, pre-1989 movements, includ- 
ing one that probably took place during the 1906 San 
Francisco earthquake (Keefer, 199 1; Nolan, in press; Nolan 
and Weber, this chapter). 

These two long ground-crack features have characteris- 
tics that are consistent with formation by landslide move- 
ment and significant control by bedrock structure. 
Characteristics consistent with a landslide origin are strikes 
approximately perpendicular to the slope inclination and 
measured displacements that in nearly all places are 
downslope (to the south and southwest; U.S. Geological 
Survey staff, 1989; Spittler and Harp, 1990). Characteris- 
tics that indicate structural control and, possibly, a tec- 
tonic rather than landslide origin are (1) strikes parallel to 

other structurally controlled cracks, (2) linear trends and 
great lengths, (3) a few uphill-facing scarp segments, and 
(4) location of the 420-m-long scarp approximately over a 
fault mapped by McLaughlin and others (1991), as shown 
in plate 5. 

If these two features are of landslide origin, the land- 
slide movement was relatively deep and involved part of 
the crest of Summit Ridge, north of Summit Road near 
California Highway 17. Even if the cracks and scarps were 
produced originally by coseismic tectonic processes, these 
features could also have served as surfaces of weakness 
along which landslide movement took place later in the 
earthquake. The seven reportedly undamaged water wells 
between these two features (wells 173-175, 177-180, fig. 
75) and the linearity of the line of cracks and scarps (leg 
A-A', fig. 7A) where it crosses a deep valley north of 
Summit Road (loc. C, fig. 7) are consistent either with 
landslide movement on a basal shear surface more than 

\ Tension cracks and scarps 

/ 
\ 

Right-stepping, echelon , tension cracks 

^igure 6.-Idealized landslide bounded by discontinuous surface features, as was typical for large landslides in Summit Ridge area (modified from 
William Cotton and Associates, Inc., 1990). 
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100 m deep or with movement produced by some other 
deep-seated process. Damage to wells immediately east 
of California Highway 17 and south of Old Summit Road 
(wells 171, 220, 222, fig. 7B), all reportedly disturbed at 
depths of 21 to 23 m (Brumbaugh, 1990), indicates that a 
21- to 23-m-deep landslide shear surface underlies that 
area. 

Downslope and southwest of the line of cracks and 
scarps (leg A-A', fig. 7A) are shorter, arcuate scarps and 

EXPLANATION 

[Composite explanation for part A of figures 7,9, 12, 17, and 20 and figures 
19,21,22, and 24-28. Surface features modified from Spittler and Harp 
(1990). Symbols may be combined] 

Fissure, fracture, or  shear generated by the 1989 Loma Pri- 
eta earthquake-Dashed where approximately located; 
dotted where concealed; queried where uncertain. Arrow 
indicates direction of separation where present 

L - Fracture generated by the 1989 Loma Prieta earthquake 
along which there has been horizontal displacement- 
Half arrows indicate direction of relative horizontal move- 
ment 

- i ~ r  Scarp generated by the 1989 Lorna Prieta earthquake- 
Formed by relative vertical displacement along fissure. 
Dashed where approximately located; hachures on down- 
thrown side 

x x x x x x Compressional feature generated by the 1989 Loma Prieta 
earthquake-Queried where uncertain 

0 ( ' Small (<I ha) landslide generated by the 1989 Loma Prieta 
earthquake-Dashed where approximately located; quer- 
ied where uncertain; opened where only scarp was mapped. 
Half arrows indicate direction of downslope movement - - - Approximate boundary of large (>1 ha) landslide or land- 
slide complex-From Keefer (1 99 1) 

8-37 Geologic notes locality-See Spittler and Harp (1990) 

Strike and dip of bedding 

@ Locality mentioned in text-May include shaded area 

Â¥Ã Quadrilateral array-Numbers are array identifiers, as dis- 
cussed in text and by Griggs and others (1990) and Marshall 
and Griggs (1 99 1) 

oÃ‘(l Quadrilateral array removed before December 1990Ã‘Num 
bers are array identifiers, as discussed in text and by Griggs 
and others (1990) 

Strain gage 

Base note: 
Planimetric base from Santa Cruz County, 1989 

Figure 7.-Old Santa Cruz Highway landslide complex, showing 
boundary of landslide and locations of (A)  surficial features, surface- 
monitoring stations, and localities discussed in text and of (B) boreholes 
(from Cole and others, 1991) and water wells (from Brumbaugh, 1990). 
Ground cracks and compressional features from Spittler and Harp (1990); 
landslide boundaries from Keefer (1991). Base from Towill, Inc., using 
topography from U.S. Geological Survey Los Gatos, Calif., 7.5-minute 
quadrangle and culture from County of Santa Cruz planimetric base and 
interpretation of aerial photographs taken July 24, 1990. Contour inter- 
val, 40 ft. 

cracks and other features that indicate the presence of 
several smaller, shallower landslides. These scarps, cracks, 
and other features, which include localized areas of com- 
pression or bulging ground, indicating landslide toes, are 
so numerous as to form a virtually continuous landslide 
complex between the longest ground-cracking feature and 
Burns Creek (fig. 7). 

Slope inclinations in the Old Santa Cruz Highway area 
average 15'-20Â° and much of the area also displays the 
uneven, hummocky topography and benched topographic 
profiles characteristic of landslide terrain. The southeast- 
ern part of this area was mapped as a landslide deposit by 
Cooper-Clark and Associates (1975) (fig. 4) and by 
McLaughlin and others (1991) (see pi. 3). 

The Butano fault is projected under the southeastern 
part of this area (see pi. 3), but the local strike of this 
fault is oblique to the main zones of ground cracking. 
Northeast of the projected fault trace, the landslide com- 
plex is underlain by the Vaqueros Sandstone; southwest 
of the trace, bedrock is the Butano Sandstone. The axis of 
the Summit syncline passes through the northeastern mar- 
gin of the area, and the axis of the Laurel anticline passes 
through the southern part of the area and is truncated 
against the Butano fault (see pi. 3). Because of these com- 
plex structural relations, the dip of the bedrock beneath 
the landslide complex varies but under most of the com- 
plex is probably northeastward (into the slope). 

Two 61-cm-diameter boreholes were drilled into the 
southeastern part of this landslide complex (Cole and oth- 
ers, 1991). The boreholes, logged to depths of 11 and 17 
m, evidently did not penetrate through landslide material 
into undisturbed bedrock. They revealed fractured, deeply 
weathered siltstone and sandstone overlain by as much as 
0.3 m of topsoil (silty sand and silty clay) and 5 m of 
colluvium (clayey sand, clayey silt, sandy silt, and silty 
sand). Free water was penetrated at depths of 10 and 12.5 
m (Cole and others, 1991). 

UPPER SCHULTHEIS ROAD LANDSLIDE 

The Upper Schultheis Road landslide is immediately 
east of the Old Santa Cruz Highway landslide complex, 
separated from it by less than 100 m of ground with no 
observed cracks (area 3, pi. 3). The crown, head, and 
upper west flank of the landslide are delineated by a con- 
tinuous main scarp that is arcuate and concave downslope 
in plan view (figs. 9, 10). The east flank of the landslide 
is marked by a set of discontinuous pressure ridges and 
cracks that extend about 275 m downslope from the main 
scarp. Together, these features encompass a landslide about 
300 m wide. A few small pressure ridges are present low 
on the slope above Burns Creek; these features are inter- 
preted to be internal ridges on the basis of their small size 
and discontinuity. The landslide probably extends 
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Figure 7.-Continued. 
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downslope through the steep, heavily vegetated terrain 
below Schultheis Road to Burns Creek itself (fig. 9). The 
landslide thus delineated is approximately 460 m long 
and 13 ha in area. 

The Upper Schultheis Road landslide exhibits a benched 
topographic profile (fig. 1 l), indicative of previous land- 
slide movement. The slope inclination along this profile 
averages 15'. The arcuate main scarp of the landslide also 
partly coincides with the base of a steep slope, inferred to 
be the scarp of a preexisting landslide. Both Cooper-Clark 
and Associates (1975) and McLaughlin and others (1991) 
mapped almost all of the area of the 1989 landslide as 
landslide material (see pi. 3; fig. 4). 

Displacements measured along a transect across the main 
scarp indicate that the head of the landslide moved 1.16 
m downslope. An additional 1.28 m of downslope dis- 
placement was measured across a series of internal fis- 
sures and scarps that extended for 62 m downslope from 
the main scarp. The total measured displacement of the 
landslide along that transect was thus 2.44 m. 

Bedrock beneath the landslide is sandstone, siltstone, 
and shale of the Butano Sandstone and Vaqueros Sand- 
stone, which are separated by the Butano fault (see pi. 3). 
Upslope from this fault, dips are steeply northeastward 
(into the slope). Downslope from the fault, bedding is 
folded around the axis of the Laurel anticline, but except 
for local southwestward dips under the inferred toe of the 
landslide, dips downslope from the fault also are predomi- 
nantly steeply northeastward (see pi. 3; fig. 11). 

Subsurface exploration of the landslide included five 
small-diameter (12.4-16.5 cm) boreholes drilled to depths 

EXPLANATION 

[Composite explanation for part B of figures 7,9, 12, and 20. See figure 7A 
for explanation of surface features and localities discussed in text. Water- 
well data from Brumbaugh (1990); borehole data from William Cotton 
and Associates (1990) and (or) Cole and others (1991)l 

179 
A Water well reported undamaged by 1989 Loma Prieta earth- 
90 q u a k e u p p e r  number, well number; lower number, total 

depth (in meters) 
140 

Water well reported damaged by 1989 Loma Prieta earth- 
quake-Upper number, well number; upper lower number, 27 
total depth (in meters); lower lower number, depth of dam- 
age (in meters); queried where no depth of damage given 

S R - ~  Borehole-Number identifies borehole, as discussed in text 
and by William Cotton and Associates (1990) and Cole and 
others (1 991) 

Figure 7 .-Continued. 

of 25 to 92 m (William Cotton and Associates, Inc., 1990), 
and three 61-cm-diameter boreholes drilled to depths of 
16 to 22 m (Cole and others, 1991). Materials consisted 
of (1) a layer of colluvium (locally mantled by topsoil and 
manmade fill), ranging in thickness from less than 0.6 to 
about 11 m, consisting mainly of silty clay, clayey silt, 
silt, sandy silt, and silty sand; (2) a layer, 3 to 18 m thick, 
made up of varyingly weathered shale, siltstone, sand- 
stone, clay, sandy silt, and sand; and (3) bedrock consist- 
ing of approximately 58 percent sandstone, 9 percent 
siltstone, and 33 percent shale and claystone. (The per- 
centages were virtually the same for both bedrock units 
represented.) The rock was locally weathered and (or) 
intensely fractured and contained localized zones of 
crushed, very soft, or sheared materials and zones where 
drilling circulation was lost, indicating open fractures at 
depths as great as 55 m. 

Particularly conspicuous shear zones were penetrated 
in borehole SR-2 at a depth of 27.1 to 27.4 m, and in the 
larger-diameter boreholes SR-5, SR-6, and SR-7 at depths 
of 6.7, 5.3 to 6.7, and 10.4 m, respectively (figs. 9B, 1 1). 
The deeper shear zone contained a sheared mixture of 
highly plastic clay, silty clay, sandstone, and fractured 
shale overlying 0.5 to 1.3 cm of sheared, mixed silty clay 
and clayey silt of varying plasticity (William Cotton and 
Associates, Inc., 1990); the shallower shear zone sepa- 
rated intensely weathered and oxidized materials from 
unoxidized rocks (Cole and others, 1991). In borehole 
SR-5, this shallower shear zone consisted of 3 to 13 cm 
of sheared siltstone and clay with polished surfaces; in 
borehole SR-6, the zone contained three separate faulted 
and sheared contacts; and in borehole SR-7, the zone was 
a 5- to 10-cm-thick layer of swelling clayey siltstone, 
which separated an overlying brecciated and fractured silt- 
stone from an underlying sandstone (Cole and others, 
1991). 

Two of three known water wells within the landslide 
were reportedly damaged during the earthquake. In well 
141 (fig. 9B), located less than 30 m from borehole SR-2, 
the well-pump motor was reportedly broken off, and the 
motor shaft bent to a 45' angle at 30-m depth, corre- 
sponding closely to the 27-m depth of the shear zone in 
borehole SR-2. In well 218, about 3 m from borehole 
SR-6 (fig. 9B), an offset of 20 to 30 cm was reported to 
have occurred at about 4.5-m depth in a 76-cm-diameter 
casing. This offset corresponds closely in depth to the 
shallower shear zone. These correspondences indicate that 
landslide displacements during the earthquake probably 
occurred in both the shallower and deeper shear zones. A 
cross section showing the inferred landslide basal shear 
surfaces is shown in figure 11. If the average landslide 
thickness is assumed to be half of the maximum thickness 
shown on this cross section, the total volume of the land- 
slide is 4 . 3 ~ 1 0 ~  m3. 
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RALLS DRIVE LANDSLIDE 

The Ralls Drive landslide is immediately east of the 
Upper Schultheis Road landslide, on the southwest flank 
of Summit Ridge (area 4, pi. 3). The main scarp is a set of 
ground cracks and scarps, some arcuate and concave 
downslope and others linear, intersecting to form an an- 
gular or zigzag pattern in plan view (leg B-B', fig. 9A). 
Two faults with northwestward strikes, parallel to seg- 
ments of the main scarp, also pass through the head of the 
landslide (see pi. 3). This association, as well as the angu- 
lar pattern of the main scarp between localities B and B' 
(fig. 9A), indicates that bedrock structure controlled scarp 
formation there. 

Part of the east flank of the Ralls Drive landslide is 
delineated by a set of northwest-trending echelon scarps 
and cracks (fig. 9); the west flank abuts the Upper 
Schultheis Road landslide. A major internal ground crack, 
striking approximately downslope, divides the Ralls Drive 
landslide into two main blocks (leg B-C, fig. 9A). The 
smaller, western block formed on the spur ridge adjacent 
to the Upper Schultheis Road landslide, and the larger, 
eastern block formed around and under a short valley, 
tributary to Burns Creek. Both landslide blocks were mod- 
erately disrupted by other internal scarps and cracks; the 
area of greatest disruption was adjacent to the east flank 
(fig. 9). Local indications of compression were present 
near the downslope termination of the crack separating 
the two blocks, particularly where this crack curved to the 
east (leg C-C', fig. 9A). 

The Ralls Drive landslide is about 730 m wide and at 
least 480 m long. No visible surface feature marks the 
toe, but small internal scarps low on the slope suggest 
that the landslide extends an additional 150 to 430 m 
downslope from the flank cracks to Burns Creek. The 
area of the landslide thus is approximately 50 ha. 

Displacements measured across the main scarp and in- 
ternal scarps are downslope, to the south, southeast, or 
southwest. These measurements indicate that the head of 
the western block moved downslope 0.55 to 1.02 m, that 
the head of the eastern block moved downslope 0.28 to 
0.97 m, and that the most disrupted parts of the eastern 
block moved downslope as much as 1.80 m. 

Within the Ralls Drive landslide, one well (125, fig. 
9B) was reportedly damaged at 17-m depth, whereas five 
wells (19, 20, 119, 122, 126, fig. 9B), 46 to 61 m deep, 
were reportedly undamaged by the earthquake. Three of 
the reportedly undisturbed wells are near the main scarp, 
and the other three are within the eastern block. The re- 
ported absence of damage to these wells could indicate 
either that local displacements were not large enough to 
damage the wells or that the basal shear surface is deeper 
than 46 to 61 m. The damage to well 125 may thus indi- 
cate a shallower, subsidiary shear surface, or it may be 
unrelated to landslide movement. 

The slope through the Ralls Drive landslide averages 
IS0, but it is also irregular and contains benches and steeper 
segments, indicating previous landslide activity. Most of 
the landslide was mapped as landslide material by Coo- 
per-Clark and Associates (1975) and McLaughlin and 

Figure 8.-Segment of 
Tranbarger fracture (leg A- 
A', fig. 7A), a 1,200-m-long 
zone of scarps and cracks in 
Old Santa Cruz Highway 
landslide complex. View 
northwestward from north 
edge of Summit Road (loc. 
D, fig. 7A). 
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others (1991) (see pi. 3; fig 4), and part of the main scarp fault, bedrock is mostly the Butano Sandstone, with a 
was at the base of an older scarp. small area underlain by the San Lorenzo Formation (see 

The trace of the Butano fault passes through the Ralls pi. 3). The axis of the Laurel anticline is projected to pass 
Drive landslide about 140 m downslope from the crown near the base of the slope; thus, most rocks downslope 
(see pi. 3). Upslope from the fault, bedrock is the north- from the Butano fault dip northeast (into the slope), 
east-dipping Vaqueros Sandstone; downslope from the whereas rocks under the landslide toe dip southwest. 

Figure 9.-Upper Schultheis Road and Ralls Drive landslides, showing cross section in figure 11, and water wells (from Brumbaugh, 1990). 
boundary of landslides and locations of (A) surficial features, surface- Ground cracks and compressional features from Spittler and Harp (1990); 
monitoring stations, and localities discussed in text and of ( B )  boreholes landslide boundaries from Keefer (1991). See figure 7 for explanation 
(from William Cotton and Associates, 1990, and Cole and others, 1991), and base-map information. 
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VILLA DEL MONTE LANDSLIDE central and eastern parts of the area; slopes near the base 
of the ridge, in particular, are relatively steep. Numerous 

The Villa Del Monte landslide is also on the southwest roads and building sites have been located in this area to 
flank of Summit Ridge, on the broad spur ridge between take advantage of these gently sloping benches, and the 
the Rails Drive landslide and Taylor Gulch (area 5, pi. 3; Villa Del Monte neighborhood, which contains approxi- 
fig. 12). Surveyed topographic profiles show average slope mately 165 homes, is the most densely populated part of 
inclinations of 12'-15'. Many gently sloping benches al- the Summit Ridge area. Earthquake-induced ground move- 
ternate with steeper stretches of slope, especially in the ment caused substantial damage in this neighborhood. 

Figure 9.-Continued. 
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Several distinct zones of ground cracks are present 
within the Villa Del Monte landslide. The major zones of 
ground cracks are along Sunset Drive, in the area of up- 
per Skyview (or "Sky View") Terrace and Be1 Air (or 
'Belair," "Bel-Air," or "Be1 Aire") Court, along and east 
of Deerfield Road, and along lower Skyview Terrace (fig. 
12). Additional, smaller zones of ground cracks along the 
westernmost extension of Deerfield Road and around the 
Troy Road-Skyview Terrace intersection (fig. 12) are prob- 
ably associated with separate, smaller landslides. 

SUNSET DRIVE AREA 

The ground cracks and scarps in the Sunset Drive area 
(figs. 12, 13) extend approximately 420 m across the slope 
(leg A-A', fig. 12A) and 210 m down the slope (leg B-B', 
fig. 12A). For parts of their lengths, these cracks and scarps 
cross a gentle slope downslope from a 3- to 5-m-high 
bedrock scarp composed of intensely fractured sandstone. 
A few northwest-striking ground cracks in this area are 
subparallel to local faults (see pi. 3), indicating that their 

formation was controlled by bedrock structures. Displace- 
ments measured across individual cracks and scarps were 
from 8 to 53 cm, downslope toward the southwest and 
southeast. 

Six wells in this area (wells 71, 74, 75, 82, 83, 88, fig. 
125) were reportedly damaged. The damage to wells 74 
and 75, which involved collapsed casings at 5- and 23-m 
depth (Brumbaugh, 1990), suggests that the ground crack 
immediately upslope from them marks the upslope bound- 
ary of the landslide. 

UPPER SKYVIEW TERRACE-BEL AIR COURT 
AREA 

The upper Skyview Terrace-Be1 Air Court area, in the 
eastern part of the Villa Del Monte neighborhood, is the 
second zone of concentrated and pervasive ground crack- 
ing (figs. 12, 14). The cracks and scarps in this area ex- 
tend approximately 300 m across the slope and 670 m 
downslope, from immediately above upper Skyview Ter- 
race (leg C-C', fig. 12A) to Laurel Creek (leg D-D', fig. 

Figure 10.-Part 
Schultheis Road 1 
near this locality 
tensional displace 
tical displaceme 
View eastward fn 
(loc. A, fig. 9A). 

of main scarp of Upper 
andslide. Measurements 
showed 1.07 m of ex- 

iment and 46 cm of ver- 
nt across main scarp. 
om near landslide crown 
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12A). At the upslope margin of this zone is a scarp (leg 
C-C', fig. 12A), 240 m long, that is arcuate and concave 
downslope, toward the south. The ground cracks between 
upper Skyview Terrace and Be1 Air Court (leg E-E', 
fig. 12A), along Be1 Air Court and middle Skyview 
Terrace (leg F-F', fig. 12A), and along Tree View Trail 
and lower Skyview Terrace (leg D-D', fig. 12A) also form 
arcuate-downslope patterns subparallel to the upper scarp 
zone. In addition, the area contains several small pressure 
ridges. 

With one exception, displacement measurements in the 
upper Skyview Terrace-Be1 Air Court area showed move- 
ment to the southeast, south, and southwest, toward Lau- 
rel Creek. The sole exception, which showed 15 cm of 
extension and 33 cm of vertical displacement on an 
upslope-facing scarp, could be due to graben formation or 
differential movement within the landslide. Measured lo- 
cal downslope displacements elsewhere in the area were 
10 to 107 cm. 

Several wells along the eastern margin of the area of 
ground cracks (wells 26, 91-94, fig. 12B) were reportedly 
undamaged by the earthquake, indicating that the land- 

slide did not extend eastward of that margin to Taylor 
Gulch. This margin defines the east flank of the landslide. 

DEERFIELD ROAD AREA 

In the western part of the Villa Del Monte area, another 
major zone of ground cracks, scarps, and pressure ridges 
occurs along Deerfield Road and between Deerfield Road 
and Evergreen Lane (area G-G'-H-H', fig. 12A). This 
zone extends approximately 240 m from west to east and 
370 m downslope (fig. 12). The cracks and scarps (fig. 
15) in the zone strike predominantly northeast, oblique to 
the main structural elements in the bedrock (see pi. 3). 
Displacement measurements show predominantly south- 
eastward to locally southwestward movement of 5 to 41 
cm. Both the strike of the main ground cracks and the 
predominantly southeastward direction of displacements 
indicate that this zone forms the west (or right) flank of 
the landslide. 

All five wells in this zone, along Deerfield Road (wells 
85, 88, 89, 233, 234, fig. 12B), were reportedly damaged 
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Figure 11.Ã‘Geologi cross section through Upper Schultheis Road landslide (fig. 95). Locations of landslide basal shear surfaces inferred from 
borehole data of William Cotton and Associates, Inc. (1990), and Cole and others (1991). 
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Figure 12.-Villa Del Monte landslide, showing boundary of landslide fied from Keefer (1991). Base from Towill, Inc., using topography from 
and locations of (A) surficial features, surface-monitoring stations, and U.S. Geological Survey Los Gatos and Laurel, Calif., 7.5-minute quad- 
localities discussed in text and of (B) boreholes (from William Cotton and rangles and culture from County of Santa Cruz planimetric base and inter- 
Associates, 1990, and Cole and others, 1991), cross section in figure 16, pretation of aerial photographs taken July 24, 1990. See figure 7 for 
and water wells (from Brumbaugh, 1990). Ground cracks and compres- explanation. Contour interval, 40 ft. 
sional features from Spittler and Harp (1990); landslide boundaries modi- 
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by the earthquake. However, seven of the eight wells along reportedly undamaged. This zone of undamaged wells sug- 
westernmost Deerfield Road and westernmost Skyview gests that the smaller zones of ground cracks farther west 
Terrace (wells 105-108, 235a, 235b, 237, fig. 12B) were (fig. 12) were not part of the larger landslide. These 

Figure 12.Ã‘Continued 
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westernmost ground cracks were almost certainly associ- 
ated with smaller landslides. Although the boundary of 
the large landslide is inferred to lie generally in the area 
between the damaged and undamaged wells (approx be- 
tween Iocs. H and I, fig. 12A), the landslide limits in this 
area were poorly defined by the available data. 

LOWER SKYVIEW TERRACE AREA 

Along lower Skyview Terrace, for a distance of ap- 
proximately 400 m east of Cove Lane Road, is a zone of 
mostly arcuate, concave-southward scarps and cracks (leg 
H'-J, fig. 12A). The zone extends approximately 200 m 
from north to south, on both sides of lower Skyview Ter- 
race. The water well within the area of most concentrated 

cracking (well 104, fig. 125) was reportedly damaged, 
whereas three nearby wells (wells 101-103, fig. 12B), in 
less disturbed areas, were reportedly undamaged. One 
measurement across a ground crack in this area showed 
33 cm of displacement downslope, toward the southeast. 

OVERALL LANDSLIDE DIMENSIONS, 
MOVEMENT, AND SETTING 

The Villa Del Monte landslide extends downslope from 
the Sunset Drive area to Laurel Creek and thus is 980 m 
in overall length. The right flank of the landslide is in- 
ferred to be the western margin of the Deerfield Road 
area, and the better defined left flank is the eastern mar- 
gin of ground cracking in the upper Skyview Terrace-Be1 
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Air Court area (leg C'-D, fig. 12A). Thus, the overall 
width of the landslide is 870 m, and its surface area is 
about 68 ha. Displacements measured across individual 
ground cracks and scarps throughout the Villa Del Monte 
landslide ranged from 5 to 107 cm; most local displace- 
ments ranged from 33 to 53 cm. 

Cooper-Clark and Associates (1975) mapped the east 
two-thirds of the Villa Del Monte landslide as a "prob- 
able" landslide (fig. 4). Clark and others (1989, with land- 
slide boundaries revised by R. J. McLaughlin and J.C. 
Clark, unpub. data, 1990) and McLaughlin and others 
(1991) show all but the westernmost part of the landslide 
as underlain by a particularly large preexisting landslide 
deposit that stretches along Summit Ridge for about 1.6 
km; most of the northern, eastern, and southern margins 
of the Villa Del Monte landslide correspond closely in 

location to the mapped boundaries of that deposit (see pi. 
3). In addition, the benched topography in the Villa Del 
Monte area indicates previous landslide activity, and Santa 
Cruz County road-repair records show that previous land- 
slide movement occurred in the Skyview Terrace area in 
1975-76 (fig. 3; table 2). 

SUBSURFACE CONDITIONS AND MATERIALS 

Bedrock beneath the Villa Del Monte landslide is the 
Butano Sandstone and the Twobar Shale and Rices Mud- 
stone Members of the San Lorenzo Formation (see pi. 3). 
The axis of the Laurel anticline is projected to pass through 
the southwestern part of the landslide. Rocks northeast of 
this axis dip obliquely into the slope, to the north and 

Figure 14.-Internal scarp of Villa Del 
Monte landslide in Upper Skyview Ter- 
race-Be1 Air Court area. View northwest- 
ward from near quadrilateral-array station 
23 (fig. 12A). Photograph from Griggs and 
others (1990). 
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Figure 15.-Internal scarps and compressional features of Villa Del Monte landslide in Deerfield Road area. A, Internal scarps, which are part of a zone 
about 200 m long. View northeastward from just east of Deerfield Road (loc. K, fig. 12A). B, Internal ridge, consisting of compressed ground, marked 
by broken and buckled pavement. View northwestward from near east end of Deerfield Road (loc. B' on fig. 12A). 
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northeast. Southwest of the axis, dip may be steeply south- 
westward, locally overturned to the northeast, or both (see 
pi. 3). Several northwest-striking faults are mapped through 
the crest and upper flanks of Summit Ridge, into and just 
north of the landslide (see pi. 3). 

A total of 13 small-diameter (14.9-16.5 cm) boreholes 
(fig. 12B), drilled to depths as great as 92 m, showed 
materials consisting of as much as 4 m of fill and collu- 
vium and 3 to 17 m of weathered rock overlying bedrock 
(William Cotton and Associates, Inc., 1990). The fill and 
colluvium were composed of clayey silt, silty clay, silty 
sand, sandy clay, and clayey sand. The weathered rock 
contained similar materials, as well as weathered sand- 
stone, siltstone, and shale that were locally brecciated, 
crushed, or intensely fractured. Bedrock to the depths pen- 
etrated by the boreholes consisted of sandstone, siltstone, 
and shale. Among the three geologic units, the Twobar 
Shale Member contained the most sandstone (85 percent 
of drilled interval) and the least siltstone (12 percent) and 
shale (3 percent). The drilled interval of the Butano Sand- 
stone consisted of 32 percent sandstone, 44 percent silt- 
stone, and 25 percent shale, and that of the Rices Mudstone 

Member consisted of 39 percent sandstone, 41 percent 
siltstone, and 20 percent shale. 

The soil, weathered rock, and bedrock contained ap- 
proximately 45 intervals in the boreholes with indications 
of distressed materials-sheared, intensely fractured, or 
faulted rocks; very soft zones; crushed materials; inter- 
vals of collapsing or caving of the boreholes; or zones of 
lost circulation (fig. 16; William Cotton and Associates, 
Inc., 1990). These zones occurred in all rock types at 
depths from near the surface to near the maximum depth 
of drilling. However, the small diameters, discontinuous 
sampling, and absence of geophysical logging of the bore- 
holes made identification of landslide shear surfaces within 
the boreholes uncertain. The numerous zones with indica- 
tions of disturbance and reports of water well damage at 
various depths (fig. 125) indicate that localized internal 
shearing occurred at several depths during landslide move- 
ment. An inferred deep basal shear surface, which is com- 
patible with the drilling and surface data, is shown in 
figure 16. If the average landslide thickness is assumed to 
be half of the maximum thickness shown on this cross 
section, the landslide volume is 27x10~ m3. 
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Figure 16.-Geologic cross section through Villa Del Monte landslide (see fig. 125 for location). Basal shear surface inferred from borehole data of 
William Cotton and Associates, Inc. (1990). See figure 11 for explanation. 
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UPPER MORRELL ROAD LANDSLIDE 

The Upper Morrell Road landslide is on the south flank 
of Summit Ridge east of Taylor Gulch (area 7, pi. 3). The 
main scarp of the landslide is made up of two adjoining 
zones of ground cracks and scarps, each of which is arcu- 
ate, concave downslope in plan view (leg A-A', fig. 17). 
Together, these zones extend approximately 550 m across 
the slope. The orientation of ground cracks in these zones 

and the relation of these cracks to other northwest-strik- 
ing cracks nearby (leg B-B', fig. 17) suggest significant 
control by bedrock structures. Displacement measurements 
across the main zones of cracks (fig. 18) indicate 
downslope movement of as much as 2.01 m. Southeast of 
the main scarp, a shorter scarp is inferred to mark part of 
the east flank of the landslide (loc. C, fig. 17). 

The toe of the landslide is a gentle, east-west-striking 
bulge in the ground surface, 430 m long and 180 to 270 m 

Figure 17.-Taylor Gulch and Upper Morrell Road landslides. Ground cracks and compressional features from Spittler and Harp 
(1990); landslide boundaries from ~ e e f e r  (1991). See figure 7 for explanation and figure 12 for base-map information. 
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downslope from the main scarp. A zone of fractures and 
grabens along the crest of this bulge is evidence of local 
extension of the ground that accompanied upward bulging 
of the landslide toe. Between the crown cracks and the 
toe, the landslide encompasses an area of approximately 
14 ha. 

Two topographic profiles surveyed through the land- 
slide exhibit the benched form characteristic of landslide 
terrain and show that the average slope is about 15'. In 
agreement with the topographic indications of previous 
landslide activity, Cooper-Clark and Associates (1975) and 
Clark and others (1989, with landslide boundaries revised 
by R.J. McLaughlin and J.C. Clark, 1990) mapped most 
or all of the Upper Morrell Road landslide as landslide 
material (see pi. 3; fig. 4). Santa Cruz County road-repair 
records additionally indicate several episodes of previous 
landslide damage to Morrell Road in this area (fig. 3; 
table 2). Bedrock underlying the landslide is mostly mud- 
stone and sandstone of the Rices Mudstone Member of 
the San Lorenzo Formation, and small areas are underlain 
by igneous diabase and gabbro, the Vaqueros Sandstone, 
and the Butano Sandstone (see pi. 3). The beds dip gener- 
ally northeast, into the slope. 

BURRELL LANDSLIDE 

The Burrell landslide is on the south flank of Summit 
Ridge, less than 100 m from the trace of the San Andreas 
fault (area 9, pi. 3). Features interpreted as the main scarps 

of two landslide blocks (legs A-A', B-B', fig. 19) were 
differentiated from other ground cracks in the area on the 
basis of their arcuate forms, their location at the upslope 
margin of a gently sloping topographic bench, and the 
occurrence of a pressure ridge downslope from one of 
them, which partly delineates the landslide toe (loc. C, 
fig. 19). These two main scarps were separated by a zone 
of discontinuous cracks. The landslide is approximately 
230 m long by 460 m wide and encompasses an area of 
about 9 ha. Downslope displacements measured across 
the main scarps were from 28 to 71 cm. The slope aver- 
ages 15'-20Â° and bedrock is the Butano Sandstone (see 
pi. 3), which dips east to northeast, oblique to the slope 
direction. 

Trenching studies in the main scarp area show that the 
Burrell landslide is a reactivated preexisting landslide that 
first moved about 3 ka ago and later moved at least twice 
before the 1989 Loma Prieta earthquake (Keefer, 1991; 
Nolan and Weber, this chapter). The western part of the 
landslide was mapped as landslide material by Cooper- 
Clark and Associates (1975) (fig. 4). 

UPPER REDWOOD LODGE ROAD LANDSLIDE 

The Upper Redwood Lodge Road landslide is in the 
Redwood Lodge area, about 2 km south of Summit Road 
(area 10, pi. 3). The landslide was delineated primarily by 
three sets of discontinuous ground cracks and scarps, which 
indicate the presence of three large landslide blocks. The 

Figure 18.-Part of main scarp 
of Upper Morrell Road landslide 
where scarp crosses gravel road. 
View northeastward from just 
east of Morrell Road (loc. E, 
fig. 17). 
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main scarp of the landslide is a series of discontinuous, 
straight to slightly arcuate cracks and scarps approximately 
580 m long, that strikes about N. 30' W. (leg A-A', fig. 
20A). The linearity and strike direction suggest that crack 
formation was controlled by bedrock structures (Keefer, 
1991; Harp, this chapter). The most conspicuous ground 
cracks and scarps are in a nearly flat meadow, at the base 
of a steep stretch of slope; for part of their length, they 
are associated with a preexisting graben, about 30 m long, 
a few meters wide, and about 1 m deep. These relations 
indicate that the area is the head both of a large landslide 
that moved during the 1989 Loma Prieta earthquake and 
of a large preexisting landslide. Earthquake-induced dis- 
placements across the ground cracks and scarps were as 
great as 25 cm. 

A second conspicuous zone of ground cracks and scarps 
crosses Soquel-San Jose Road ("Old San Jose Road") north 
of its intersection with Redwood Lodge Road (leg B-B', 
fig. 20A). This zone is arcuate and concave downslope in 

plan view. The southern part of the zone is at the base of 
an older bedrock scarp, and the slope between this zone 
and the creek channel to the west has a benched topo- 
graphic profile. Both the older scarp and the benched pro- 
file are additional indicators of previous landslide 
movement. Santa Cruz County road-repair records also 
describe repeated landslide damage to Redwood Lodge 
Road there (fig. 3; table 2). Earthquake-related displace- 
ments of 3 to 30 cm were measured across individual 
ground cracks in this zone but were inconsistent in direc- 
tion. 

A third conspicuous zone of cracks and scarps, farther 
downslope, trends west-northwest along and downslope 
from Redwood Lodge Road, between Old San Jose Road 
and Long Branch Gulch (leg C-C', fig. 22A). This zone, 
which is 580 m long, is the most continuous of the three. 

The location of the northeast boundary of the landslide 
is poorly determined but is inferred to be at least as far 
northeast as the limits of the three conspicuous zones of 

Figure 19.-Burrell landslide. Ground cracks and compressional features from Spittler and Harp (1990); landslide boundaries from 
Keefer (1991). Base from Towill, Inc., prepared using topography from U.S. Geological Survey Laurel, Calif., 7.5-minute quadrangle and 
culture from County of Santa Cruz planimetric base and interpretation of aerial photographs flown July 24, 1990. See figure 7 for 
explanation. Contour interval, 40 ft. 



Figure 20.-Upper Redwood Lodge Road and Long Branch landslides, showing locations of (A) surficial features, surface-monitoring stations, and localities discussed in text and of 
(B) water wells (from Brumbaugh, 1990). Ground cracks and compressional features from Spittler and Harp (1990); landslide boundaries from Keefer (1991). See figure 7 for 
explanation and figure 19 for base-map information. 
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cracks and scarps (fig. 20); the landslide is thus at least 
640 m wide. The southwest (downslope) boundary is like- 
wise not marked by any surface features, but the position 
and pattern of the westernmost cracks and scarps suggest 
that the landslide extends to the creek at the base of the 
slope (fig. 20). The landslide is thus about 820 m long 
and at least 37 ha in area. The slope through the landslide 
averages 15'-20'. 

Two wells within the landslide were reportedly dam- 
aged by the earthquake-well 159, at a depth of 27 m and 
well 38, at undetermined depth-and four wells (35- 
37, 40, fig. 205), with depths of 45 to 113 m, were report- 
edly undamaged (Brumbaugh, 1990). The two damaged 
wells are both located near the margins of the landslide. 
The four reportedly undamaged wells are farther from 
these margins, and the absence of reported damage could 
indicate either a basal shear surface locally deeper than 
the wells or local displacements too small to cause dam- 
age. 

Cooper-Clark and Associates (1975) mapped the area 
of the Upper Redwood Lodge landslide as containing three 
preexisting landslide deposits (fig. 4), and two landslides 
were mapped in this area by Clark and others (1989, with 
landslide boundaries revised by R.J. McLaughlin and J.C. 
Clark, 1990; see pi. 3). Bedrock consists of mudstone and 
sandstone of the Rices Mudstone Member of the San 
Lorenzo Formation and the Vaqueros Sandstone (see pi. 
3). Dips range from steeply southwestward (oblique to 
slope direction) to vertical. 

AMAYA RIDGE LANDSLIDE 

The Amaya Ridge landslide is on the southwest flank 
of Amaya Ridge, in the southern part of the study area 
(area 13, pi. 3). Two sets of ground cracks and associated 
features are present (fig. 21). The northwestern set con- 
sists of a relatively continuous, arcuate zone of ground 
cracks that are concave downslope in plan view (leg A- 
A', fig. 21), and a nearly straight compression feature 
farther downslope (leg B-B', fig. 21). These features are 
interpreted to be, respectively, the main scarp and toe of a 
landslide, approximately 120 m long, 240 m wide, and 
1.6 ha in area. Measurements across the main scarp indi- 
cated local downslope displacements of 8 to 100 cm or 
more. 

Southeast of the landslide is a 300-m-long zone of 
ground cracks and scarps (line C-C', fig. 2 1) that is linear 
to slightly arcuate, parallel, and echelon to the main scarp 
to the northwest. This southeastern set of ground cracks 
and scarps may represent the main scarp of a separate 
landslide, an easterly and upslope extension of the other 
landslide, or cracks produced by some other process. One 
displacement measurement across a ground crack in this 
set indicated movement of 15 to 20 cm downslope, to the 

southwest. The area between this set of ground cracks and 
scarps and the base of the slope is 4.5 ha. 

Both sets of ground cracks and scarps (legs A-A', C- 
C', fig. 21) are near breaks in slope; the slope above them 
is relatively steep, and the slope below them is a broad, 
gently sloping bench, 90 m wide. A topographic profile 
surveyed through the northwestern set of ground cracks 
and scarps shows an average slope inclination of 22' and 
an inclination of the steep segment above the scarps of 
24'. Marshy areas just below the base of the steep stretch 
of slope indicate a local water table near the surface. 

The northwestern landslide (fig. 4) is in preexisting land- 
slide material, as mapped by Cooper-Clark and Associ- 
ates (1975), and the southeastern set of ground cracks and 
scarps closely follows the trace of a landslide scarp shown 
on their map. Bedrock consists of sandstone and siltstone 
of the Purisima Formation that dip southwest, generally 
parallel to the slope direction (see pi. 3). 

LOWER SCHULTHEIS ROAD WEST LANDSLIDE 

The Lower Schultheis Road West landslide is near Lau- 
rel, on a short ridge immediately south of Summit Ridge 
(area 18, pi. 3). The main scarp of the landslide is a 90-m- 
long series of slightly arcuate cracks and a graben (leg A- 
A', fig. 22). For part of its length, this main scarp is south 
of the ridge crest (fig. 23), and so part of the ridge crest is 
involved in the landslide, having been displaced to the 
north. Measurements along the scarp showed 30 to 65 cm 
of northward displacement. 

A set of discontinuous ground cracks (leg A'-B, fig. 
22) west of the scarp indicates that the landslide may 
extend an additional 90 m in that direction. These ground 
cracks also nearly parallel the bedrock strike (see pi. 3), 
suggesting that they and, by extension, the better devel- 
oped main scarp to the east probably are structurally con- 
trolled. An elongate bulge in the ground about 110 m 
downslope from the main scarp marks part of the land- 
slide toe (loc. C, fig. 22). The landslide defined by this 
bulge and the main scarp is at least 110 m long, 110 m 
wide, and 1.2 ha in area; if the landslide also encom- 
passes the zone of ground cracking to the north and also 
extends there as far downslope as the bulge, its area may 
be as large as 2 ha. The slope through the landslide aver- 
ages 15'-20'. 

The area within and adjacent to the Lower Schultheis 
Road West landslide contains several surface features al- 
most certainly associated with shallow preexisting land- 
slides, and the topography of the ridge and the meadow 
immediately to the north suggests that deep-seated land- 
slide movements have also occurred in the past. Cooper- 
Clark and Associates (1975) mapped this area as being 
within a landslide deposit (fig. 4). Bedrock consists of 
mudstone and sandstone of the Rices Mudstone Member 



LARGE LANDSLIDES NEAR THE SAN ANDREAS FAULT IN THE SUMMIT RIDGE AREA C109 

of the San Lorenzo Formation, which are overturned 
steeply northeast or, locally, vertical (see pi. 3). 

Subsurface exploration, consisting of direct observa- 
tions in two 61-cm-diameter boreholes, 4 and 11 m 
downslope from the main scarp, revealed two shear sur- 
faces (Cole and others, 1991 and this chapter). The shal- 
lower shear surface, at 4.9-m depth, consisted of a layer 
of soft, slickensided clay, 1.2 to 5 cm thick, which sepa- 

rated overlying, oxidized material from underlying, 
unoxidized but intensely fractured rock. The oxidized 
material consisted of clayey silt containing sandstone 
and siltstone clasts; the underlying rocks consisted of mod- 
erately hard sandstone and siltstone. The deeper shear sur- 
face, which was exposed only in the upslope borehole, 
at 7.3-m depth, consisted of a sheared siltstone interbed 
within a massive sandstone unit. This shear surface 

Figure 21 .-Amaya Ridge landslide. Ground cracks andcompressional features from Spittler and Harp (1990); landslide boundaries from 
Keefer (1991). See figure 7 for explanation and figure 19 for base-map information. 
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OTHER LARGE LANDSLIDES 

The earthquake also caused displacements on nine other 
large landslides and landslide complexes within the study 
area (areas 1, 6, 8, 11, 12, 14-17, pi. 3) and on two 
additional landslides in the Summit Ridge area but out- 
side the study area (areas A, B, pi. 3). Though typically 
smaller than the landslides described individually above, 
these 11 landslides had characteristics generally similar to 
those of the landslides discussed in detail, including (1) 
boundaries marked by discontinuous cracks and scarps, 
(2) well developed main scarps and head areas, (3) mod- 
erately well-developed flanks, (4) poorly developed toes, 
(5) involvement of preexisting landslide material, (6) oc- 
currence on slopes of 15'-30Â° (7) displacements of 25 to 
79 cm, and (8) association with ground cracks that show 
evidence of control by bedrock structures. The character- 
istics of these landslides are summarized in table 3, and 
detailed maps are shown in figs. 17,20,22, and 24 through 
28. One additional landslide with similar characteristics, 
which encompassed an area of about 10 ha and had a 

maximum depth of 29 m, was also reported in the Red- 
wood Estates area in Santa Clara County, about 1.6 km 
north of the study area (Seed and others, 1990). 

POSTEARTHQUAKE MONITORING 

SURFACE MONITORING 

A total of 11 landslides and landslide complexes (areas 
1-5, 7, 10, 13-15, 17, pi. 3) were monitored for 
postearthquake displacements from December 1989 
through June 1990 and again from December 1990 through 
July 1991, using surveys of arrays of stakes; three of these 
landslides (areas 3, 5, 7) were also monitored continu- 
ously, using recording strain gages, as described in detail 
by Griggs and others (1990) and Marshall and Griggs 
(199 1). 

METHODS 

Survey stakes were initially placed in 5 1 quadrilateral 
arrays of four stakes each, according to the method of 
Baum and others (1988). These arrays were placed to span 
selected cracks and scarps along the heads and flanks of 

Figure 22.-Lower Redwood Lodge Road, Lower Schultheis Road East, and Lower Schultheis Road West landslides. Ground cracks 
and compressional features from Spittler and Harp (1990); landslide boundaries from Keefer and others (1991). See figure 7 for 
explanation and figure 19 for base-map information. 
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the landslides. The locations of these arrays are shown in 
figures 7A, 9A, 12A, 17, 20A, 21, 22, 24, and 27. Stakes 
were set at least 0.5 m away from crack edges; depending 
on crack size and geometry, distances between stakes were 
typically from 1 to 3 m, and in some places as much as 7 
m. A fiberglass tape was used to measure the distances 
between stakes, and repeated measurements at control ar- 
rays showed a precision of kl.O cm. 

During the first winter after the 1989 Loma Prieta earth- 
quake, arrays were surveyed every 15 to 20 days and after 
significant rainfall. Of the 51 original quadrilateral ar- 
rays, 13 were either damaged, removed, or abandoned 
before the second winter of monitoring. During this sec- 
ond winter, most of the remaining 38 arrays were checked 
at least once a month, and as often as once a week during 
a period of heavy rainfall in March 1991. Two new quad- 
rilateral arrays were installed during the March 1991 storms 
at sites of renewed cracking on the Upper Schultheis Road 
and Villa Del Monte landslides. 

Four pairs of potentiometer-based strain gages, linked 
to continuously recording data loggers, were installed 
across scarps in the Upper Schultheis Road, Villa Del 
Monte, and Upper Morrell Road landslides (figs. 9A, 12A, 
17). Details of strain-gage operation and installation were 
given by Griggs and others (1990) and Keefer (1991). 
The data loggers were programmed to record at 30-minute 
intervals, and displacements were measured with a reso- 
lution of k0.5 mm. All four strain-gage systems operated 
during the first monitoring period, and three (all but the 
Deerfield Road instrument, fig. 12A) were reinstalled for 
the second period. 

RESULTS 

During the first 7-month monitoring period, from De- 
cember 1989 through June 1990, no significant displace- 
ments that could be related to renewed landslide movement 
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were recorded at any of the quadrilateral arrays or strain- 
gage sites. During this period, rainfall was exceptionally 
low-total rainfall in the Summit Ridge area during the 
winter of 1989-90 was only about 737 mm, or 67 percent 
of normal (fig. 2). Thus, the absence of recorded displace- 
ments provided no indication about the potential for re- 
newed landslide movement during wetter periods. 
Quadrilateral arrays and strain gages did record contrac- 
tion across some cracks and scarps during rainy periods 
in February and March 1990; this contraction was evi- 
dently due to swelling of the near-surface soil as it ab- 
sorbed moisture. 

Rainfall in the area during most of the second winter 
after the earthquake also was substantially below normal; 
total rainfall from July 1, 1990, through February 25, 199 1, 
was only 171 mm (table 4). However, the period between 

Figure 24.-Majestic Drive landslide. Ground cracks and compressional 
features from Spittler and Harp (1990); landslide boundaries from Keefer 
(1991). See figure 7 for explanation and base-map information. 

February 26 and March 26, 1991, was exceptionally wet: 
Approximately 668 mm of rain fell during this 29-day 
period (table 4). Monitoring of quadrilateral arrays was 
intensified during this period of heavy rainfall, and dis- 
placements were measured on March 5, 15, 19, 25, and 
27, after major storms. During this period, the quadrilat- 
eral-array data showed cross-crack contractions of 2 to 4 
cm across cracks at 12 monitored sites on the Majestic 
Drive, Upper Schultheis Road, Rails, Villa Del Monte, 
and Upper Redwood Lodge landslides and the Old Santa 
Cruz Highway landslide complex (arrays 3, 5, 10, 11, 14, 
21, 30, 37, 46, 52-54, figs. 7A, 9A, 12A, 20A, 24A). Field 
observations indicated that these contractions were prob- 
ably caused by swelling of surficial soil as water contents 
increased (Marshall and Griggs, 1991). 

During this period, greater cross-crack contractions of 
9 to 14 cm were recorded at array 55 on the Upper Morrell 
Road landslide (fig. 17) and 15 to 36 cm at array 16 on 
the Villa Del Monte landslide (fig. 12A). Also during this 
period, cross-crack extensions of 3 to 7 cm were recorded 
at array 36 on the Upper Morrell Road landslide (fig. 17), 
and 3 to 4 cm at array 49 on the Hester Creek North 
landslide (fig. 27). The cross-crack extension at array 36 
and the contraction at array 55 were caused by local slump- 
ing of material bordering the cracks (Marshall and Griggs, 
1991). The displacements at arrays 16 and 49, as well as 
other observed displacements that did not disturb survey 
stakes, were associated with deeper-seated, renewed crack- 
ing along and near major scarps formed during the earth- 
quake (Marshall and Griggs, 1991). This renewed cracking 
along major scarps occurred on the Upper Schultheis Road, 
Villa Del Monte, and Hester Creek North landslides (ar- 
eas 3, 5, 14, pi. 3) as discussed below. 

RENEWED MOVEMENT ON THE UPPER 
SCHULTHEIS ROAD LANDSLIDE 

The first evidence of postearthquake ground cracking 
related to landslide movement was discovered on March 
5, 1991, when new echelon cracks were observed on re- 
paired pavement where Schultheis Road crosses the main 
scarp of the Upper Schultheis Road landslide (loc. A, fig. 
29). The cracks were 1.5 to 3 m long and 1 to 2 cm wide, 
and showed as much as 2 cm of downslope vertical dis- 
placement. Observations on March 15 and 19, after addi- 
tional rain, revealed increases of 1 to 2 cm in crack widths 
and vertical displacements, and increases of 0.5 to 1 m in 
crack lengths (Marshall and Griggs, 199 1). 

On March 25, a new set of cracks was observed upslope 
from the main scarp that formed during the earthquake 
(leg B-B', fig. 29). Because these new cracks did not 
occur along the traces of the preexisting, earthquake-in- 
duced cracks, associated displacements were not detected 
at nearby quadrilateral arrays 51 or 52 or by the adjacent 
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Schultheis strain gage (fig. 29). The new set of cracks 
extended eastward and southeastward from a point (B, 
fig. 29) on the earthquake-generated main scarp. From 
there eastward, a new crack was virtually continuous for 
about 50 m. This crack was arcuate and concave downslope 
in plan view, and along part of the crack was a graben, 15 
m long, 2 to 3 m wide, and 0.5 m deep, that showed 20 to 
30 cm of net vertical displacement between its upslope 
and downslope margins. Elsewhere, the crack was 5 to 10 
cm wide and showed 5 to 10 cm of vertical displacement. 
Southeast of the continuous crack, shorter echelon cracks 
continued for an additional 50 m (to loc. B', fig. 29). 
These shorter cracks were 10 to 20 cm wide and showed 

as much as 10 cm of vertical displacement. At several 
localities upslope from the main scarp, storm runoff was 
observed flowing into the newly formed cracks on March 
25 (Marshall and Griggs, 1991). 

A new quadrilateral array (56, figs. 9A, 29) was in- 
stalled on March 27, 1991, across the newly formed gra- 
ben. Measurement of this array 2 weeks later, on April 
11, showed 3 cm of additional downslope displacement. 
Subsequent measurements on April 18, 23, and 30, May 
8, and July 17 indicated no additional displacements, but 
field observations during those surveys showed that mi- 
nor ground cracking had occurred in several places along 
the main scarp (between Iocs. A and B, fig. 29). 

Figure 25.-Lower Morrell Road landslide complex. Ground cracks and compressional features from Spittler and Harp (1990); landslide 
boundaries from Keefer (1991). See figure 7 for explanation and figure 19 for base-map information. 
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RENEWED MOVEMENT ON THE VILLA DEL 
MONTE LANDSLIDE 

Renewed ground cracking and displacement along the 
major scarp near upper Skyview Terrace was detected on 
March 19, 1991, when a survey of quadrilateral array 16 
(figs. 12, 30), showed 1 to 2 cm of contraction. Field 
inspection revealed that the contraction was associated 
with extension across a new crack, less than 1 m upslope 
from the site (inset, fig. 30). This crack, which formed 
sometime between March 15 and 19, was 2 to 5 cm wide 
and showed no vertical displacement. The crack was trace- 
able 10 m eastward from the array, until lost beneath 
thick vegetation. Small cracks, less than 1 cm wide, also 
broke the pavement of upper Skyview Terrace near quad- 
rilateral array 16 (point A, fig. 30). 

Measurements at quadrilateral array 16 on March 25 
revealed additional contractions of 11 to 19 cm. The new 
crack noted on March 19 appeared to be unchanged, but 
a larger crack, about 1 m farther upslope, had formed 
between March 19 and 25. This new crack, 5 to 15 cm 
wide and showing 5 to 15 cm of downslope vertical 
displacement, was subparallel to the preexisting scarp 

and traceable continuously approximately 40 m east- 
ward. From that point east, a series of shorter cracks were 
traceable an additional 70 to 80 m. These shorter 
cracks were 5 to 15 cm wide and showed vertical 
displacements of as much as 15 cm. The cracks in 
Skyview Terrace (loc. A, fig. 30) had also become larger 
by March 25. 

On March 27, another new crack was observed, trend- 
ing obliquely upslope, northeast from the earthquake-gen- 
erated scarp (inset, fig. 30). This crack, which averaged 5 
cm in width and showed as much as 5 cm of vertical 
displacement, was traceable for 4 m and passed between 
two of the stakes in quadrilateral array 16 (stakes A, B, 
inset, fig. 30). The March 27 survey showed 11 cm of 
cross-crack contraction on the two legs involving stake B 
(that is, legs B-C, B-D) and no significant change on the 
two legs involving stake A (that is, legs A-C, A-D). On 
March 27, a new quadrilateral array (57, figs. -12A, 30) 
was installed across the new crack observed on March 25 
(fig. 30). Subsequent measurements made at both quadri- 
lateral arrays 16 and 57 on April 1 1, 18, and 23 and May 
8, 1991, showed that no additional displacements had oc- 
curred. 

Figure 26.-Stetson Road landslide. Ground cracks and compressional features from Spittler and Harp (1990); landslide boundaries 
from Keefer (1991). See figure 7 for explanation and figure 19 for base-map information. 
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RENEWED MOVEMENT ON THE HESTER CREEK and on March 25, measurements at the site revealed an 
NORTH LANDSLIDE additional 2 cm of extension. During the March 25 sur- 

vey, renewed minor cracking was also observed across 
Renewed displacement was first detected along the main the unpaved access road, downslope from quadrilateral 

scarp of the Hester Creek North landslide on March 19, array 49 (fig. 27), at both localities where the road crossed 
1991. Measurements at quadrilateral array 49 (fig. 27) the main scarp. Those cracks were 1 to 2 cm wide and 
indicated 2 cm of extension between March 15 and 19, showed slight vertical displacements. 

Figure 27.-Hester Creek North, Hester Creek South, and Soquel-San Jose Road landslides. Ground cracks 
and compressional features from Spittler and Harp (1990); boundaries of Hester Creek North and South 
landslides from Keefer (1991). See figure 7 for explanation and figure 19 for base-map information. 
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SUBSURFACE MONITORING INCLINOMETERS 

Subsurface monitoring of postearthquake conditions 
in the Upper Schultheis Road and Villa Del Monte 
landslides was carried out by using borehole inclinom- 
eters, for measuring subsurface movement, and borehole 
piezometers, for measuring ground-water levels and pore- 
water pressures. Piezometers and inclinometers were in- 
stalled by William Cotton and Associates, Inc.; the 
instruments and their installation were described in detail 
by William Cotton and Associates, Inc. (1990), and Keefer 
(199 1). 

Inclinometer casings were installed in all the small- 
diameter boreholes in the Upper Schultheis Road and Villa 
Del Monte landslides except SR-1 A, SB-1 A, and SB-4A 
(figs. 9B, 125; table 5). The inclinometer probe used to 
monitor vertical deflections in the casings was a SINCO 
Digitilt Sensor, with a sensitivity of 1 part in 10,000 and a 
rated system error of less than 6.4 mm of deflection per 
30 m of casing. 

Initial readings on the inclinometers were taken during 
the period January-March 1990 as installation was com- 

Figure 28.-Comstock Mill Road landslide. Ground cracks and compressional features from Spittler and Harp (1990). See figure 7 for 
explanation and figure 19 for base-map information. 
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Table 4.-Rainfall in the area of the Burrell landslide, July 1, 1990- 
June 30, 1991 

Daily Cumulative 
Date rainfall rainfall 

(1990-9 1) (mm) (mm) 
July 1-Nov. 18 

Nov. 19 
Nov. 20 
Nov. 25 
Dec. 10 
Dec. 14 
Dec. 15 
Dec. 18 
Dec. 19 

Jan. 6 
Jan. 7 
Jan. 8 
Jan. 9 
Feb. 1 
Feb. 2 
Feb. 4 

Feb. 26 
Feb. 27 
Feb. 28 
Mar. 1 
Mar. 2 
Mar. 3 
Mar. 4 

Mar. 10 
Mar. 12 
Mar. 13 
Mar. 14 
Mar. 16 
Mar. 17 
Mar. 19 
Mar. 20 
Mar. 21 
Mar. 23 
Mar. 24 
Mar. 25 
Mar. 26 

Apr. 1 
Apr. 19 
Apr. 20 
Apr. 24 
Apr. 30 
May 13 
June 26 
June 27 
June 28 

pleted; subsequent readings were taken in May 1990, No- 
vember 1990, and March 1991. Between early 1990 and 
March 199 1, these inclinometer measurements recorded 
only one displacement that exceeded the rated instrument 
system error; this displacement of 1.3 to 1.9 cm occurred 
about 15 to 30 m below the surface in borehole D M 4  
(figs. 125, 31). Although this displacement indicated lo- 
calized postearthquake movement, probably due to small- 
scale slumping toward the steep creekbank downslope from 
the instrument, the absence of any other significant dis- 
placements indicated that large-scale reactivation of the 
monitored landslides did not occur. Full records of the 
inclinometer measurements were presented by Keefer 
(1991). 

PIEZOMETERS 

The piezometers installed in most boreholes were con- 
tinuously recording electronic-strain-gage Thor model 
DPXE instruments with a pressure range of 690 kPa and 
an overrange capacity of 1 . 5 ~ .  The piezometers were in- 
stalled in canvas bags, which were filled with sand, se- 
cured onto the outside of the inclinometer casings, and 
sealed with the relatively impermeable grout used to 
emplace the inclinometer casings. Three such piezometers 
were installed in all boreholes except SR-lA, SB-lA, and 
SB-4A at depths ranging from 10.7 to 88.1 m (tables 5, 6). 

To monitor the performance of the strain-gage piezom- 
eters, Casagrande open-standpipe piezometers were in- 
stalled at two depths each in boreholes SR-1A and SB-1A 
and at depths near the intermediate strain-gage piezom- 
eter tips in boreholes DM-1, DM-3, SB-2, SB-3, SR-3, 
and SR-4 (table 5). Data from these Casagrande piezom- 
eters generally agreed well with those from the adjacent 
strain-gage piezometers (Keefer, 199 1). 

In all the boreholes, ground-water levels were progres- 
sively deeper, as measured by the deeper piezometer tips 
(table 6); differences in ground-water levels among the 
various boreholes also indicated a complex hydraulic re- 
gime. Within the Upper Schultheis Road landslide, the 
highest ground-water levels as measured by shallow pi- 
ezometers were at 8.5- to 20-m depth; comparable mea- 
surements were 3.4- to 30-m depth as measured by 
intermediate-depth piezometers and 5.1-to 49-m depth as 
measured by deep piezometers. In the Villa Del Monte 
landslide, the highest ground-water levels were at 0.3- to 
20-m depth as measured by shallow piezometers, 4.5- to 
30-m depth as measured by intermediate-depth 
piezometers, and 13- to 42-m depth as measured by deep 
piezometers (table 6). 

Ground-water levels were relatively constant through- 
out most of the monitoring period but rose significantly 
in response to the period of heavy rainfall in spring 
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1991 (figs. 32, 33; table 6). The dates and times of rise DISCUSSION AND CONCLUSIONS 
in ground-water levels due to the spring 1991 rains 
are listed in table 7. These times reflect a relatively The landslides in the Summit Ridge area were larger 
rapid ground-water response to the rainfall, particularly and more complex than virtually all other landslides trig- 
to that in February and early March. Complete plots gered by the 1989 Loma Prieta earthquake (Keefer and 
of the piezometric records were presented by Keefer Manson, this chapter) or by other historical earthquakes 
(1991). of comparable magnitude (Keefer, 1984). The occurrence 
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Figure 29.-Area around main scarp of Upper Schultheis Road landslide, showing ground cracks and scarps that resulted 
from earthquake; ground cracks, scarps, and grabens formed during period of heavy rainfall in March 1991; and locations 
of quadrilateral arrays and strain gage. 
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of these landslides only in the Summit Ridge area indi- 
cates that their formation was related to specific seismic 
and (or) geologic conditions there. Among those condi- 
tions is the proximity of the landslides to the trace of the 
San Andreas fault. All of these landslides are within 4.1 
km of the fault trace, and all of those larger than 10 ha in 
area are within 1.8 km of the fault trace (fig. 34). In 
addition, although the data plotted in figure 34 show con- 
siderable scatter, a generally inverse relation between land- 
slide area and distance from the fault trace is evident. 

The occurrence of these large landslides only near the 
San Andreas fault could correlate with exceptionally strong 
near-field shaking that attenuated rapidly with distance 
away from the fault. Eyewitness accounts and other evi- 
dence of such effects as the snapping of redwood trees, 
movement of vehicles and other heavy objects, and major 
shaking damage to residences imply locally severe ground 
shaking. The Corralitos strong-motion station, 12 km 

southeast of the study area and 200 m from the fault (fig. 
I), recorded a moderately high peak acceleration of 0.64 
g (Shakal and others, 1989) and a moderately high Arias 
intensity of 4.0. Shaking could have been even more se- 
vere in the Summit Ridge area. The absence of strong- 
motion recordings in that area preclude direct verification 
of this hypothesis; however, from a study of 20 strong- 
motion records, Beroza (1991) concluded that an area of 
concentrated fault slip was centered 7 km northwest of 
the hypocenter, nearly under the Summit Ridge area. Such 
concentrated slip could presumably cause anomalously 
strong shaking. 

The Summit Ridge area was also in the region of maxi- 
mum tectonic ground deformation, as determined by geo- 
detic analysis of surface uplift and mapping of off-fault 
ground cracking. The maximum measured coseismic up- 
lift of 592 mm was near the south boundary of the study 
area, and uplift within the study area itself ranged from 
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Figure 30.-Area around part of upper Skyview Terrace on Villa Del Monte landslide, showing ground cracks and scarps that resulted from 
earthquake; ground cracks and scarps formed during period of heavy rainfall in March 1991; and locations of quadrilateral arrays. 
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Table 5.-General information on boreholes drilled in the Upper Schultheis Road and Villa Del Monte landslides 

[Do., ditto] 

Date (1989-90) Piezometer depths (m) 
Borehole Total Start Finish Drilled by Depth of Date of initial Shallow Inter- Deep Casagrande 

depth inclinometer inclinometer mediate 

(m) casing (m) reading 

SR- 1 
SR-1A 
SR-2 
SR-3 
SR-4 
ED- 1 
ED-2 
SD-1 
DM- 1 
DM-2 
DM-3 
DM-4 
SB-1 
SB-1A 
SB-2 
SB-3 
SB-4 
SB-4A 

about 100 to slightly less than 592 mm (fig. 35; Marshall 
and others, 1991). The Summit Ridge area also had the 
highest concentration of ground cracks produced by the 
earthquake (see pi. 3; Spittler and Harp, 1990; Ponti and 
Wells, 1991). Within the area, ground cracks were most 
abundant along the south flank of Summit Ridge, where 
most of the largest landslides occurred. 

The coseismic ground cracks evidently formed parallel 
to elements of the bedrock structure, such as bedding 
planes, joint surfaces, and faults; their orientations are 
generally consistent with tectonic extension across the crest 
of the uplifted hanging-wall block, but most of them also 
exhibit displacements indicating extension due to gravita- 
tional, downslope movement (Ponti and Wells, 1991). The 
relation of ground cracks to the large landslides is demon- 
strated in detail by the many specific examples of struc- 
turally controlled ground cracks forming landslide 
boundaries and other landslide elements described above, 
by Keefer (1991), and by Harp (this chapter). This evi- 
dence indicates that although many ground cracks were 
produced directly by tectonic deformation, by the initial 
effects of seismic shaking on preexisting planes of weak- 
ness, or both, once these cracks formed, they then served 
as loci around which continued shaking caused downslope 
movement and landsliding. This mechanism of landslide 
formation is consistent with the highly irregular shapes 
and typically discontinuous boundaries of the landslides 
and with the restriction of these landslides to the Summit 
Ridge area; other areas that had no significant numbers of 
ground cracks also produced no large landslides. 

Within the Summit Ridge area, all but one of the larg- 
est landslides occurred along the southwest flank of Sum- 
mit Ridge itself (see pi. 3). That part of the area, which is 
generally nearest the San Andreas fault, also has the most 
complex geologic structure, as evidenced by overturned, 
tightly folded bedding and numerous subsidiary faults. 
Because of this complex structure, subsurface shear zones 
and other planes of weakness probably are most common 
under that part of the area, which, as noted above, also 
had the highest concentration of ground cracks. 

Among the bedrock units in the study area, the Vaque- 
ros Sandstone was most involved in landsliding: earth- 
quake-induced landslides covered about 5 1 percent of the 
area underlain by this unit (table 8), in comparison with 
26 percent for the Rices Mudstone Member of the San 
Lorenzo Formation, 18 percent for the Butano Sandstone, 
10 percent for the Twobar Shale Member of the San 
Lorenzo Formation, 6 percent for the Purisima Formation, 
and 0 percent for the Lambert Shale. The Vaqueros Sand- 
stone, Rices Mudstone Member, Butano Sandstone, and 
Twobar Shale Member were sampled during drilling in 
the upper Schultheis Road and Villa Del Monte areas. For 
those units, some correlation exists between the abun- 
dance of shale and the percentage of area involved in 
landsliding (table 8): The Vaqueros Sandstone contained 
the most shale (33 percent), the Twobar Shale Member 
the least (3 percent), and the Rices Mudstone Member 
and Butano Sandstone intermediate amounts (20 and 29 
percent, respectively). Neither the Purisima Formation nor 
the Lambert Shale was sampled. The Lambert Shale un- 
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derlies only a small part of the study area; however, the 
Purisima Formation is more extensive and is described as 
being relatively poorly consolidated (Clark and others, 
1989). The relatively small percentage of area involved in 
landsliding on this unit is probably due to its occurrence 
in the study area farther away from the San Andreas fault 
than the other units, to its lesser structural complexity, 
and to the relatively low concentration of coseismic ground 
cracks in that part of the study area. 

A high correlation exists between the locations of large 
landslides triggered by the 1989 Loma Prieta earthquake 
and mapped, preexisting landslide deposits (fig. 4; table 
3). Of the 20 large landslides in and near the study area, 
18 were partly or completely within areas mapped as pre- 
existing landslide deposits (Cooper-Clark and Associates, 
1975), and virtually all of the earthquake-generated land- 
slides examined in the field also exhibited clear geomor- 
phic evidence of previous movement. Additional evidence 
of recurrent movement of the landslides comes from 
trenching studies, discussed by Keefer (1991) and Nolan 
and Weber (this chapter). Thus, the earthquake largely 
reactivated preexisting landslide material in the Summit 
Ridge area. 

INDICATED DEFLECTION (RESULTANT), 
IN  CENTIMETERS 

- 

- 

a n d  Associates,  Inc., - 

- 

Figure 3 1 .-Deflections measured by inclinometer in borehole D M 4  
on Villa Del Monte landslide (see fig. 125 for location). 

Landslide occurrence and direction of movement did 
not generally correlate with the dip of bedding. Of the 20 
large landslides, 8 moved in directions opposite to the 
dip, 7 moved in directions oblique to the dip, and only 5 
possibly moved generally in the same direction as the dip 
(table 3). Along the southwest flank of Summit Ridge, in 
particular, in the area of the largest landslides, bedding 
most commonly dips northeast or is overturned to the 
northeast, into the slope (see pi. 3). Thus, the other condi- 
tions discussed above evidently were more significant than 
the dip of bedding in determining where large landslides 
formed. 

The distinctive surface morphology of the large land- 
slides in the Summit Ridge area is probably due in part to 
earthquake-induced displacements that were small rela- 
tive to the landslide lengths. Typically, landslide heads 
and main scarps were relatively well developed, flanks 
were moderately well developed, and toes were poorly 
defined by surface features. Such morphology is consis- 
tent with small displacements and longitudinal strains (de- 
fined as the ratio of displacement to landslide length), 
whereby extensional displacements in the head of a land- 
slide may be accommodated by distributed internal com- 
pression downslope, so that little or no actual displacement 
of the landslide toe may occur. This process is illustrated 
for a longitudinal strain of 0.2 percent in figure 36. Lon- 
gitudinal strains calculated for the landslides in the Sum- 
mit Ridge area ranged from 0.05 to 0.83 percent (table 3). 

With increasing longitudinal strain, landslide features, 
particularly those in the landslide toes, should be more 
fully formed. The relation between longitudinal strain and 
the formation of surface features across toes for the land- 
slides in the Summit Ridge area is plotted in figure 37. 
Half of the landslides exhibited no mapped pressure ridges 
or other features marking the toes; however, the toe fea- 
tures observed on other landslides were typically small, 
and so many toe features could have been hidden in heavily 
vegetated terrain. For those landslides where toe features 
were mapped, the data show a trend of increasing devel- 
opment of toe features with increasing longitudinal strain. 

The landslide materials themselves were heterogeneous 
and composed of generally thick layers of colluvium and 
varyingly sheared and weathered sandstone, silts tone, and 
shale bedrock. Basal shear surfaces were identified in bore- 
holes at depths ranging from about 5 to 27 m, and other 
data from boreholes and from undamaged water wells sug- 
gests that some basal shears may be more than 100 m 
deep. The identified basal shears consisted of (1) a zone 
of sheared material, 30 cm thick, containing highly plastic 
clay, silty clay, sandstone, and fractured shale and a basal 
layer, 0.5 to 1.3 cm thick, of sheared silty clay and clayey 
silt; (2) a 5- to 10-cm-thick layer of swelling, clayey silt- 
stone separating oxidized from unoxidized materials; (3) 
a 2.5- to 5-cm-thick layer of soft, slickensided clay sepa- 
rating oxidized from unoxidized rock; and (4) a sheared 
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Table 6.-Piezometric data on the Upper Schultheis Road and Villa Del Monte landslides 

[n.d., no data; do., ditto] 

Borehole Piezometer Surface Elevation of Depth of Depth of Fluctuation 
depth elevation highest piezometer highest in ground- 

(m) ground- tip ground- water level 
water level ( 4  water level during 

(m) ( 4  Spring 1991 
( 4  

DM- 1 
DM-2 
DM-3 
DM-4 
ED- 1 
ED-2 
SB- 1 
SB-2 
SB-3 
SB-4 
SD- 1 

DM- 1 
DM-2 
DM-3 
DM-4 
ED- 1 
ED-2 
SB- 1 
SB-2 
SB-3 
SB-4 
SD- 1 

DM- 1 
DM-2 
DM-3 
DM-4 
ED- 1 
ED-2 
SB- 1 
SB-2 
SB-3 
SB-4 
SD- 1 

SR- 1 
SR-2 
SR-3 
SR-4 

SR- 1 
SR-2 
SR-3 
SR-4 

SR- 1 
SR-2 
SR-3 
SR-4 
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siltstone interbedded with a massive sandstone (Cole and basal shears evidently separated weathered material from 
others, 1991 and this chapter). No simple relation between bedrock, and two were within the bedrock itself. 
geologic materials, stratigraphy, or local structure and the Two shear surfaces each were documented under the 
formation of basal shear surfaces was evident. Two of the Upper Schultheis Road and Lower Schultheis Road West 

Ground surface - 

Shallow /^- 
4 

Intermediate 

Figure 32.-Elevation of piezometric surface versus time for piezometers in borehole SR-3 on Upper Schultheis Road 
landslide (see fig. 9B for location). 

Ground surface 
-- -- 

Shallow --- 
Intermediate 

Ã‘Ã‘______̂ - 

Figure 33.-Elevation of piezometric surface versus time for piezometers in borehole DM-1 on Villa Del Monte 
landslide (see fig. 125  for location). 
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Table 7.-Rises in ground-water level in response to rainfall, February-March 1991 

Piezometer 
Depth Date of Initial Rise (1991) Amount of Rise (m) 

Range Average Range Average 

Shallow----------------- Feb. 24 to Mar. 4 Mar. 1 
Intermediate------------ Feb. 26 to Apr. 10 Mar. 7-8 
Deep--------------------- Feb. 4 to Apr. 20 Mar. 6 

landslides (William Cotton and Associates, Inc., 1990; 
Cole and others, 1991 and this chapter). Additionally, bore- 
hole data from the Villa Del Monte landslide and the 
distribution of well damage there and elsewhere suggests 
(1) that multiple shear surfaces could exist under other 
landslides as well and (2) that the degree of development 
of shear surfaces varied locally. In particular, the absence 
of reported well damage within some landslide areas sug- 
gests that local basal shear displacements were small, dis- 
tributed over a broad range of depths, or both. 

Direct comparisons between the large landslides gener- 
ated by the 1989 Loma Prieta earthquake and the land- 
slides triggered or reactivated by the 1906 San Francisco 
earthquake are difficult because of the incomplete descrip- 

{Pi 
w 

10 0 

Figure 34.-Area of landslide versus distance from landslide crowns to 
surface trace of San Andreas fault. Letters and numbers refer to land- 
slides mapped on plate 3 and listed in table 3. 

18' 4 4  
1 

tions and imprecise locations in reports on the 1906 earth- 
quake. However, those reports do suggest that landslide 
activity in and around the Summit Ridge area was more 
widespread and severe in 1906 than in 1989 (table 1). The 
greater landslide activity in 1906 is consistent with at 
least two major differences in conditions: (1) the 1906 
earthquake (M=8.2-8.3) was much larger than the 1989 
earthquake ( M ~ 7 . 1 ) ;  and (2) rainfall was heavier before 
the 1906 earthquake, and so ground-water levels were pre- 
sumably higher than in 1989 (Youd and Hoose, 1978; 
Schuster and others, this chapter). 

Surface and subsurface monitoring of selected landslides 
in the Summit Ridge area showed no significant 
postearthquake displacements during the unusually dry 
period from December 1989 through late February 1991. 
Precipitation of 668 mm during late February and March 
1991 did trigger localized ground cracking and displace- 
ments near the main scarps of the Upper Schultheis Road, 
Hester Creek North, and Villa Del Monte landslides. The 
maximum movement recorded across ground cracks and 
(or) surface-monitoring arrays was 13 to 20 cm. The 
ground cracking and displacement were probably due to 
local upslope migration, or retrogressive failure, of the 
landslide heads, a process that could continue through 
subsequent periods of heavy rainfall. 

The period of heavy rainfall and observed landslide 
cracking in February and March 1991 coincided with a 
period of rising ground-water levels, as monitored by pi- 
ezometers in the upper Schultheis Road and Villa Del 
Monte areas. Ground-water levels measured by individual 
piezometers during this period rose as much as 6.1 m 
from February through April. The average rise in ground- 
water level was 1.7 m as measured by shallow piezom- 
eters, 1.3 m as measured by intermediate-depth 
piezometers, and 0.9 m as measured by deep piezometers. 
These rises in ground-water level were associated with a 
month-long period of heavy rainfall, which occurred after 
a much longer (5 year) period of exceptionally light rain- 
fall. Although these data show that significant changes in 
ground-water levels are possible within these slopes as a 

I I I l l l l l  I I I l l l l l  

0.1 1 10 
D ISTANCE O F  CROWN FROM FAULT  TRACE, 

IN  K ILOMETERS 
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result of rainfall, extrapolation to other short- or long- 
term rainfall cycles requires additional data and analysis. 

The dry ground conditions before and during the 1989 
Loma Prieta earthquake almost certainly limited the ex- 
tent and severity of landsliding. If the earthquake had 
occurred under wetter conditions, when ground-water lev- 
els in slopes were higher, many additional areas of 
coseismic ground cracks that exhibited small downslope 
displacements would probably have developed additional 
landslides. A larger earthquake under wetter conditions 
would probably produce much more severe and extensive 
landsliding in the Summit Ridge area, as evidently oc- 
curred during the 1906 earthquake. 

The inferred mechanism for landslide formation in the 
Summit Ridge area, with initiation associated with 
coseismic ground cracks, implies that such landslides are 
specifically generated by earthquakes. This inference is 

supported both by the historical record and by slope-sta- 
bility analyses of the Upper Schultheis Road and Villa 
Del Monte landslides. The historical record indicates that 
although landslides are commonly triggered by intense or 
long-duration rainfall in the area, such landslides are much 
smaller, shallower features, primarily debris flows and 
less complex slumps and block slides. Slope-stability 
analyses, as described in detail by Keefer (1991), indicate 
that (1) deep-seated basal shear surfaces of large areal 
extent are the most unstable under seismic conditions and 
(2) shallower shear surfaces of more limited areal extent 
are the most unstable under conditions of rising ground- 
water levels in the absence of seismic shaking. Thus, the 
large landslides in the Summit Ridge area probably are 
uniquely earthquake related, and, in this area, such earth- 
quake-generated landslides are probably major recurring 
hazards and significant agents of landscape evolution. 

Figure 35.-Loma Prieta area, showing contours of coseismic uplift and subsidence caused by 1989 earthquake (from Marshall and 
others, 1991). Star, earthquake epicenter; triangle LP, geodetic station on Loma Prieta; dots, bench-mark locations; irregular thin 
lines, faults (dashed where approximately located, dotted where concealed). Contour interval, 50 mm; subsidence contours hachured. 
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Table 8.-Percentage of areas and shale in geologic units involved in landslides 

[Percentage of area is based on ratio of area of landslides within unit to total mapped area of unit in study area. Percentage of shale is based on ratio 
of total length of shale to total length of unit in boreholes drilled in the Upper Schultheis Road and Villa Del Monte areas; drilling logs from William 
Cotton and Associates, Inc. (1990). ad . ,  not determined] 

Geologic unit Percentage of area Percent 
involved in landsliding shale 

(percent) 

Zone of 
extensional 
cracking in 

landslide 
Zone of distributed internal compression head -- -1 

- A 
Figure 36.-Idealized landslide cross section, illustrating accommoda- 
tion of extensional displacement in head by distributed internal com- 
pression of rest of landslide, with no bulging of ground surface at 
landslide toe. Lengths of arrows along basal shear surface represent 
relative downslope displacement of points along basal shear surface; 
dots, no displacement. For example, within a landslide 1,000 m long, 2 
m of extensional displacement across main scarp could be accommo- 
dated by 0.2 percent of distributed longitudinal compressive strain within 
landslide material, with no movement at toe and no bulging of ground 
surface (assuming a constant thickness of landslide material). 

Figure 37.-Percentage of landslide toes marked by compressional fea- 
0 0 tures (calculated from ratio of total length of compressional features in 
C 1 <  15 176 1114 landslide toe to width of toe) versus longitudinal strain (calculated 

0 
12 

from ratio of displacement to landslide length) for landslides in Sum- 
0.01 0.1 ' mit Ridge area. Letters and numbers refer to landslides mapped on 

LONGITUDINAL STRAIN, IN P E R C E N T  plate3andlistedintable3. 
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ABSTRACT 

The 1989 Loma Prieta earthquake generated a complex 
zone of distributed fractures related to both landslide move- 
ment and regional structure, such as bedding, joints, and 
faults, within a 3- by 10-km area primarily on the south- 
west flank of Summit Ridge in Santa Cmz County adjacent 
to the San Andreas fault zone. Instead of predominantly 
left stepping, right-lateral fractures confined to the mapped 
trace of the fault, these fractures were primarily exten- 

sional, and components of left-lateral slip were more com- 
mon than those of right-lateral slip. 

Fractures primarily related to landslide movement and 
those primarily related to regional structure were discrimi- 
nated on the basis of orientation, variation in trends, dis- 
placement magnitude, sense of relative displacement, and 
spatial relation to existing geomorphic features. Fractures 
related primarily to landslide movement varied more 
widely in azimuthal trend and dip and had greater maxi- 
mum displacements than those related primarily to re- 
gional structure. Interaction between landslide boundaries 
and structurally controlled fractures is evident in that the 
regional-structural trend (N. 30'-80' W.) is reflected in 
the shapes of some of the landslides reactivated by the 
earthquake. Several landslide headscarps that formed along 
structurally controlled discontinuities paralleled the re- 
gional-structural trend, and the landslide boundaries 
showed asymmetries imposed by regional structure. 

The distributed off-fault fractures caused by the earth- 
quake are similar to the fractures triggered by other recent 
earthquakes. For example, the 1986 North Palm Springs, 
Calif., and 1980 El Asnam, Algeria, earthquakes gener- 
ated extensive off-fault fractures and landslides. Fracture 
patterns, extensional graben features, and landslide for- 
mation related to distributed horizontal shear, gravitational 
effects, and uplift-induced extension during the 1980 El 
Asnam earthquake suggest a useful qualitative model for 
similar features produced during the 1989 Loma Prieta 
earthquake. 

INTRODUCTION 

Initial efforts to locate a surface rupture from the 1989 
Loma Prieta earthquake were frustrated largely by the con- 
fusing pattern of landslide-related fractures and numerous 
other ground cracks that displayed features generally con- 
sidered to be uncharacteristic of the San Andreas fault. 
Instead of predominantly left stepping, right-lateral frac- 
tures confined to the mapped trace of the fault, fractures 
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were distributed throughout a wide zone southwest of the 
fault, along the crests of Summit and Skyline Ridges (fig. 
I), approximately 3 krn wide transverse to the ridgecrest 
by 10 krn long parallel to the ridge, approximately be- 
tween Hutchinson Road and Skyland Ridge (see pi. 4; fig. 
1). Instead of the expected primarily right-lateral displace- 
ments, most fractures were primarily extensional, and com- 
ponents of left-lateral slip were more common than those 
of right-lateral slip. 

This paper presents the fracture pattern produced by 
the earthquake in the Summit Ridge and Skyland Ridge 
areas (see pi. 4), discriminates fractures related to land- 
slide movement and those related to regional structure 
(bedding, faults, joints), and discusses the relations be- 
tween the existing structural fabric and the landslides gen- 
erated by the earthquake. 

GEOLOGIC SETTING 

The geology of Summit Ridge itself is dominated by 
three units of Tertiary age: the Butano Sandstone, San 

Lorenzo Formation, and Vaqueros Sandstone. All of these 
units consist of weakly cemented sandstone, siltstone, 
mudstone, and shale. According to the most recent geo- 
logic mapping in the study area (Clark and others, 1989, 
with landslide boundaries revised by R.J. McLaughlin and 
J.C. Clark, unpub. data, 1990; McLaughlin and others, 
1991), the overall trend of bedding and other regional 
structure is northwest-southeastward. Bedding in the study 
area typically strikes N. 30'-80' W. The rocks are in- 
tensely folded, and dips are typically steep. Locally, the 
rocks dip southwest or northeast, are vertical, or are over- 
turned to the northeast (fig. 2). 

Several major geologic structures pass through the study 
area (fig. 2). The Laurel anticline trends approximately N. 
45' W. through the south flank of Summit Ridge and is 
truncated by the Butano fault approximately 1.4 km south- 
east of the California Highway 17-Summit Road intersec- 
tion. This fault, which diverges from the San Andreas 
fault 800 m northwest of the Old San Jose Road-Summit 
Road intersection, traverses the Summit Ridge area with 
local strikes of N. 60'-75' W. The Summit syncline trends 
N. 60'-65' W. and extends approximately 300 m west of 

Figure 1.-Loma Prieta area, Calif., showing locations of major faults (dashed where inferred, dotted where 
concealed) and o f  study area in the Santa Cmz Mountains where widespread landsliding and coseisrnic 
ground fractures were generated by 1989 Lorna Prieta earthquake. Star, epicenter. 
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Morrell Road, where the synclinal axis is truncated 
by an unnamed fault trending N. 45' W. that is in- 
ferred to offset the Butano fault left laterally (fig. 2; 
McLaughlin and others, 1991). In the Villa Del Monte 
and Morrell Road areas, several faults striking ap- 
proximately N. 45' W. extend across the Butano fault 
and the Summit syncline. Most of these faults are 
shorter than 1 km in mapped length and appear to 
offset structures little or not at all. 

Several grabens are present near the crest of Sum- 
mit Ridge (see pi. 4A; fig. 2); they are subparallel to 
the ridge and have a local relief of 1.5 to 6 m across 
their boundaries. Renewed displacement occurred on 
parts of graben boundaries during the earthquake, as 
evidenced by fractures with vertical displacements of 
from several centimeters to as much as 30 cm. Three 
of the most conspicuous grabens are near Summit 
Road (see pi. 4A; fig. 2); the westernmost of these is 
about 60 m southeast of Old Summit Road and about 
750 m east of California Highway 17. This graben 
(Tranbarger graben, pi. 4A; fig. 2) is part of the ex- 
tended Tranbarger fracture zone in the Old Santa Cruz 
Highway area. There, earthquake-induced fractures 
formed on both margins near its northwest limit, where 
it is approximately 15 m wide. To the southwest, the 
graben increases in width to approximately 60 m 
within a horizontal distance of 100 m. Measured ver- 
tical displacements during the earthquake ranged from 
2.5 to 15 cm (Spittler and Harp, 1990). 

Another visible graben along Summit Road lies 
adjacent to and southwest of a 430-m-long fracture 
(Church ruptures of Ponti and Wells, 1990) that ex- 
tends southeastward from the Melody Lane-Summit 
Road intersection (see pi. 4A; fig. 2), crossing Sum- 
mit Road twice. The long fracture along the north- 
eastern margin of this graben is the only significant 
earthquake-induced fracture associated with it. Its 
maximum displacement is about 0.3 m (Spittler and 
Harp, 1990). As discussed below in the subsection 
entitled "Church Fracture Zone," no single origin is 
obvious for this feature. 

Beginning at the Summit Road-Old Santa Cruz 
Highway intersection, a 30- to 50-m-wide graben ex- 
tends approximately 250 m southeastward along the 
southwest side of Summit Road; it trends N. 45' W., 
diverging from the trend of Summit Road by about 
5'. Both southwest- and northeast-facing scarps 
formed here on fractures (Corral graben, pi. 4A; fig. 
2) triggered by the earthquake, with vertical displace- 
ments ranging from 5 to 36 cm (Spittler and Harp, 
1990). Within this graben, earthquake-induced frac- 
tures did not wholly coincide with the graben mar- 
gins but also formed southwest- and northeast-facing 
scarps within the graben itself. These grabens and the 
fractures created within them during the earthquake 
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parallel the prevailing structural trends in this area (N. 
40'-60' W.), as discussed below in the subsection en- 
titled "Fractures Related to Regional Structure." 

METHODS OF FRACTURE MAPPING 
AND DETERMINATION OF ORIGIN 

The fractures or ground cracks that formed in the Sum- 
mit Ridge area as a result of the earthquake were mapped 
by a team of geologists from Federal, State, and county 
agencies, universities, and private consulting firms. The 
map of landslide-related and other coseismic fractures (see 
pi. 4) was derived from the original map by Spittler and 
Harp (1990), using l:6,000-scale aerial photographs taken 
October 27, 1989. Outside of this coverage, mapping was 
done on enlargements of l:24,000-scale U.S. Geological 
Survey topographic maps, 1 :3 1,680-scale aerial photo- 
graphs taken in June 1989, and l:4,800-scale County of 
Santa Cruz planimetric maps. 

The locations of features mapped from the l:6,000-scale 
aerial photographs are accurate to within 10 m where veg- 
etation is sparse and to within 10 to 50 m where vegeta- 
tion is dense. Outside the coverage of the 1:6,000 aerial 
photographs, accuracy is diminished. Where distinctive 
and (or) topographic features are present, locations are 
accurate to within 20 to 50 m; where no such distinctive 
features exist and where tree cover is dense, accuracy is 
estimated at within 50 to 100 m. 

Some fractures may have been missed during the map- 
ping because of dense vegetation, poor access, and the 
obliteration of many features due to repair work before 
mapping could be completed. The purpose of plate 4 is to 
systematically document and interpret the landslide and 
other coseismic fractures and to display their distribution 
with a minimum of generalization. Because these features 
were plotted by hand and are not precisely surveyed at a 
large scale, such as 1500  or larger, some generalization 
has necessarily been incorporated into the mapping. There- 
fore, plate 4 is useful as a reconnaissance tool and as a 
guide to subsequent geologic and geotechnical investiga- 
tions but is insufficiently precise to serve as a map on 
which to base site-specific engineering or planning deci- 
sions. I 

The various distinguishing characteristics of fractures, 
such as orientation, continuity, and relation to geomor- 
phic features, were used to discriminate their origins. The 
criteria described below were used to discriminate on plate 
4 between fractures primarily related to landslide move- 
ment and those primarily related to regional structure, such 
as bedding, joints, or faults. A few major fractures and 
fracture zones are designated as related to both types of 
processes because evidently both landslide movement and 
regional structure significantly influenced their geometry. 

Relatively small ground cracks, whether within or outside 
landslide boundaries, were not individually categorized. 
Ground-crack patterns were analyzed primarily with the 
data of Spittler and Harp (1990, pi. 5) and Wells (in press). 

CRITERIA FOR DISCRIMINATING 
FRACTURE ORIGINS 

FRACTURES RELATED TO LANDSLIDE 
MOVEMENT 

The typical association of fractures showing different 
relative displacements and orientations within the various 
parts of a landslide is well documented (Varnes, 1978) 
and forms a basis for relating fractures to landslides or 
other causes. The relation of fractures to slope morphol- 
ogy and to each other is also important in such a determi- 
nation. The large landslides in the Summit Ridge area and 
the fractures associated with them are described by Keefer 
and others (this chapter), along with a discussion of the 
general criteria for identifying such landslides. To facili- 
tate the discussion of fracture origins, however, in the 
following sections I discuss the criteria used to discrimi- 
nate between fractures related to landslide movement and 
those related to regional structure. 

FRACTURE ORIENTATION 

The orientation and shape of a fracture are primarily 
important in evaluating its origin. As shown on plate 3 
and in figure 1 of Keefer and others (this chapter), if the 
main (head) scarp and both flanks of a rotational slump or 
block slide are completely defined by fractures, these frac- 
tures describe a horseshoe-shaped arc opening in the 
downslope direction, although, as discussed by Keefer and 
others, the main scarps of block slides may be only gently 
curved or relatively straight. Therefore, in general, frac- 
tures related to main scarps may vary in trends within 
approximately 180' on a single landslide. For example, 
on the southwest flank of Summit Ridge, most major 
groups of fractures associated with landslides had trends 
that spanned this full range although the full range of 
possible trends was not observed on all individual land- 
slides. 

VARIATION IN TREND 

Fractures associated with the main scarps of landslides 
are typically arcuate or curved. If the main scarp or flanks 
are exceptionally long, however, these fractures may be 
relatively straight over much of their length. Most, but 
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not all, fractures associated with landslides in the Summit 
Ridge area were in zones that remained straight for less 
than 100 m; the most notable exceptions to this limit were 
associated with the largest landslides. 

DISPLACEMENT MAGNITUDE 

Though not a distinguishing criterion, maximum dis- 
placements measured across fractures within landslides in 
the Summit Ridge area were commonly larger than across 
fractures unrelated to landslide movement. Fracture dis- 
placements outside of landslide boundaries were typically 
less than 50 cm, whereas those of more than 60 cm across 
individual cracks were not uncommon within landslides. 
Thus, both fractures related to landslide movement and 
those related to regional structure had displacements of 
less than 50 cm, whereas only fractures related to land- 
slide movement commonly had displacements of more than 
60 cm, probably reflecting a gravity-driven component of 
landslide displacement in addition to a shaking-induced 
component. Cumulative displacements across fracture 
zones within landslides were as large as 2.4 m. 

SENSE OF RELATIVE DISPLACEMENT 

Within a landslide mass that has a completely devel- 
oped main scarp and flanks, vertical, right-lateral, and 
left-lateral senses of displacements are all represented. In 
the Summit Ridge area, this was not the case for all land- 
slides because within some landslides (specifically, the 
Upper Morrell Road and Be1 Air Court landslides, pi. 4A, 
4B), fractures defining the flanks of the landslides were 
not equally developed. Throughout the study area, how- 
ever, displacements across fractures along landslide mar- 
gins were relatively consistent-dextral along the right 
flanks and sinistral along the left flanks. 

FRACTURES RELATED TO REGIONAL 
STRUCTURE 

The origins of the fractures in the Summit Ridge area 
unrelated to landslide movement is still in debate. Ponti 
and Wells (1991) attributed much of the displacement 
across such fractures to gravitational movement and sug- 
gested that displacement vectors are in the direction of 
regional or local slope. Cotton and others (in press) in- 
voke bedding-plane slip to account for the largely exten- 
sional style of the displacements across fractures, and 
similar past deformation to account for the grabens, in the 
Summit Ridge area; they consider this deformation to be 
tectonic in origin. Aydin and others (in press) found right- 
lateral displacements with reverse slip-slip components in 
short discontinuous segments along both the Sargent and 

the San Andreas fault zones. They consider the displace- 
ments within these segments to be kinematically compat- 
ible with the source mechanism of the earthquake, and the 
broad zone of distributed fractures on Summit Ridge to be 
tectonic but otherwise obscure in origin. Johnson and 
Fleming (1993) considered fractures in the Summit Ridge 
area unrelated to landslide movement to be extensional 
features formed within a zone of distributed right-lateral 
shear and the observed left-lateral displacements observed 
across such fractures to derive from rotation accompany- 
ing the distributed right-lateral deformation. They stated 
that this deformation is tectonic, consistent with the source 
mechanism of the earthquake, and that the displacements 
observed in the Summit Ridge area are probably typical 
for past earthquakes there. Regardless of their specific 
origin, most of these fractures are probably openings along 
bedding surfaces or along other structures trending paral- 
lel to bedding. 

Extension was the predominant mode of displacement 
across the fractures related to regional structure through- 
out the study area. Even those fractures that displayed 
lateral and (or) vertical offset generally lacked slicken- 
sides or surficial ridges of disturbed ground ("mole 
tracks"), which are created primarily by shear. Although 
both left- and right-lateral displacements occurred, left- 
lateral displacements were more common. 

FRACTURE ORIENTATION 

In addition to their unrelatedness to any recognizable 
landslides, the principal criteria for identifying fractures 
related to regional structure were an absence of curvature 
and a limited variation in orientation parallel to regional 
structure, in contrast to the wide variation in orientation 
characteristic of the fractures related to landslide move- 
ment. Most fractures in the Summit Ridge area outside 
the boundaries of well-defined landslides parallel or nearly 
parallel bedding, as shown in figure 2. Most of these frac- 
tures and most bedding surfaces trend and strike in the 
range N. 30'-80' W. As previously stated, the trends of 
fractures related to landslide movement varied much more 
widely than those of fractures related to regional struc- 
ture. The rose diagrams shown in figures 2, 3A, and 3B 
plot the cumulative trends of fractures related to regional 
structure in the northwest and southeast halves, respec- 
tively, of the study area (see pi. 4). Most fractures in the 
northwest half of the study area along Summit Ridge (figs. 
2, 3A) trend approximately N. 45' W., whereas those in 
the southeast half of the study area along Skyland Ridge 
(figs. 2, 3B) show an additional clustering of trends around 
N. 15'-20' W., as well as a maximum trend of N. 45' W., 
reflecting a more northerly trend of regional structure and 
strike of bedding in parts of the Skyland Ridge area than 
in the Summit Ridge area. 
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CHURCH FRACTURE ZONE 

Another long fracture approximately parallel to the re- 
gional-structural trend extended for approximately 430 m 
southeastward along Summit Road from near the Melody 
Lane-Summit Road intersection (loc. D, pi. 4A). This frac- 
ture intersects Summit Road approximately 200 m from 
the northwest end of the fracture. Southeastward from 
there, the fracture runs along the southwest edge of Sum- 
mit Road for approximately 60 m and then recrosses Sum- 
mit Road and parallels the road for an additional 140 m. 
The overall trend of this fracture is N. 40' W., and its 
trend ranges locally from N. 15' to 80' W. Throughout 
most of its length the fracture is a single discontinuity, 
with vertical displacements of as much as 30 cm, down to 
the southwest (downslope). 

Like the Tranbarger fracture zone, the Church fracture 
zone has most of the characteristics of a ground crack 
opening along the regional-structural trend; however, it 
also has characteristics of the main scarp of a large land- 
slide. Unlike the Tranbarger fracture zone, the sense of 
vertical displacement across the Church fracture zone is 
consistently downslope side down except in a few locali- 
ties near its northwest and southeast ends, where small 
(max 2.5 cm) vertical displacements occurred that were 
upslope side down. 

Ponti and Wells (1991) interpreted the displacements 
across this fracture as deformation along bedding on the 
northeast limb of the Summit syncline, the axis of which 
trends N. 60'-65' W. They suggested that this fracture, 
as well as others in the vicinity, may reflect slip along 
bedding surfaces because beds on both limbs of the syn- 
cline appear to move toward the center of the syncline. 
They furthermore suggested that movement of beds to- 
ward the syncline center may be due to ridge spreading 
caused by lateral movement of underlying mudstone units, 
allowing gravitational relaxation of the syncline. 

Although the above model is consistent with vertical 
displacements of this fracture along its length, other frac- 
tures on the southwest limb of the syncline (loc. E, pi. 
4A) have southwest-facing scarps, indicating movement 
of material in the opposite direction, away from the syn- 
clinal center. Although some fractures in this vicinity have 
northeast-facing scarps, other nearby fractures not obvi- 
ously related to landslide movement have southwest-fac- 
ing scarps. 

A trench dug across the Church fracture zone at a lo- 
cality on the southwest side of Summit Road (see Nolan 
and Weber, this chapter) showed that the fracture dips 
45'-63' SW. Data from this trench, as well as surface 
data, suggest that this fracture could be the main scarp of 
a large deep-seated landslide involving much of the south- 
west slope of Summit Ridge. If both this fracture and 
those constituting the Tranbarger fracture zone are related 
to landslide movement, then this fracture along Summit 

Road would be a main scarp along the ridgetop, and the 
Tranbarger fracture zone would be a zone of internal scarps 
downslope and within a large landslide that includes most 
of the southwest flank of Summit Ridge between Califor- 
nia Highway 17 and Old Santa Cruz Highway. In fact, the 
Church fracture zone crosses Summit Ridge at its north- 
west end, occupying a position slightly to the north and 
downslope of the crest of Summit Ridge at this point. For 
a landslide scarp to occupy a position on the opposite side 
of a ridgecrest from the slope toward which it is inclined 
is not uncommon where bedding surfaces or other struc- 
ture has a similar inclination. According to the geologic 
map (McLaughlin and others, 1991), bedding in this area 
dips southwest. For the Church fracture zone to be the 
scarp of a deep-seated landslide, however, its failure sur- 
face would have to depart from the geometry of the Sum- 
mit Ridge syncline in its lower reaches. 

In addition, the Church fracture zone may be related to 
a fault mapped in approximately the same place and with 
the same overall trend (fig. 2; McLaughlin and others, 
1991). The fault as mapped extends beyond the present 
fracture zone approximately 0.3 km farther northwestward 
and slightly more than 1 km farther southeastward. At 
present, however, the origin of the Church fracture zone 
is still uncertain, and any one or, possibly, all of these 
origins may have contributed to its formation. 

INTERPRETATION OF FRACTURE 
PATTERNS 

The fractures on Summit Ridge created by the earth- 
quake revealed a complex interaction between landslide 
processes as triggered by the earthquake and preexisting 
regional structure, such as bedding surfaces, joints, and 
faults. The fractures related to landslide movement evi- 
dently are superimposed on and, therefore, postdate the 
network of regional structural features. 

EFFECT OF REGIONAL STRUCTURE ON 
LANDSLIDES 

The spacing and orientation of regional structure within 
the study area (see pi. 4) and generalized from McLaughlin 
and others (1991) evidently affected the shape and posi- 
tion of many of the margins of the larger landslides. Sev- 
eral examples of this effect are discussed below. 

UPPER MORRELL ROAD LANDSLIDE 

The Upper Morrell Road landslide, on the south flank 
of Summit Ridge approximately 370 m east of Taylor 
Gulch, shows a strong influence of regional structure on 
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the position and shape of the fractures forming the land- 
slide margins. The fractures forming the main scarp and 
the flanks of the landslide are asymmetric (loc. F, pi. 4B), 
and fractures forming the left flank of the landslide paral- 
lel the regional-structural trend (N. 55'-60' W.) for as 
much as 240 m. 

The fractures forming the right flank (looking 
downslope) of this landslide curved to the southwest from 
the main-scarp area and trended approximately N. 20' E. 
where they crossed Morrell Road. At that point, they were 
predominantly right lateral, with approximately 60 cm of 
horizontal displacement and 15 to 25 cm of vertical dis- 
placement, down to the southeast. Approximately 23 m to 
the southwest along this fracture zone, its trend abruptly 
swung clockwise to N. 60' W. (loc. G, pi. 4B), parallel to 
regional structure. Immediately west of this change in 
trend, the fracture was predominantly extensional, and sev- 
eral upslope-facing scarp segments were present, with 
maximum displacements of 5 cm. At this change in trend, 
the fracture zone ceased to exhibit the characteristics of 
right-lateral shear along the flank of a landslide and took 
on the attributes (largely extensional displacements, frac- 
tures parallel to regional structure and bedding, and 
upslope-facing scarps well downslope from graben-form- 
ing areas of the Upper Morrell Road landslide) of frac- 
tures related to regional structure. 

VILLA DEL MONTE LANDSLIDE 

Several fracture zones in the Villa Del Monte area 
seemed to be related to both landslide movement and re- 
gional structure. For example, near the junction of Skyview 
Terrace and Be1 Air Court, a fracture zone trending N. 
50' W. formed part of an internal landslide scarp (loc. H, 
pi. 4B). Similarly to the Upper Morrell Road landslide, 
this fracture zone, forming the left flank of the internal 
landslide, paralleled the regional-structural trend. The right 
flank of the fracture zone curved counterclockwise to the 
southwest, trending about N. 20' E. 

Near the junction of Sunset Drive and Evergreen Lane, 
as well as immediately to the north, are several fractures 
that parallel the regional-structural trend but also resemble 
fractures forming the main scarp of a large, deep-seated 
landslide. This fracture zone trends approximately N. 65' 
W., but one fracture (near loc. I, pi. 4A) curves counter- 
clockwise, trending N. 45' E., as displacements change 
from predominantly extensional to primarily dextral. This 
change in trend and the displacements along this fracture 
are common features of the transition from the main scarp 
to the right flank of a landslide. 

One effect of the regional system of discontinuities on 
the shape of landslides along the south flank of Summit 
Ridge is a consistent asymmetry in their horizontal di- 
mensions. Generally, the right flanks are more clearly de- 

fined by fractures than are the left margins. Examples are 
the Upper Morrell Road landslide (see pi. 4B), the Burrell 
landslide (loc. H, pi. 4B), and the Villa Del Monte land- 
slide (loc. I, pi. 4A). Because the left flanks of the land- 
slides on the south side of Summit Ridge more nearly 
parallel the regional-structural trend, the fractures form- 
ing these flanks generally occur along previously existing 
structural discontinuities rather than propagating through 
unbroken ground, and generally are extensional rather than 
dominantly shear, as is more typical in the flanks of a 
landslide. 

OTHER EXAMPLES AND SUMMARY 

Many fractures that approximately parallel the regional- 
structural trend extend across landslide boundaries or 
through landslides, evidently affecting the shapes of the 
landslides. For example, a N. 50' W.-trending fracture 
related to regional structure cuts through one of the main 
scarps in the Burrell landslide (loc. H, pi. 4B) and contin- 
ues into the landslide. Similarly, a N. 50'-67' W.-trend- 
ing fracture cuts across the Taylor Gulch landslide (loc. J, 
pi. 4B). Finally, a set of N. 60' W.-striking fractures re- 
lated to regional structure cut through the northwest part 
of the main scarp and the right flank of the Stetson Road 
landslide (loc. K, pi. 4D). 

As these examples show, the pattern of fractures trig- 
gered by the earthquake on the southwest slopes of Sum- 
mit and Skyland Ridges reveals an interaction between 
landslides triggered by the earthquake and a regional sys- 
tem of structural discontinuities, most likely bedding sur- 
faces and faults subparallel to bedding. This interaction 
between landslide movement and regional structure takes 
two forms. One form of interaction involves the influence 
of the spacing and orientation of fractures related to re- 
gional structure on the position and shape of fractures 
forming landslide boundaries. This form of interaction also 
imparts an asymmetry, in that fractures outlining the left 
flanks of landslides commonly are poorly formed in com- 
parison with those outlining the right flanks. In several 
places, the left flanks of landslides that formed along frac- 
tures which parallel the regional-structural trend were long 
and straight, whereas those forming the right flanks were 
arcuate. Another form of interaction involves the cross- 
cutting of landslides by fractures related-to regional struc- 
ture, with little apparent effect on the landslide shape. 

Thus, in the 1989 Loma Prieta earthquake, a wide zone 
of distributed coseismic fractures and landslides was trig- 
gered to the southwest and approximately parallel to the 
mapped trace of the San Andreas fault. The pattern of 
landslides and fractures resulted from a complex interac- 
tion between strong shaking, fault movement, geologic 
structure, and gravitational slope movement. The 1989 
Loma Prieta earthquake is not unique, however, in pro- 
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ducing such a complex pattern of fractures and slope fail- 
ures within its epicentral area. Other recent earthquakes 
have also triggered complex patterns of surface deforrna- 
tion that are difficult to interpret. 

SIMILARITY OF FRACTURE PATTERNS 
TO THOSE PRODUCED IN OTHER 

EARTHQUAKES 

The pattern of fractures formed on the southwest slopes 
of Summit and Skyland ridges by the 1989 Loma Prieta 
earthquake is similar to those produced in other recent 
earthquakes: The 1986 Palm Springs, Calif., and the 1980 
El Asnam, Algeria, earthquakes both produced extensive 
zones of distributed fractures and reactivated landslides 
along and near the traces of the causative faults. We dis- 
cuss these earthquakes here to provide a basis of compari- 
son for evaluating the possible origins of the fractures in 
the Summit Ridge area and their relation to landslides 
triggered by the 1989 Loma Prieta earthquake. 

THE 1986 NORTH PALM SPRINGS, CALIFORNIA, 
EARTHQUAKE 

The July 8, 1986, North Palm Springs, Calif., earth- 
quake (ML=5.9) produced an extensive network of frac- 
tures within a diffuse zone along both sides of the Banning 
fault, which dips about SO0 N. in this area. The fracture 
zone extended 8.6 krn along the fault and 90 to 300 m 
wide. Although discontinuous fractures and landslides were 
most abundant, and displacements greatest, where slopes 
were steepest within this fracture zone, gentle slopes and 
nearly level ground were also cracked. Extension and small 
(several millimeters) right-lateral offsets were the most 
common type of displacements. The fractures on nearly 
level ground were probably related to fault slip rather 
than to slope movement. Intensely fractured ground along 
ridgecrests was also a common feature within the fracture 
zone (Morton and others, 1989). 

Many of the fractures within the diffuse zone along the 
Banning fault were interpreted to have been caused by 
shallow gravitational slope displacements (landslides) in- 
duced by the seismic shaking. The distribution of the frac- 
tures with respect to the fault trace, however, indicated 
that these fractures did not result from strong shaking 
alone. Morton and others (1989) concluded that this 
anomalous fracture zone formed from a combination of 
strong ground shaking, gravitational effects, and a local- 
ized surficial response to static shear strain induced near 
the fault trace by rupture at depth. Their model, based on 
elastic-dislocation theory, predicted that the surface frac- 
tures not caused by slope movements extended no deeper 

than 100 m and that the fault rupture at depth extended 
only to within 4 km of the surface and was not connected 
to the surface fractures. 

Similarities between the 1986 Palm Springs earthquake 
and the 1989 Loma Prieta earthquake are (1) the respec- 
tive source mechanisms, which were both right lateral 
with a thrust component; and (2) the presence of discon- 
tinuous fracture zones away from the fault traces that 
showed dominantly extensional displacement. Also, many 
landslides were triggered within this diffuse zone of frac- 
tures, creating difficulties for geologists seeking to dis- 
criminate between fractures outlining the slope failures 
and other fractures due to shaking or faulting. 

Differences between the fracture pattern created by the 
1986 North Palm Springs earthquake and that created by 
the 1989 Loma Prieta earthquake were (1) shear displace- 
ments across fractures that were dominantly right lateral 
in the 1986 earthquake as opposed to dominantly left lat- 
eral in the 1989 earthquake, and (2) the presence of frac- 
tures and slope failures on both sides of the Banning fault 
in the 1986 earthquake. In the Summit Ridge area, most 
observed ground cracks were confined to the southwest 
side of the ridge or, at least, to the hanging wall (with 
respect to the thrust component of the Loma Prieta source 
mechanism) of the San Andreas fault zone, whereas the 
diffuse zone of fractures originating from the 1986 earth- 
quake extended across the Banning fault trace. 

In summary, both the 1986 North Palm Springs earth- 
quake and the 1989 Loma Prieta earthquake formed broad 
zones of complex fractures as a result of strong ground 
shaking, gravitational effects, and fault rupture at depth. 
Differences existed as to the dominant sense of shear across 
fractures and the distribution of fracture zones with re- 
spect to the fault traces. 

THE 1980 EL ASNAM, ALGERIA, EARTHQUAKE 

A recent earthquake showing possibly even more simi- 
larities to the 1989 Loma Prieta earthquake in producing 
off-fault ground cracks was the October 10, 1980, El 
Asnam, Algeria, earthquake ( M ~ 7 . 3 ) .  Cotton and others 
(1990 and in press) also pointed out the similarities be- 
tween the landslides and off-fault fractures caused by these 
two earthquakes. 

The 1980 El Asnam earthquake generated 40 km of 
primary surface rupture that ranged in trend from N. 45' 
to 80' E. (fig. 4). The primary rupture was somewhat 
discontinuous over this 40 km, but distances between in- 
dividual fractures in the rupture zone generally were less 
than 100 m. The surface fault displacement was predomi- 
nantly thrusting, with some left-lateral slip in the southern 
part of the fault trace (fig. 4; Philip and Meghraoui, 1983; 
Sorriso-Valvo, 1986). The source mechanisms indicated a 
dip of approximately 50Â N. (Ouyed and others, 1981). 
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Figure 4.-El Asnam area, Algeria, showing ground cracks from the October 10, 1980, earthquake (after Philip and Meghraoui, 1983). 
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Few fractures formed south of the fault trace, on the foot- 
wall; however, along the hanging wall near the main trace, 
various compressional and extensional fractures and land- 
slides (rotational slumps) formed in a zone as much as 1 
km wide. 

Several large rotational slumps were created where the 
surface of the hanging wall near the thrust fault was up- 
lifted and folded. Landslide scarps formed immediately 
adjacent and parallel to the thrust fault and in the hanging 
wall as it was uplifted and extended by folding (fig. 5). 

Compressional features were related to deformation at 
the leading edge of the thrust fault and to the regional 
stress field associated with it. Pressure ridges south of, or 
in front of, the thrust fault were observed where the fault 
became imbricate. Extension fractures perpendicular to 
the fault trace and parallel to the inferred regional direc- 
tion of maximum principal stress were found primarily 
on the hanging-wall side. Extension fractures parallel to 
the fault trace occurred both as simple extension cracks 

with little relative displacement and as large grabens (figs. 
5 ,  6). 

The patterns of fractures and landslides produced by 
the 1980 El Asnam and 1989 Loma Prieta earthquakes are 
similar in the spatial relations of landslides and extension 
fractureslgrabens. Both earthquakes had thrusting source 
mechanisms and strike-slip displacement components. 
Also, most of the off-fault fractures and landslides gener- 
ated by the earthquakes were confined to the hanging walls 
of the respective faults, and hundreds of discontinuous 
extension fractures were created, with little vertical or 
horizontal shear and orientations subparallel to the main 
fracture zones. 

Unlike the 1989 Loma Prieta earthquake, the 1980 El 
Asnam earthquake produced an extensive echelon graben 
field at a high angle to the main fault (fig. 7). These 
grabens are oriented with their long dimensions at an angle 
of approximately 35' to the fault trace. The echelon pat- 
tern was right stepping, consistent with extensional dis- 

Pressure ridge 
Landslide / 

10 METERS - 

~ h r u s t  fault -Sawteeth 
on upper plate 

Figure 5.-Block diagram illustrating relation of pressure ridges, extension fractures, and slump scarps to 
main fault break in 1980 El Asnam earthquake (from Philip and Meghraoui, 1983). 

Extensional 
crack G r a b e n  Thrust fault-Sawteeth - 

METERS 

Figure 6.-Block diagram illustrating relation of graben features to main fault break in 1980 El Asnam 
earthquake (from Philip and Meghraoui, 1983). 



placement within a sinistral shear zone. Philip and 
Meghraoui (1983) observed that displacements across in- 
dividual graben scarps had horizontal right-lateral compo- 
nents, and they interpreted this echelon zone as due to 
distributed left-lateral deformation within a 1-krn-wide 
zone northwest of the main fault. They interpreted the 
right-lateral displacements as due to small counterclock- 
wise rotations of structural elements within the graben 
zone. Vertical displacements forming the grabens occurred 

in response to extension generated by uplift and arching 
at the surface within the hanging wall of the thrust fault. 

Although the 1989 Loma Prieta earthquake produced 
no such extensive echelon graben fields, horizontal dis-' 
placements opposite in sense to those of the main fault 
within this zone in the 1980 El Asnam earthquake have 
been interpreted similarly to those horizontal displace- 
ments opposite in sense to that of the fault source in the 
1989 Loma Prieta earthquake (Johnson and Fleming, 1993). 

1 KILOMETER 

Figure 7.-Features of the 1980 El Asnam, 
Algeria, earthquake. A, Part of main fault 
trace (see fig. 4 for location), showing ech- 
elon graben features aligned at an angle of 
approximately 35' to fault trace. Right-lat- 
eral displacements at graben margins are 
due to rotation of structural elements within 
this zone. 1, normal faults, dashed where 
uncertain, hachures on downthrown side; -2, 
extension cracks, dashed where uncertain; 
3, echelon cracks; 4, thrust faults and pres- 
sure ridges, sawteeth on upthrown side; 5, 
attitude of bedding planes; 6, horizontal 
stratification. Shaded areas denote 
downfaulted areas in graben. B, Block dia- 
gram illustrating relation of echelon graben 
features to fault and to sense of horizontal 
shear in this part of rupture zone (from 
Philip and Meghraoui, 1983). 
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The fault slip associated with the 1989 Loma Prieta 
earthquake had subequal components of strike slip and 
thrusting, whereas that of the 1980 El Asnam earthquake 
was primarily thrusting, and the senses of strike-slip mo- 
tion on the two faults were opposite. Bedding in near- 
surface rocks of the El Asnam area is subparallel to the 
ground surface and directly reflects the deformation of 
this and similar past earthquakes, whereas bedding in the 
Summit Ridge area is more highly deformed. Finally, the 
1980 El Asnam earthquake produced a conspicuous sur- 
face fault rupture, with surface offsets commonly of more 
than 2 m and regional uplift of greater than 6 m, whereas 
the 1989 Loma Prieta earthquake produced little, if any, 
primary fault rupture on a single trace or narrow zone at 
the ground surface and a maximum regional uplift of only 
about 56 cm (Anderson, 1990). 

Despite the obvious differences between these two earth- 
quakes, the patterns of surface fracturing and landslide 
generation have many similarities. Both earthquakes trig- 
gered landslides and extension fractures that were con- 
centrated on the hanging walls of the respective fault zones, 
and both earthquakes produced zones of distributed shear 
and extension. Johnson and Fleming (1993) interpreted 
the dominantly left-lateral slip within the Summit Ridge 
and Skyland Ridge areas as due to rotation between struc- 
tural blocks responding to right-lateral shear across a wide 
zone rather than a narrow zone or single fault trace. Their 
model portrays the San Andreas fault within these areas 
as a wide zone with horizontal right-lateral deformation 
distributed completely across it, forming extension frac- 
tures that subsequently rotate clockwise and produce pre- 
dominantly left-lateral shear displacements along structural 
elements within this zone. They maintained that the frac- 
tures unrelated to landslide movement within the Summit 
Ridge area that formed during the 1989 Loma Prieta earth- 
quake are tectonic and consistent with the source mecha- 
nism of the earthquake, and that this deformation is 
probably typical of movement on the San Andreas fault in 
this area. 

Philip and Meghraoui (1983) similarly interpreted the 
horizontal right-lateral displacements along graben mar- 
gins in the central part of the El Asnam rupture zone as 
due to rotation of structural elements within the echelon 
graben field, which was itself a result of left-lateral defor- 
mation over a wide zone. 

In the 1980 El Asnam earthquake, much of the graben 
formation and many of the extension fractures were prob- 
ably related to regional and local uplift, which was a maxi- 
mum of 6 m. According to the model of Johnson and 
Fleming (1993), the fractures produced by the 1989 Loma 
Prieta earthquake were probably due to distributed hori- 
zontal deformation rather than to regional uplift, which 
was comparatively small. 

Alternatively, Ponti and Wells (1990) attributed most 
of the extensional deformation across fractures in the Sum- 

mit Ridge and Skyland Ridge areas to gravitational spread- 
ing. They contended that the displacement vectors across 
individual fractures generally parallel the regional or lo- 
cal slope direction and that the displacements, which are 
largely extensional, are governed by gravity-induced 
downslope movement. 

Cotton and others (in press) build a case for bedding- 
plane slip as the origin for many of the fractures in the 
Summit Ridge area. They argue that the fractures caused 
by the 1989 Loma Prieta earthquake and previous earth- 
quakes in this area formed by slip along bedding planes 
which have undergone flexing due to compression and 
uplift from the reverse-slip component of the earthquake 
source mechanism. They also attribute much of the exten- 
sion across fractures to stretching created by uplift and 
compression-generated folding. 

The models of Ponti and Wells (1990), Johnson and 
Fleming (1993), and Cotton and others (in press) are all 
probably applicable in respective proportions. Distributed 
right-lateral shear across a wide zone, gravitational spread- 
ing, and bedding-plane slip may all have been active to a 
greater or lesser degree and have interacted while also 
being subjected to deformation by landslides generated by 
the earthquake. I expect that other such complex patterns 
will have to be studied from future earthquakes before the 
relative merits of such models can be properly evaluated. 

SUMMARY 

The mapping of fractures triggered by the 1989 Loma 
Prieta earthquake revealed a complex pattern that was 
inconsistent with the pattern previously expected from 
ground rupture within the San Andreas fault zone. The 
fractures were widely distributed on the southwest side of 
Summit Ridge within a broad zone, approximately 2.4 km 
wide by 8.0 km long, extending from near the California 
Highway 17-Summit Road intersection to Skyland Ridge. 

The fracture pattern indicated that many landslides were 
triggered or reactivated by the earthquake and that frac- 
tures unrelated to landslide movement paralleled the re- 
gional trend of bedding or other structures. On the basis 
of the orientation, sense and magnitude of displacement, 
relation to adjacent landforms, and degree of curvature, 
most fractures were characterized as related to either land- 
slide movement or regional structure. 

The influence of regional structure was apparent in the 
trend and shape of many landslide margins. The main 
scarps of several large landslides formed along 
discontinuities that are part of the regional structure- 
probably mostly bedding surfaces. Many of the large land- 
slides were distinctly asymmetric in that many right flanks 
were arcuate where they connected to their main scarps, 
whereas left flanks were typically straight, parallel to re- 
gional structure, and nonarcuate at points of intersection 
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with main scarps. Some fractures related to regional struc- 
ture extended across landslide margins and through land- 
slides with little deviation. 

Two of the longest fracture zones-the Tranbarger frac- 
turk zone and the Church fracture zone-have many of 
the characteristics of landslide main scarps and may be 
associated with a landslide that involves much of the south- 
west flank of Summit Ridge; yet these fracture zones also 
formed parallel to the regional-structural trend and may 
have originated along bedding surfaces. 

The 1989 Loma Prieta earthquake was similar to other 
recent earthquakes producing off-fault fractures and trig- 
gering landslides near the causative faults. Both the 1986 
North Palm Springs, Calif., and 1980 El Asnam, Algeria, 
earthquakes produced extensive off-fault fractures and 
landslides. Extensional grabens and landslides were gen- 
erated by the 1980 El Asnam earthquake, a thrusting event 
with accompanying left-lateral shear displacement; and 
the relations between distributed horizontal shear, frac- 
ture patterns, and landslide movements in that earthquake 
appear analogous to those in the Summit Ridge area asso- 
ciated with the 1989 Loma Prieta earthquake. Regional 
uplift in the 1989 Loma Prieta earthquake was small in 
comparison with that in the 1980 El Asnam earthquake 
and probably does not account for much of the exten- 
sional deformation in the Summit Ridge and Skyland Ridge 
areas. 
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ABSTRACT 

Although the 1989 Loma Prieta earthquake, centered in 
Santa Cruz County, Calif., was associated with little ob- 
servable fault-related surface rupture, it caused abundant 
coseismic ground cracking throughout the epicentral re- 
gion. Many homes and other structures in the Santa Cruz 
Mountains were damaged by ground cracking through their 
foundations. The purpose of this study is to assess the 
level of risk associated with this phenomenon and to de- 
termine effective means for mitigating the hazard to struc- 
tures. The study included geologic trenching investigations 
of two ground-crack systems, using paleoseismic tech- 
niques, and a case-history review of geologic-hazard re- 
ports for sites that sustained ground cracking. 

Geologic trenching across two separate ground cracks 
revealed well-defined, southwest-dipping shear or slip sur- 
faces associated with normal displacement during the earth- 
quake. In trench 1, earliest Holocene 14c ages from the 
basal part of a colluvial wedge on the downdropped side 
of the shear indicate that slip on this shear surface has 
been ongoing throughout the Holocene. Evidence for four 
separate movement episodes are recorded in the strati- 
graphic section for approximately the past 2,000 years. 

Trench 2, located across a ground crack clearly associated 
with a reactivated landslide, revealed a moderately dip- 
ping slip surface overlain by landslide debris, with a small 
colluvial wedge at the head of the landslide mass. A ^C 
age on soil from the basal part of the colluvial wedge 
indicates initial formation of this landslide about 3.2 ka. 
The wedge records three additional movements within 
about the past 2,000 years, including the 1989 Loma Prieta 
earthquake. 

To supplement our trenching studies, we reviewed all 
geologic-hazard studies on file with the Santa Cruz County 
Planning Department for the Summit Ridge area of the 
Santa Cruz Mountains, the area of most severe damage. 
Trench logs in the 24 reports we selected for study indi- 
cated that most large ground cracks (those with more than 
about 5 cm of displacement) could have been identified in 
advance by appropriate geologic investigation; however, 
small ground cracks (those with less than 3-5 cm of dis- 
placement) were not so predictable. 

We conclude that the geologic hazard due to ground 
cracking in the Summit Ridge area is moderate but may 
be reducible to a relatively low level by appropriate site 
investigations and project design. Comparison of the geo- 
morphic features in the Summit Ridge area with those 
reported by researchers in other seismically active regions 
shows that ground cracking may represent a significant 
geologic hazard in many other localities. 

INTRODUCTION 

The 1989 Loma Prieta earthquake was associated with 
right-lateral, reverse-oblique slip on a steeply southwest 
dipping fault surface that is part of the San Andreas fault 
system (fig. 1; Dietz and Ellsworth, 1990). The earth- 
quake was associated with little, if any, ground surface 
rupture attributable to slip on this fault surface (Aydin 
and others, 1990). Extensive coseismic ground cracking, 
however, occurred throughout the epicentral region, espe- 
cially on ridgecrests and steep slopes in the Santa Cruz 
Mountains (Ponti and Wells, 1991). The geologic hazard 
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associated with these ground cracks was clearly demon- 
strated by the damage caused to roads and structures. 
Where the ground cracks intercepted buildings, the struc- 
tures commonly were severely damaged or destroyed. 

Similar ground cracking has been observed in other large 
earthquakes, including more severe ground cracking in 
the same area of the Santa Cruz Mountains during the 
great 1906 San Francisco earthquake (Lawson, 1908) and 
ground deformation associated with the 1980 El Asnam, 
Algeria, earthquake (Philip and Meghraoui, 1983) or the 
1980 Irpinia, Italy, earthquake (Cotecchia, 1982). The pur- 
pose of this study is to determine whether the ground- 
cracking hazard observed in the 1989 Loma Prieta 
earthquake can be mitigated by appropriate geologic site 
investigations and (or) project design. The study therefore 
focuses on the predictability of ground-crack locations, 
displacement magnitudes, and frequency of occurrence, 
without necessarily determining the mechanisms of the 

ground cracking. Our research pursued two avenues of 
investigation: (1) a geologic trenching investigation of two 
ground cracks to study the structures responsible for the 
ground cracks and to evaluate their movement histories, 
and (2) a case-history study that included a review of all 
geologic-hazard reports on file with the County of Santa 
Cmz through November 1990. In all, 24 of these reports 
included trenching investigations and were therefore se- 
lected for detailed study. 

In addition to assessing the geologic hazard associated 
with ground cracks, the trenching studies also provide 
insight into the seismic history of the study area. In con- 
trast to standard paleoseismic studies, the movement his- 
tories derived from coseismic ground cracks record the 
recurrence of a certain intensity of seismic shaking, rather 
than movements on a specific fault, and therefore eluci- 
date a different aspect of the seismic record from what is 
normally seen. 

, Santa Cruz County 

Figure 1 .-Loma Prieta area, Calif., showing locations of study area (shaded) and major faults. 
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Large ground cracks produced by the 1989 Loma Prieta 
earthquake were commonly associated with recognizable 
older scarps, an indication of previous movements on struc- 
tures in the same localities. Such structures had, in fact, 
been identified before the earthquake, both on 
photointerpretative maps (Sarna-Wojcicki and others, 
1975) and in geologic trenching investigations of linear 
topographic features in the Summit Ridge area (Foxx, 
Nielsen, and Associates, 1988; Rogers E. Johnson and 
Associates, 1988). These structures were formerly inter- 
preted as recently active faults. This section summarizes 
the results of a trenching investigation of two ground 
cracks formed by the earthquake; a more complete dis- 
cussion of the trenching investigations summarized here 
was presented by Nolan (1992). The ^C ages of samples 
from trenches 1 and 2 cited in the following discussions 
are listed in table 1. 

TRENCH 1 

DESCRIPTION OF TRENCH SITE 

Trench 1 was excavated across a 1989 ground crack 
that occurred along a 10-m-high, 0.5-km-long, northwest- 
trending scarp along Summit Road, approximately 1.4 krn 
southeast of California Highway 17 (see pi. 5). The trench 
extends across a topographic basin formed on the 
downdropped side of the scarp. Surface topography at the 
trench has been altered slightly by grading for an old 
alignment of Summit Road. 

Measurements in two places along the ground crack 
yield a consistent slip direction of S. 32' W. and a net slip 
magnitude of 21 to 24 cm. The 1989 ground crack showed 
approximately 18 cm of vertical separation and 12 cm of 
horizontal separation where it crossed the trench. Bedrock 
in the vicinity is the Vaqueros Sandstone, a sequence of 
thick-bedded, fine- to medium-grained arkosic sandstone 
with shale interbeds (McLaughlin and others, 1991). The 
trench site lies on the southwest-dipping limb of a syncli- 
nal fold aligned with Summit Ridge. 

DESCRIPTION OF TRENCH EXPOSURE 

The trench revealed Vaqueros Sandstone and shale off- 
set in a normal sense by a southwest-dipping shear sur- 
face, possibly aligned with bedding (fig. 2). A sequence 
of colluvial deposits, 3.6 m thick, overlies the 
downdropped block. The shear surface is a sharply de- 
fined parting lined with a 3- to 4-mm-thick layer of gray 
clay and a band of iron oxide staining. Slickensides ob- 
served on the shear surface have rakes of 76'-77' SE. 
Movement therefore is dominantly normal, dip slip, with 
a slight left-lateral component. 

The sedimentary deposits overlying the Vaqueros Sand- 
stone bedrock on the downdropped block are entirely col- 
luvial, except for some artificial fill at the surface. The 
colluvium is deposited in a closed depression that evolved 
because of multiple offsets on the shear surface in the 
trench. 

SUMMARY OF MOVEMENT HISTORY 

The long-term displacement history on the shear sur- 
face in trench 1 is recorded by the colluvial deposits over- 
lying the downdropped block (fig. 2). Deposition of 
colluvium began approximately 10 ka, as indicated by 
concordant ^C ages on charcoal from the basal part of 
the colluvial wedge (samples CAMS 838, CAMS 839, 
table 1; see fig. 2 for locations). The colluvium shown on 
the trench log is divided into two units, older and younger 
colluvium, on the basis of the occurrence of a buried soil 
horizon at the top of the older colluvium. 

Four discrete displacements are recorded by the most 
recent colluvial deposits. Although earlier events are likely 
to have occurred, they are not preserved as discrete 
stratigraphic offsets in the sedimentary record. The first 
recorded episode of movement offset the uppermost layer 
of older colluvium (unit 4, fig. 2). Cumulative vertical 
separation on the two shears that offset the base of 
this layer is about 0.4 m, but total throw during the dis- 
placement event(s) may be obscured by later ground crack- 
ing and (or) subsequent soil-forming processes. This 
movement was followed by the deposition of unit 3. The 
shears that offset unit 4 extend into unit 3, indicating 
some secondary movement, but do not visibly offset the 
unit 314 contact, indicating that unit 3 postdates most of 
the observed displacement of unit 4. A 14c age of 
1,400Â±18 yr B.P. (sample CAMS 843, table 1) on soil 
from the upper part of unit 3 (fig. 2) indicates a latest date 
for the first recorded episode of movement. A tentative 
date for this event of about 2 ka was estimated by consid- 
ering average sedimentation rates in the colluvial section 
(Nolan, 1992). 

The second recorded episode of movement consisted of 
the displacement of unit 3, followed by the deposition of 
unit 2. A 14c age of 450Â±9 yr B.P. (sample CAMS 842, 
table 1) on charcoal from a backfilled older ground crack 
that penetrates unit 3 indicates a latest date for this event. 
The third and fourth episodes of movement are recorded 
in the offset of unit 2. The upper and lower contacts of 
unit 2 both show a cumulative offset of 0.6 m from corre- 
sponding sedimentary deposits on the footwall block (unit 
1). Because only 0.2 m of this offset is attributable to the 
1989 ground crack, this age implies an earlier event(s) 
constituting about 0.4 m of throw. This earlier event was 
probably the 1906 San Francisco earthquake, on the basis 
of indirect evidence (Nolan, 1992, p. 39). Cumulative 
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Table 1. -^~  ages of samples from trenches 1 and 2 

[Charcoal samples were pretreated by washing in 0.1N HC1 to remove carbonates, washing three to four times in 
0.1N NaOH until the solution remained translucent (to remove humic acid), and reacidifying in 0.1N HC1 Soil 
fraction (density less than 2.0 mg/mL), primarily charcoal, was separated from bulk dried soil by using a solution of 
sodium polytungstate; the floated material was visually inspected for root hairs and washed once in 0.1N HC1 
(samples were deemed too small for repeated washing). d13c values from Stuiver and Polach (1977). Ages calculated 
using Libby half-life of 5,568 yr, according to the conventions of Stuiver and Polach. k, range of precision. Do., 
ditto] 

Sample Material d I3C dI4C Â Age Â 
(yr B.P.) 

throw on the base of the younger colluvial section is 1.2 
m, indicating that the initial offset of unit 3 also consisted 
of 0.6 m of throw. 

Evidence for repeated past displacements on the shear 
surface identified in the trench is unequivocal, although 
the precise timing of such displacements is only loosely 
constrained by analytic ages. The evidence indicates two 
recent movements (in 1989 and 1906), preceded by 
only two previous episodes of movement in approximately 
the past 2,000 years. The average recurrence interval 
for these events is therefore longer than the commonly 
cited recurrence intervals for major seismic events on the 
adjacent section of the San Andreas fault: 201 to 281 
years for 1906-type events and 88 to 100 years for M=7 
earthquakes (Working Group on California Earthquake 
Probabilities, 1990). Each of the earlier recorded move- 
ments may consist of more than one individual move- 
ment; in fact, the 1989 and (inferred) 1906 events presently 
appear as a single stratigraphic offset. Also, events 
associated with small stratigraphic displacements may 
have occurred more frequently, but they left little record. 
A ^C age of 450Â±9 yr B.P. on a piece of charcoal lodged 
in a 1-cm-wide backfilled ground crack may indicate 
such an event. Each of the episodes of movement dis- 
cussed above, however, is defined by a relatively large, 
discrete stratigraphic offset separated by long time peri- 
ods, indicating a particular event or a series of closely 
timed events. These relations are incompatible with a his- 
tory consisting only of more frequent, small displacement 
events. 

We cannot be certain that all the displacements on the 
shear surface are associated with earthquakes. If the main 
shear surface in this trench is associated with a landslide, 
movement could be triggered by intense or prolonged rain- 
fall. Thus, we cannot place upper limits on potential dis- 
placements. Nevertheless, information from the trench 
demonstrates that movements in the past few thousand 
years have been episodic and have involved limited, in- 
cremental displacements. The displacements observed in 
1989 and postulated for 1906 (0.2 and 0.4 m, respec- 
tively) provide a realistic range for coseismic offsets, be- 
cause these events probably represent the upper limit of 
ground shaking intensity and duration in this locality. 

TRENCH 2 

DESCRIPTION OF TRENCH SITE 

Trench 2 was excavated across 1989 ground cracks that 
outlined the head of a preexisting landslide mass in the 
Burrell landslide, on the southwest flank of Summit Ridge 
(see pi. 5). The ground crack around this mass showed 7 
to 10 cm of horizontal extension and a few centimeters of 
vertical separation. The trench site is underlain by the 
mudstone unit of the Butano Sandstone (Clark and others, 
1989), a sequence of dark-gray, thin-bedded, nodular mud- 
stone with interbedded arkosic sandstone. Bedding was 
not visible in the trench. The site is approximately 200 m 
southwest of the mapped trace of the San Andreas fault 
(see pi. 5). 
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Figure 2.-Log of trench 1, which was excavated across a ground crack along base of a 0.5-km-long, northwest-trending scarp at summit of the Santa Cruz Mountains. Trench exposed a southwest- 
dipping slip surface and a 4-m-thick colluvial wedge overlying downdropped block. Earliest Holocene Ĉ ages on soil from basal part of colluvium and offset stratigraphic layers indicate that movement 
on this slip surface has been ongoing throughout the Holocene, including at least three discrete events in the past approximately 2,000 years. 
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DESCRIPTION OF TRENCH EXPOSURE 

The trench exposed a shear surface dipping 32' SW. 
and striking approximately N. 40' W. (fig. 3). Bedrock 
below the shear surface is dark-gray shale. Above the 
shear surface, bedrock consists of broken and disaggre- 
gated sandstone and shale that we interpreted as landslide 
debris (unit 8, fig. 3). Overlying this bedrock debris is a 
wedge of colluvial sedimentary deposits at the base of the 
landslide scarp (units 1-7, fig. 3). These colluvial sedi- 
mentary deposits consist of fine-grained sand and silt and 
varying amounts of pebble- to cobble-size, angular clasts 
of sandstone and siltstone. 

SUMMARY OF MOVEMENT HISTORY 

The colluvial wedge is offset by a steeply dipping slip 
surface that branches upward from the main slip surface 
(A, fig. 3). This slip surface is moderately well defined at 
the base of the colluvial section, where it offsets units 6 
and 7, but is visible only as a flexure in the coarser grained 
overlying units (fig. 3). The amount of flexure of unit 4, 
about 0.5 m, was estimated by comparing the flexured 
bed with the smoothly concave modern depositional sur- 
face; the estimated flexure is comparable to the amount of 
discrete offset on unit 7. Comparison of the geometry of 
unit 2 with the present surface profile shows about 0.2 m 
of flexure, about half as much as for unit 4, indicating 
that the total displacement of 0.5 m at the base of the 
section (units 6, 7) is due to at least two separate events. 
The upper surface of unit 1 shows no flexure and no 
ground cracks or other evidence for movement on this 
slip surface in 1989. These observations therefore suggest 
at least two pre-1989 movements of about 20 to 30 cm 
each after the initial landslide movement. 

Displacement due to movement during the 1989 Loma 
Prieta earthquake occurred southwest of the colluvial 
wedge (slip surface B, fig. 3). Movement occurred on a 
fracture surface that shows a cumulative displacement (ver- 
tical separation) on a sandstonelshale contact of 24 cm. 
This displacement is larger than the 1989 vertical separa- 
tion measured at this locality, indicating earlier 
movement(s), the timing of which is unconstrained. 

A 14c age of 3,170Â±15 yr B.P. (sample CAMS 845, 
table 1) on soil from the basal part of unit 7 (fig. 3), 
approximately 6 to 10 cm above bedrock, dates the onset 
of colluvial deposition and thus approximates the date of 
the original landslide movement. This age is compatible 
with the state of preservation of the surficial landslide 
features. 

A second soil sample from unit 3 (fig. 3) yielded a ^C 
age of 2,000&140 yr B.P. (sample CAMS 1240, table 1). 
The upper surface of unit 3 conforms to the geometry 
of overlying beds (unit 2) and therefore postdates the ini- 

tial displacement of units 4 through 6, although it is 
unclear whether unit 3 was deposited entirely after the 
initial displacement of unit 4 or whether the lower part of 
unit 3 was already in place at the time of the initial move- 
ment. Nevertheless, this age suggests that the initial offset 
of units 4 through 6 occurred shortly before 2 ka. The 
second movement that offset unit 2 occurred after 2 ka. 
No information regarding the timing of earlier events on 
the fracture reactivated by the 1989 earthquake is avail- 
able. 

On the basis of these observations, we conclude that 
the Burrell landslide has been reactivated at least three 
times since its initial failure, including the movement in 
1989. This number of movements is a minimum because 
each episode of offset preserved in the stratigraphic record 
could have been produced by more than one movement 
on the shear surface and because some displacement events 
may have left no record in the part of the landslide exam- 
ined in the trench. Cumulative throw on shear surfaces in 
the trench in the past 3,000 years (after the initial land- 
slide formation) has been less than 1 m. 

SUMMARY OF CASE HISTORIES 

This section presents the results of a case-history study 
of coseismic ground cracking caused by the 1989 Loma 
Prieta earthquake. The purpose of this study was to evalu- 
ate whether the ground-cracking hazard posed to future 
development in the epicentral region can be mitigated by 
appropriate geologic investigation before site development. 
Specifically, we examined existing geologic-hazard inves- 
tigations of damaged properties to answer two questions: 
(1) Can the locations of future coseismic ground cracks 
be reliably predicted; and (2) where potential ground-crack 
locations cannot be avoided, can probable displacements 
be constrained to provide mitigating design parameters? 

We reviewed all geologic-hazard reports on the Sum- 
mit Ridge area of the Santa Cruz Mountains filed with the 
County of Santa Cruz before mid-November 1990. These 
reports were prepared by private consultants for proper- 
ties in steeply sloping terrain or in State-delineated haz- 
ard zones surrounding active or potentially active faults 
(Alquist-Priolo Special Studies Zones). Reports examined 
included those completed both before and after the earth- 
quake. These reports were of varying quality, reflecting 
the varied backgrounds and experience of the geologists 
preparing them. 

Of a total of 81 available reports, 23 included records 
of subsurface (trench) exposures and were thus selected 
for more detailed review. One additional geologic report, 
conducted for Loma Prieta Elementary School on the north 
side of Summit Road in Santa Clara County, was included 
in our review because its geologic setting is identical to 
that of adjacent parts of Santa Cruz County. The proper- 
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Figure 3.-Log of trench 2, which was excavated across a ground crack following crown of a preexisting landslide mass. Offset of layers within colluvial wedge at head of landslide and 1989 ground- 
cracks indicate that at least three reactivations of this landslide have taken place in the past approximately 2.000 years. 
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ties for which these reports were prepared are listed in 
table 2, and the locations of all 24 sites are shown on 
plate 5. All reports are on file with the County of Santa 
Cmz by assessor's parcel number (APN, table 2) and are 
available to the public. 

Most of the reviewed reports contained either clear or 
probable evidence of ground cracking that predated the 
1989 Loma Prieta earthquake; of the 24 reports reviewed, 
14 contained definite evidence of previous ground crack- 
ing, 5 contained probable evidence for previous ground 
cracking, 3 were indeterminate, and 2 contained no evi- 
dence of previous ground cracking. Those sites consid- 
ered to show definite evidence for previous ground 
cracking are those where relations shown in t h e  trench 
logs require previous movements or where the author(s) 
specifically stated that previous movement was indicated 
by the exposure. The evidence for previous movement 
includes older ground cracks backfilled with surface sedi- 
mentary deposits, 1989 fissures that connected to shear 
surfaces with much larger stratigraphic separations at 
depth, and slip-parallel shear fabrics too well developed 
to have formed entirely in the recent slip event. 

The "probable" category was applied to sites where 
information included in the trench logs or in the report 
text indicated previous ground-cracking episodes, although 
such information was not discussed by the author(s). 
The "indeterminate" category was applied to sites where 
information on the trench log was uninterpretable or 
judged to be incomplete. Of the two reports that con- 
tained no evidence for previous ground cracking, one 
omitted any trenches dug to intercept existing ground 
cracks or surface lineaments, and the other stated that no 
evidence of preexisting ground cracking existed where 
the cracks caused by the 1989 Loma Prieta earthquake 
crossed the trench, although the relations depicted in one 
trench indicated that preexisting cracks were present 
nearby. 

The following sections review three case histories cho- 
sen to illustrate the type of subsurface relations observed 
in trenches and to describe the associations between sub- 
surface expression and displacements during the 1989 
Loma Prieta earthquake. We note, however, that our con- 
clusions are based on the entire data base, rather than on 
only the three case histories presented here. These case 
histories include one preearthquake investigation for Loma 
Prieta Elementary School and two postearthquake studies 
of residential properties. The figures accompanying this 
part of the paper are reproduced from the originals. 

CASE HISTORY 1: PREEARTHQUAKE 
INVESTIGATION FOR LOMA PRIETA 

ELEMENTARY SCHOOL 

Geologic investigations for Lorna Prieta Elementary 
School were mandated by the Office of the California 

State Architect, as directed by the Alquist-Priolo Act, to 
evaluate the potential ground-rupture hazard due to fault- 
ing. The school is located on the northeast side of Summit 
Road, approximately 4 km east of California Highway 17 
(case history 1, pi. 5). The investigation (Rogers E. Johnson 
and Associates, 1989) (loc. 24, table 2) consisted of more 
than 360 m of backhoe trenching. 

Bedrock in the area is the Vaqueros Sandstone, a se- 
quence of fine- to medium-grained sandstone with lesser 
interbedded shale and mudstone, of Oligocene and early 
Miocene age. The school site was extensively graded be- 
fore construction, and so Quaternary deposits had been 
stripped from many of the areas trenched, leaving no da- 
tum with which to evaluate fault activity. Thus, several of 
the faults identified in the trenches could not be evaluated 
with regard to Holocene activity. 

The locations of the school buildings and trenches, and 
of faults with demonstrable offset of Quaternary strata, 
are shown in figure 4. Pregrading aerial photographs of 
the site show a set of northeast-trending ridges and val- 
leys approximately parallel to the nearby San Andreas 
fault. The identified faults coincide with topographic breaks 
that follow the margins or axes of valleys that existed 
before grading for the school. 

Logs of trenches 3 and 4 are shown in figure 5. Trench 
3 shows a colluvium-filled basin formed by downdropping 
and rotation of bedrock blocks along two well-defined 
slip surfaces. No slickensides were noted along these slip 
surfaces, although consistent normal separations on strata 
were observed. Both slip surfaces showed evidence for 
more than one episode of movement, as indicated by in- 
creasing stratigraphic separation on successively older lay- 
ers. ^C ages on disseminated carbon from soil samples 
indicate that approximately 0.75 m of normal separation 
has occurred on the easternmost slip surface during the 
past 4.7 to 2.0 ka. This trench was discussed in more 
detail by Rogers E. Johnson and Associates (1989). 

The log of trench 4 (fig. 5) depicts a type of subsurface 
expression of ground cracking common in the Summit 
Ridge area. The zone of offset is not marked by any clearly 
recognizable shear surface but, instead, by a near-vertical, 
indistinct contact between weathered bedrock and collu- 
vium. The absence of a well-defined slip surface is due to 
extensional movement that produces open cracks without 
mechanical reduction of materials along the parting sur- 
face. In this trench, the contrast between weathered bed- 
rock and colluvium is subtle, and the offset was not 
recognized during the initial trench logging. This expo- 
sure highlights the caution that must be exercised when 
examining subsurface exposures of extensional ground 
cracking. 

Displacement of the ground surface during the 1989 
Loma Prieta earthquake occurred along the trend of the 
slip surface recognized in the middle of trench 3 (fig. 4). 
This deformation was not uniform along the projected 
surface fault trace but was greatest in the vicinity of class- 
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Table 2.-Sites of properties where geologic-hazard reports were selected for detailed review 

[All reports are public information on file with the County of Santa Cruz by assessor's parcel number (APN). Evidence for previous ground movement: D, definite; 
I, indeterminate; N, none; NGC, no ground cracks; P, probable. Do., ditto] 

Locality (pl.6) APN Address Previous Movement Consultant 

Postearthquake Reports 

97-101-32 25295 Old San Jose Road 

96-27 1-09 24620 Miller Road 

96-29 1-07 23430 Sunset Drive 

96-13 1-36 23080 Summit Road 

96-15 1-13 23700 Morrell Cut Off 

96-3 1 1-23 23484 Be1 Aire Ct. 

98-281-12 25200 Adams Road 

98-15 1-04 15052 Stetson Road 

98-27 1 - 1 1 25734 Adams Road 

97-161-03 25507 Old San Jose Road 

96-292-34 23048 Evergreen Lane 

97-07 1-20 16000 Redwood Lodge Road 

96-283-06 18338 Las Cumbres 

96-382-04 22494 Citation Drive 

96- 13 1-22 23 136 Summit Road 

96-1 1 1-01 23201 Old Santa Cruz Highway 

97-231-09 16010 Stetson Road 

97-231-10 16020 & 16060 Stetson Road 
97-231-1 1 
97-231-12 16026 & 16044 Stetson Road 
97-23 1 - 13 
96-061-1 1 17774 Old Summit Road 

N 

D 

I 

P 

D 

I 

P 

I 

D 

NGC 

D 

P 

D 

D 

D 

D 

D 

D 

D 

D 

Applied Soil Mechanics. 

Upp Geotechnology . 

J.W. Leonard, C.E. 

Jo Crosby and Associates. 

William Cotton and Associates. 

Jo Crosby and Associates. 

Michelucci and Associates. 

Geoforensics. 

Robertson Geotechnical. 

Freeman-Kern Associates. 

Upp Geotechnology . 

Hydro-Geo Consultants. 

William Cotton and Associates. 

Geoforensics. 

Foxx-Nielsen and Associates. 

Pacific Geotechnical. 

G.E. Weber and Associates. 

Do. 

Do. 

Do. 

Preearthquake Reports 

21 96-28 1 - 13 23426 Sunset Road 

22 96-121 -2 1 Schultheis Road 

23 95-02 1-2 1 Summit Road 

24 Santa Clara 23845 Summit Road 
County (Loma Prieta School). 

K.W. Price. 

G.E. Weber and Associates. 

JCP Engineers. 

Rogers E. Johnson and Associates 
(1988). 



EXPLANATION 

Figure 4.-Simplified site plan for Lorna Prieta Elementary School, showing locations of paleoseismic trenches excavated before 
trenches, and ground displacement that occurred during the earthquake. Modified from Rogers E. Johnson and Associates (1989). 
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Figure 5.-Logs of trenches 3 (A) and 4 (B), showing evidence for active faulting found during preearthquake trenching investigation. Fault in center of trench 3 was reactivated during 1989 Loma Prieta 
earthquake, causing as much as 15 cm of down-to-the-northeast displacement under classroom unit 2. Modified from Rogers E. Johnson and Associates (1989). 
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room building 2 and decreased to the northwest and south- 
east. The deformation occurred as flexure of the ground 
surface, northeast side down, probably as a result of normal 
slip at depth. Maximum vertical displacement was ap- 
proximately 15 cm across a zone of flexure about 3 m wide. 

As a result of the geologic investigation, the consultant 
recommended that the school site be abandoned. This rec- 
ommendation, however, was not followed by the school 
board, and so the school was in use, though not in ses- 
sion, when the earthquake struck. The administration build- 
ing and classroom units 2 and 3 were moderately to 
severely damaged by ground cracking, but no structural 
collapse took place. The school was subsequently aban- 
doned. 

CASE HISTORY 2: POSTEARTHQUAKE 
INVESTIGATION FOR A FAMILY RESIDENCE 

Weber and Associates (1990a) investigated the site of a 
single-family residence near the intersection of Summit 
Road and California Highway 17 (see pi. 5; loc. 20, table 
2). The house and property were severely damaged by 
strong seismic shaking and a broad, arcuate zone of ground 
cracking (fig. 6). The ground cracks had extensional dis- 
placements of 3 to 30 cm and southwest-side-down verti- 
cal separations of as much as 25 cm, reflecting movement 
of the earth materials toward the steep-walled drainage on 
the southwest. 

Trenches 5B and 6 (fig. 7) were excavated across the 
ground cracks. In trench 5B, the ground cracks coincided 
with a large, colluvium-filled graben formed by normal 
displacement on bounding slip surfaces, indicating a his- 
tory of displacement at this site. Previous episodes of 
movement were also indicated by trench 6, where 1989 
ground cracks were associated with larger displacements 
of bedrock stratigraphy and soil horizons, as well as older 
generations of infilled ground cracks (fig. 7). 

In trench 5B, a 6-in.-wide ground crack at the surface 
could not be traced into the subsurface (fig. 7). The sub- 
surface material here (unit 2) is a massive, very loose 
silty sand that evidently accommodated extension as dis- 
tributed shear throughout, rather than as the single open 
crack seen at the surface. Similar behavior was observed 
in loose, granular sediment in other case-history locali- 
ties. The disappearance of ground cracks, even very large 
ones, at shallow depth should not therefore be taken as 
conclusive evidence that no deeper seated failure has oc- 
curred. This point is particularly important at sites where 
the potential for catastrophic slope failure is being evalu- 
ated. In more cohesive materials, such as those in trench 
6, surficial cracks generally persist at depth (fig. 7). 

Trench 5A is a northward continuation of trench 5B 
(figs. 6, 7). A second colluvium-filled basin was exposed 
in this trench. Although no ground cracks were observed 
at the surface in this locality (except for a few cracks due 

to fill failure under the driveway), careful inspection of 
slip surfaces exposed in the trench revealed 3 to 6 mm of 
extension across shear surface a (fig. 7) that was not vis- 
ible at the surface. 

The processes responsible for forming and filling the 
colluvial basin in trench 5A began approximately 6 ka, as 
indicated by a 14c age on a bulk soil sample from the 
base of unit 2 (fig. 7). Like the Loma Prieta Elementary 
School site, this parcel was graded to form a level pad 
before development. Historical aerial photographs and old 
topographic maps, however, indicate a preexisting ridge 
through the central part of the site, corresponding to the 
bedrock high between the two grabens. The axes of the 
adjacent topographic troughs coincide with basins identi- 
fied in the trenches. 

Although one of the smaller ground cracks ruptured the 
foundation, the home on this site was destroyed primarily 
by seismic shaking. The ground-crack system trending 
through trenches 5B and 6 was considered particularly 
dangerous because the cracks dip toward a steep slope 
(50- to 80-percent gradient) and could therefore facilitate 
landsliding, with potentially catastrophic displacements. 

CASE HISTORY 3: POSTEARTHQUAKE 
INVESTIGATION AT ROBINWOOD RIDGE 

Robinwood Ridge is a long, narrow, northwest-trend- 
ing ridge in the southeastern part of the study area (case 
history 3, pi. 5). Five contiguous parcels were investi- 
gated by G.E. Weber and Associates, Inc. (loc. 17, table 
2), covering a 0.5-km-long stretch of the ridgetop. The 
investigation included 12 trenches totaling about 150 m in 
length. The complete geologic maps and trench logs are 
too voluminous to reproduce here, but a small part of the 
mapped area (fig. 8) and two trench logs (fig. 9) are in- 
cluded for illustrative purposes. Observations in all the 
trenches are summarized below. 

In general, 1989 ground cracks were associated with 
evidence of previous episodes of movement in the subsur- 
face, commonly expressed as zones of fine, parallel, dis- 
continuous fractures or shears that form a "shear fabric,'' 
with a grain parallel to the recent ground cracks. The 
shear fabric is commonly accompanied by older, infilled 
ground cracks that appear as thick, continuous veins or 
thin, discontinuous stringers of darker fill material. There 
may be little or no observable displacement of stratigraphic 
markers where the movement is primarily extensional, but 
large vertical separations occur elsewhere. The log of 

Figure 6.-Area of case history 2 (see pi. 5 for location), showing pat- 
tern and dimensions of ground cracking that occurred during 1989 Lorna 
Prieta earthquake. Trenches across ground-cracks showed evidence for 
many previous episodes of ground cracking in the same places. From 
G.E. Weber and Associates (1990a). 
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trench 7 (fig. 9) shows features associated with both types 
of movement. At the northeast end of the trench (near the 
4-ft marker along the scale) is a zone characterized mainly 
by extensional deformation. The lower contact of unit 1A 
is not displaced across this zone but appears to be subsid- 
ing into a small graben created by extension. At the same 
time, several of the larger ground cracks mapped in the 
section curve abruptly into a ground-surface parallel ori- 
entation toward the bottom of the trench. These relations 
suggest formation of the graben by translation of a near- 
surface layer moving approximately parallel to the ground 
surface. Infilled older fissures show that several episodes 
of movement have occurred. 

In contrast to this zone of extensional deformation, a 
large, discrete, vertical displacement of soil horizon B 
(units lB, 1C) was also observed (at 8 ft along the scale). 
Unit 1B is a well-developed argillic horizon that was partly 
stripped from the footwall after being offset; unit 1C is a 
relict of the partly stripped soil horizon B. No movement 
occurred on this slip surface during the 1989 Loma Prieta 
earthquake. 

Some ground cracks crossed by the trenches were not 
observed in the subsurface, nor was any visible evidence 
of earlier episodes of ground cracking found at these lo- 
calities. Such areas were associated only with smaller 
cracks showing less than 2.5 to 5 cm of total displace- 
ment in relatively loose, granular materials. In contrast, at 
some other localities where clear evidence for large, older 
ground cracks existed, no visible ground cracking occurred 
during the 1989 Loma Prieta earthquake. 

In contrast to trench 7 and the other trenches included 
in the review, the crack observed in trench 8 (fig. 9) ex- 
hibits a large displacement at the surface (15 cm), yet any 
evidence for earlier movement would probably not have 
been observed, had trenching been conducted at this site 
before the earthquake. The slight shear fabric depicted in 
the trench log (fig. 9) is weakly expressed and could have 
formed in the most recent event. The geometry of the 
ground crack indicates that it results from nearly surface 
parallel slip (downhill translation) of the shallow weath- 
ered sandstone, rather than deep-seated offset. This type 
of failure appears to be associated with sites underlain by 
loose sand and was not observed at hard-bedrock sites. 
The adjacent residence was thrown off its foundation by 
shaking but was not damaged by ground cracking. 

CASE HISTORIES: 
DISCUSSION AND CONCLUSIONS 

The preceding case histories were selected to provide a 
brief overview of the types of subsurface expression asso- 
ciated with ground cracks caused by the 1989 Loma Prieta 
earthquake. On the basis of our review of these and other 
sites, we conclude as follows. 

1. With few exceptions, ground cracks exhibiting large dis- 
placements resulting from the earthquake (more than 3-5 
cm of extension and (or) more than 1-3 cm of vertical 
displacement) showed clear evidence of earlier episodes of 
movement in the subsurface. Therefore, using appropriate 
investigative techniques, including geologic trenching of 
prospective sites, a site can be selected with a low potential 
for large-scale ground cracks. Ground cracks exhibiting 
smaller earthquake-related displacements were commonly, 
but not necessarily, associated with subsurface evidence of 
earlier episodes of movement. Therefore, the predictive 
reliability for small-scale cracks is lower. 

2. Not all ground cracks with earlier displacements observed 
in the subsurface were reactivated by the earthquake. 
Therefore, the ground-cracking pattern resulting from the 
earthquake cannot, by itself, be used to evaluate the poten- 
tial for future displacement. 

3. Areas of repeated large-scale ground displacements, even 
those not reactivated during the earthquake, are commonly 
associated with visible topographic expressions. 
Precise predictions of displacement are probably im- 

possible at most localities, except in the sense that areas 
not characterized by older ground cracks are unlikely to 
undergo displacements of more than 3 to 5 cm. Newmark 
(1965) described a method of quantifying seismically in- 
duced displacement of a soil mass, using the time-accel- 
eration history of the seismic event; his method is now 
commonly used to estimate landslide displacements dur- 
ing earthquakes (Wilson and Keefer, 1983, 1985; Keefer, 
1991). According to Newmark, displacement is propor- 
tional to the intensity and duration of shaking above a 
certain minimum shaking threshold. Therefore, the dis- 
placements observed during the most intense expectable 
earthquakes are probably reasonable upper bounds for pre- 
dicted displacements. Although data on displacements in 
identical ground-crack systems in 1989 and 1906 are 
sparse, they suggest that movement on ground cracks was 
greater in 1906 than in 1989 (for example, trench 1; 
Prentice and Schwartz, 1991). This information, which is 
consistent with the greater intensity and duration of the 
1906 earthquake, indicates that the 1906 displacements 
may be a reasonable upper limit for coseismic offset in 
the study area. 

In some places, the magnitude of past displacements 
can be deduced from the geologic record exposed in the 
trench, such as in trenches 1 and 2. Where ground cracks 
connect to preexisting shear surfaces that dip downslope 
in steep terrain (for example, at Iocs. 2, 3, pi. 5), we 
assume that the shear surfaces can initiate landsliding with 
catastrophic displacements. 

These conclusions indicate that a thorough subsurface 
investigation is prudent at any site located in an area with 
an elevated risk of coseismic ground cracking, such as on 
narrow-crested and (or) steep-sided ridges, or in areas of 
earlier landsliding. Such studies can identify building sites 
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free of past large-scale ground cracks and thus signifi- 
cantly lower the potential for future, large-scale displace- 
ment during earthquakes. Because smaller ground cracks 
are not so predictable, such investigations must be aug- 
mented by foundation design to accommodate small-scale 
displacements. 

These evaluations must be integrated with a full geo- 
logic evaluation of the site because other site characteris- 
tics may complicate the analysis. A comparison between 
trenches 1 and 2 (figs. 2, 3) suggests that the potential for 
initiation of large-scale ground cracks at new sites is prob- 
ably higher for reactivated landslides than for other types 
of ground-crack systems. Therefore, evaluation of a site 
on a preexisting landslide mass should be sensitive to the 
potential internal mechanics of the landslide mass. 

GENERAL CONCLUSIONS 

The results of both the trenching and case-history stud- 
ies indicate that the ground cracks observed after the 1989 
Loma Prieta earthquake are recurrent phenomena which 
can be located according to recognizable surficial geo- 
logic features, including topographic lineaments, preex- 
isting landslide masses, and preexisting shear surfaces. 
Trenches 1 and 2 both show evidence for two prehistoric 
episodes of movement during approximately the past 2,000 
years, with additional movement in 1989 and, probably, 
1906 in trench 1. The movement histories in these two 
trenches are compatible and may describe the same two 
prehistoric events. These data suggest major events, or 
groups of events, probably seismic, with a recurrence in- 
terval of about 1,000 years. We emphasize that these dis- 
placement histories record only "events," which are not 
necessarily linked only to seismic events or to every earth- 
quake on the San Andreas fault. 

The recurrence interval for episodes of movement indi- 
cated by the trenching data is significantly longer than the 
approximately 100- to 300-year recurrence intervals cited 
for various events on the adjacent segment of the San 
Andreas fault. The ground cracking may occur only with 
very specific seismic events, and so multisegment rup- 
tures like the 1906 San Francisco earthquake or reverse- 
oblique events like the 1989 Loma Prieta earthquake may 
be much rarer than the brief historical record would sug- 
gest. 

The results of the our case-history review clearly indi- 
cate that appropriate geologic site investigations, in con- 
junction with site engineering, can significantly reduce 
the hazards posed to development by coseismic ground 
cracking. Where the ground cracking results from ridgetop 
spreading, potential ground-crack locations can be identi- 
fied with confidence; where the ground cracking is due to 
landslide reactivation, predictive reliability may be less. 
Discrimination between these two types of ground crack- 

ing depends on correct geomorphologic evaluation of the 
site. This observation underscores the importance of a 
complete geologic characterization of a prospective build- 
ing site, rather than relying simply on trenching. 

The ground cracking recognized in the Santa Cruz 
Mountains may also be a significant geologic hazard in 
other areas. Not only are examples of coseismic ground 
cracking known from other earthquakes (Cotecchia, 1982; 
Philip and Meghraoui, 1983), but also abundant geomor- 
phic evidence for ridgetop spreading has been observed in 
many seismically active regions throughout the world 
(Jahn, 1964; Beck, 1968; Radbruch-Hall and others, 1976; 
Mahr, 1977; Radbruch-Hall, 1978; Bovis, 1982). In the 
Summit Ridge area, preearthquake geologic mapping iden- 
tified many large preexisting landslides on the flanks of 
the ridge (Cooper-Clark and Associates, 1975). These 
large, complex landslides, which commonly display rela- 
tively subtle morphology, were previously assumed to be 
ancient and inactive. Many of these preexisting landslides 
were reactivated during the 1989 Loma Prieta earthquake 
and may be viewed as active features that are evolving as 
a result of relatively regular, incremental displacements, 
coseismic or not. These observations highlight geologic 
hazards that may apply to any seismically active region of 
the world. 

Local, regional, or State agencies must decide whether 
or not the hazard reduction afforded by geologic site in- 
vestigations is sufficient to permit development. The re- 
sults of this study, however, indicate that the cumulative 
risk to development posed by coseismic ground cracking 
can be significantly reduced by appropriate investigation 
and design. 
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ABSTRACT 

The reactivation of large landslides during the 
Loma Prieta earthquake provided a unique opportunity to 
evaluate the seismic stability of preexisting landslides and 
to test the dynamic slope-stability methods currently used 
in geotechnical practice. For this study, we characterize 
two reactivated landslides, using the investigative tech- 
niques of geologic mapping, subsurface logging and sam- 

pling, and laboratory direct shear testing developed over 
decades of landslide investigation. We then compare ac- 
tual landslide behavior during the earthquake with the re- 
sults of several analytical methods, and test the sensitivity 
of key parameters in the calculations. 

Results of both pseudostatic and cumulative-displace- 
ment analyses are less conservative than what actually 
occurred at the two landslide sites during the earthquake. 
We obtain a relatively high pseudostatic factor of safety 
of 1.1, using minimum shear strengths from direct shear 
tests and a seismic coefficient of 0.20. Cumulative-dis- 
placement calculations yield displacements within an or- 
der of magnitude of the 33 to 61 cm of displacement 
measured in the two landslides, generally lower than the 
actual field displacements. 

Comparisons with actual measured landslide displace- 
ments show that the stability analyses are highly sensitive 
to the angle of internal friction, a parameter that is diffi- 
cult to determine accurately in the laboratory. Backanalysis 
of the shear strength of the basal rupture surface for static 
stability can help define a realistic range of friction angles. 
The cumulative-displacement analyses are also sensitive 
to the acceleration-time history of ground motion at the 
two landslide sites. Models of earthquake-triggered land- 
slide failure could be refined by using more rigorous physi- 
cal models, but the resulting displacement calculations 
will not improve until earthquake ground motions at land- 
slide sites can be better characterized. 

INTRODUCTION 

The combination of existing slope failures and a his- 
tory of seismic ground shaking has led to the current prac- 
tice of incorporating both static and seismic loading 
conditions into slope-stability studies in California. Al- 
though the analytical techniques and models used for static- 
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loading conditions have been standardized, uncertainty 
exists among practicing engineers and geologists regard- 
ing the accuracy of the seismic analytical methods. For 
typical residential- and commercial-development investi- 
gations, earthquake loading is simulated by applying a 
seismic coefficient to a static-limit-equilibrium calcula- 
tion. The value of this coefficient is selected on the basis 
of experience and judgment; therefore, the values chosen 
to be appropriate for particular sites by various workers 
commonly differ. State-of-the-art slope-stability-analyti- 
cal methods have been modified and used by scientists at 
the U.S. Geological Survey to predict hillslope behavior 
during earthquakes (Wieczorek and others, 1985; Wilson 
and Keefer, 1985); however, the ability of available ana- 
lytical methods to predict the occurrence and amount of 
displacement of earthquake-triggered landslides is not well 
established. Very few case studies of actual earthquake- 
triggered landslides have been published as of this writing 
(1993) (for example, Clark and others, 1979; Wilson and 
Keefer, 1983; Keefer, 1991; Jibson and Keefer, 1993). 

The 1989 M=7.0 Loma Prieta earthquake caused dis- 
crete ground cracking in the preexisting-landslide terrane 
of the central Santa Cruz Mountains. Much of this ground 
cracking occurred along preearthquake landslide bound- 
aries, suggesting reactivation of old bedrock landslides in 
the region and providing an opportunity to compare the 
actual seismic stability of old landslides with the results 
of analyses for dynamic slope stability as currently con- 
ducted in geotechnical practice. 

TOPOGRAPHIC AND GEOLOGIC 
SETTING 

CENTRAL SANTA CRUZ MOUNTAINS 

The Santa Cruz Mountains are part of the northern Coast 
Ranges of California. This rugged mountain range forms 
the spine of the San Francisco peninsula, extending ap- 
proximately 135 km northwestward from the Pajaro River 
in the south to near the community of South San Fran- 
cisco in the north (fig. 1). Elevations of ridgecrests range 
from about 450 to 1,150 m above mean sea level. 

The study area lies between about 8 and 19 km south of 
the community of Los Gatos at elevations of 280 to 340 
m (fig. 1). The landslides chosen for study occurred in an 
area that underwent particularly intense ground cracking 
during the earthquake (fig. 2). The two sites selected for 
detailed study are situated 10 to 13 km northwest of the 
1989 main-shock epicenter. 

The study area, which is from 1.5 to 3.0 krn southwest 
of the mapped trace (that is, probable 1906 surface rup- 
ture) of the San Andreas fault zone, is underlain by tightly 
folded Eocene, Oligocene, and Miocene sedimentary rocks 

(fig. 2). This Tertiary bedrock section consists of rela- 
tively soft, poorly indurated, marine clastic sedimentary 
rocks, about 7,600 m thick (Clark, 1981). In the study 
area, the rocks have been strongly folded and locally over- 
turned into a series of northwest-southeast-trending anti- 
clines and synclines. Specific Tertiary bedrock formations 
underlying the study areas are the Butano Sandstone, Va- 
queros Sandstone, and San Lorenzo Formation. 

\ 

PREEXISTING "ANCIENT" LANDSLIDES 

The study area encompasses a widespread landslide ter- 
rane. In general, the geomorphology of this terrane is char- 
acterized by "stepped" topography, including very steep, 
curved scarps, flat-lying benches, and steep-walled, deeply 
incised creek canyons. Typically, several sequences of 
scarps with intervening flat-lying benches form the slope 
face between the ridgetops and creek canyons. Geomor- 
phic features range in appearance from relatively fresh 
to subdued, strongly suggesting periodic movement of 
individual landslides within a large landslide complex. 
The large areal extent of these landslides and multiple 
scarps suggest large cumulative displacements of these 
features. 

"Ancient landslides" are defined here to be landslides 
that originated thousands to tens of thousands of years 
ago, although the most recent movement may have been 
only years or decades ago. Indeed, geomorphic and sub- 
surface geologic data suggest periodic and episodic reac- 
tivation of these landslides. Although the exact date of 
landslide initiation in the study area is unknown, other 
landslide complexes in California are associated with Pleis- 
tocene glacial and climatic changes during the past 100,000 
years (Stout, 1969). 

The landslide masses are composed of weak earth ma- 
terials derived from fractured, folded, and faulted Tertiary 
sedimentary rocks that have been subjected to periods of 
intense rainfall, ground-water fluctuations, and strong 
earthquake shaking. The sedimentary rocks consist prima- 
rily of fine-grained, thin-bedded, highly fractured shale, 
claystone, and siltstone that contain numerous shears, frac- 
tures, and other discontinuities. The resulting perrneabil- 
ity of the near-surface materials enables them to collect, 
transmit, and store water from various sources (for ex- 
ample, rainfall, runoff, and lateral ground-water flow). 

Figure 1.-San Francisco Bay region, Calif., showing location of study 
area (small shaded box), major faults (dashed where approximately 
located, dotted where concealed; half-arrows indicate direction of rela- 
tive movement) and thrust faults (sawteeth on upper plate), and epicen- 
ter of 1989 Lorna Prieta earthquake (star). Triangles, 
strong-motion-recording stations used in this study; LGPC, Los Gatos 
Presentation Center station. 
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TERTIARY BEDROCK UNITS 
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LANDSLIDE CHARACTERIZATION 

SITE SELECTION 

A general reconnaissance of more than 50 large earth- 
quake triggered or reactivated landslides was performed 
after the 1989 Loma Prieta earthquake. Of the landslide 
sites, approximately 20 were selected for more rigorous 
inspection. Early inspections focused on identifying 
landslides that met the following criteria: (1) deep-seated 
failures that involved bedrock materials, (2) a well-de- 
fined pattern of ground cracks and surface displacements 
indicating probable reactivation of the basal rupture sur- 
face, (3) location within preexisting landslides or land- 
slide complexes, and (4) terrain amenable to detailed 
surface and subsurface investigation and not so steep or 
heavily vegetated as to prevent drill-rig access. We also 
preferred sites where ground water was anticipated to be 
deeper than several meters, so that a geologist could safely 
enter and log large-diameter boreholes without the need 
for dewatering. Shallow ground water prevented full char- 
acterization of landslide parameters at 4 of the 20 selected 
sites. 

Many of the earthquake-reactivated landslides appear 
to have been only partially mobilized, without shear fail- 
ure along the entire basal rupture surface. The pattern of 
surface deformation at several sites, however, indicated 
that some landslides had been fully mobilized by the earth- 
quake. Two of these landslides, here referred to as the 
Lower Schultheis Road West and Ditullio landslides, were 
characterized by a combination of field mapping and sub- 
surface exploration. Large-diameter boreholes were exca- 
vated and logged by a geologist descending into the 
borehole to directly observe and sample landslide rup- 
ture-surface materials. Geologic and geotechnical condi- 
tions, deformational features, and the investigative 
procedures used at each site were described in detail by 
Cole and others (1991). 

SUMMARY OF SUBSURFACE CONDITIONS 

The preexisting-landslide masses are composed of three 
distinguishable rock and soil materials: (1) regolith, (2) 
sparsely to highly fractured bedrock units, and (3) clay 
shear and gouge material, including landslide rupture sur- 
faces. 

1. The regolith consists of oxidized and fractured rock and 
soil derived from the underlying bedrock that have been 
subjected to seismic shaking, cyclic changes in ground- 
water levels, and other weathering processes. Regolith at 
the landslide sites contains angular, weathered, gravel- to 
boulder-size sandstone and siltstone fragments in a matrix 
of clayey silt to silty sand. The upper approximately 4 m of 
regolith typica1ly is a plastic silty clay. 

2. Displaced sedimentary bedrock sequences of the San 
Lorenzo Formation are present at depth in the Lower 
Schultheis Road West and Ditullio landslides; the bedrock 
is highly fractured and oxidized above major shear sur- 
faces at 7.3- and 18-m depth, respectively (figs. 3, 4). 
Below these shear surfaces, the bedrock is less fractured, 
denser, and relatively unoxidized. Interbedded sandstone 
and siltstone are present at the Lower Schultheis Road 
West landslide, and massive sandstone at the Ditullio 
landslide. 

3. Thin seams of clayey gouge occur in the regolith and 
fractured bedrock at several landslide sites explored in the 
study area. The gouge is generally a wet silty clay with a 
soft to firm consistency and medium to high plasticity. The 
gouge seams are commonly from about 1 to 10 cm thick. 
Polished surfaces were observed in many of these seams. 
At the Lower Schultheis Road West landslide, several 
continuous and discontinuous gouge zones are present at 4- 
and 7-m depth. Thicker gouge zonesaare present within, 
and at the base of, the regolith. A relatively thin seam of 
gouge forms the contact between highly fractured rock and 
underlying unfractured rock. At the Ditullio landslide, a 2- 
to 5-cm-thick gouge seam separates oxidized, fractured 
rock from underlying unfractured rock at about 18-m 
depth; this gouge seam is associated with a zone of crushed 
siltstone and sandstone, as much as about 80 cm thick 
(fig. 3). 
The results of subsurface exploration indicate that the 

reactivated landslides occurred within preexisting land- 
slide masses that are characterized by relatively coherent, 
rather than disrupted, landslide materials. Complex, 
shallow perched ground water and both shallow and 
deep preexisting rupture surfaces were penetrated. The 
shallow shear surfaces typically were observed at the base 
of the regolith at 5- to 15-m depth, and deeper shears 
were penetrated within the underlying fractured sedimen- 
tary bedrock. The primary geologic controls on these shear 
surfaces appear to be the regolith-bedrock contact and 
adversely oriented bedding planes and fractures in the 
bedrock. 

Figure 2.-Geologic map of study area (see fig. 1 for location), showing 
locations of Lower Schultheis Road West (LSRW) and Ditullio land- 
slides discussed in text. Geology from Clark and others (1989) and 
McLaughlin and others (1991); areas of preexisting landslides (shaded) 
from Cooper-Clark and Associates (1975) and this study; coseismic 
ground fissures from Spittier and Harp (1990). 

REGOLITH DETACHMENT 

On the basis of our downhole observations, the contact 
between overlying, oxidized regolith and underlying, 
unoxidized bedrock was commonly a well-developed shear 
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contact. The base of the overlying regolith is generally at served shear contact separating the two units is a satu- 
5- to 15-m depth. The underlying bedrock, though part of rated, clay-rich, soft, plastic gouge ranging from approxi- 
a larger, ancient landslide mass, typically is unoxidized mately 2 to 5 cm in thickness. At one of the landslides we 
(or only locally oxidized) and closely fractured. The ob- explored but do not analyze here, a sheared water well 

REACT 
4 LAND 

EXPLANATION 

1989 coseismic ground fissures- Dashed 
where approximately located. 
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Figure 3.-Simplified geologic map (A) and cross section (B) of Lower Schultheis Road West landslide (see fig. 2 for location). Half-arrows 
indicate direction of downslope movement. 
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Figure 4,-Simplified geologic map (A) and cross section (B) of Ditullio landslide (see fig. 2 for location). Half-arrows indicate direction of 
downslope movement. 
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provided a piercing point on the reactivated rupture sur- 
face. A large-diameter borehole adjacent to the well re- 
vealed that this rupture surface coincided with the 
regolith-bedrock contact. 

Although the geomorphology of the area is best ex- 
plained by the presence of deep-seated landsliding, log- 
ging of large-diameter borings revealed that shallow 
landslide debris was much more disrupted than the deeper 
landslide material. The degree of development and fresh 
appearance of the shears separating the regolith from the 
underlying rock suggests that the Loma Prieta landsliding 
event mobilized these shears and that they had been mo- 
bilized frequently in the past as well. 

STRUCTURAL CONTROL ON DEEPER FAILURES 

Bedding-plane shears were observed at the Lower 
Schultheis Road West landslide and in trenches excavated 
in the headscarps of other landslides in the study area 
(Cotton and others, 1991; Keefer, 1991). An interpreta- 
tion that old landslides failed repeatedly along a preexist- 
ing bedding-plane shear is supported by the difference 
in physical characteristics between the overlying land- 
slide debris and underlying bedrock at the Lower 
Schultheis Road West landslide (fig. 4). Regional geo- 
logic data suggest that the upslope parts of several other 
landslides may be underlain by bedding planes dipping 
steeply downslope. 

For the landslides to have fully failed in the past, the 
basal surfaces must eventually break out to the slope sur- 
face, whereas the bedding planes likely remain steeply 
dipping. Therefore, rupture surfaces that coincide with 
bedding planes in the upslope (headward) parts of a land- 
slide mass dip less steeply than these bedding planes be- 
neath much of the landslide mass. The presence of steeply 
dipping bedding planes could help to explain how many 
slope failures from the 1989 Loma Prieta earthquake were 
restricted to only the steeply dipping, upslope components 
of the landslides. Many of these landslides, however, do 
not appear to have been influenced by dip-slope condi- 
tions (D.K. Keefer, oral commun., 1992); thus, the lim- 
ited movement of the landslides must be explained by 
other mechanisms. 

Subsurface geologic evidence does not demonstrate con- 
clusively whether the landslides were caused originally 
by seismic activity or by excessive water during wetter 
climatic conditions, or by some combination of these two 
mechanisms. Subsurface exposures, however, confirm the 
presence of multiple rupture surfaces of quite different 
geometry and stratigraphic position, arguing for the exist- 
ence for multiple rupturing events since the landslides 
first formed. The deep-seated rupture surfaces that incor- 
porated relatively fresh bedrock into the landslide mass 

also involved a much greater volume of the slope than the 
shallow ruptures observed at the regolith-bedrock contact. 
Such massive failures must have been generated by an 
event quite different in magnitude from the 1989 Loma 
Prieta earthquake. The largest measured displacements in 
this earthquake were less than 3 m (Keefer, 1991). Thus, 
it apparently reactivated only shallow segments of rela- 
tively small areal extent within deep-seated, large preex- 
isting landslide masses. 

KEY PARAMETERS IN SLOPE- 
STABILITY ANALYSIS 

The key parameters in slope-stability analysis include 
landslide geometry, generally analyzed as a representa- 
tive cross section; ground-water levels or pore-water pres- 
sures acting on the landslide, generally considered as a 
phreatic surface; the intensity of earthquake ground mo- 
tion at the site, typically inputted in the form of a single 
seismic coefficient or an appropriate acceleration-time his- 
tory; the unit weights of the landslide materials; and an 
average shear strength along the basal rupture surface. 

LANDSLIDE GEOMETRY AND GROUND-WATER 
CONDITIONS 

The geometry and ground-water parameters were deter- 
mined directly from field measurements. Geologic cross 
sections were carefully constructed through the landslides 
on the basis of field measurements. Establishing that a 
landslide had actually moved downslope, in contrast to 
simply forming a scarp by settlement of loose graben de- 
bris, required careful examination but could be verified 
by the presence of sheared flanks or compressional-toe 
areas. Determining landslide depth is complicated by the 
fact that multiple shear surfaces were observed in bore- 
holes penetrating the preexisting-landslide masses. In the 
absence of well-defined subsurface piercing points, the 
selection of which of the multiple shear surfaces was re- 
activated involves careful correlation between borehole 
logs and surface deformational features, as well as rea- 
sonable assumptions regarding landslide behavior. Only 
one well-developed shear surface was penetrated in the 
Ditullio landslide, thus making the determination of land- 
slide depth straightforward. The selection of the activated 
Lower Schultheis Road West landslide rupture surface was 
based on the fresh appearance and continuity of the re- 
golith-bedrock contact, correlation with the headscarp fis- 
sures and downslope zone of compression, and 
observations from other similar types of landslides in the 
study area. 
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The ground-water levels shown on the cross sections 
(figs. 3, 4) were those penetrated during subsurface ex- 
ploration. Because the 1989 Loma Prieta earthquake oc- 
curred near the beginning of the 1989-90 rainy season 
during a period of prolonged drought, the conditions in 
boreholes are believed to represent ground-water condi- 
tions immediately before the earthquake, We realize that 
changes in water-well levels and surface streamflow after 
the earthquake suggest that trapped ground water may 
have been freed by fracturing during the earthquake and 
that water levels may have dropped significantly 
(Rojstaczer and Wolf, 1992). However, perched water in 
the analyzed landslides is unlikely to exit through new 
fractures extending into the landslide debris. Furthermore, 
we know of no reports or evidence of ground water flow- 
ing to the surface from within these small landslide masses 
after the earthquake. Nonetheless, we performed sensitiv- 
ity analyses to test the effects of changing ground-water 
levels on the stability analyses (see subsection below en- 
titled "Sensitivity Analysis"). 

EARTHQUAKE GROUND MOTIONS 

Earthquake ground motions can be entered into the dis- 
placement calculations from published maps (K.L. Lee, 
unpub. data, 1977; Makdisi and Seed, 1977; Hynes-Grif- 
fin and Franklin, 1984; Lin and Whitman, 19861, as well 
as directly from acceleration-time histories recorded on 
strong-motion instruments located near the study area, We 
used data from the Corralitos station, part of the Califor- 
nia Division of Mines and Geology's California Strong 
Motion Instrumentation Program (CSMIP), and the Los 
Gatos Presentation Center station (LGPC, fig. I), oper- 
ated by the Charles F. Richter Seismological Laboratory 
of the University of California, Santa Cruz. The Corralitos 
and LGPC stations are approximately 7 and 19 km, re- 
spectively, from the epicenter (fig. 1). 

The intensity of ground motion at a particular site is 
influenced by several factors, including earthquake mag- 
nitude, epicentral distance, local geologic structure, source 
and rupture mechanism of the earthquake, wave-interfer- 
ence effects, geotechnical site conditions, and topographic 
amplification. The selection of appropriate acceleration- 
time histories for seismic stability is generally problem- 
atic because most landslide sites are at great distances 
from actual recording stations and the conditions at these 
sites generally differ from those at the recording stations. 
The large magnitude and complex rupture mechanism of 
the 1989 Loma Prieta earthquake, in combination with 
extremely irregular topographic conditions, indicate that 
ground motion in the study area may have varied consid- 
erably. Thus, selection of appropriate ground-motion pa- 
rameters at the landslide sites involved an assessment of 
the site conditions at the two closest recording stations 

(fig. 1). Several studies indicate that the earthquake had a 
strong azimuthal effect on ground motion (Beroza, 199 1 ; 
Steidl and others, 199 1; Wald and others, 199 1). The earth- 
quake ruptured bilaterally, and so the region northwest of 
the epicenter (including the LGPC station and both land- 
slide sites) was influenced by northwest-propagating rup- 
ture, whereas the region southeast of the epicenter 
(including the Corralitos station) was more affected by 
southeast-propagating rupture (table 1). Furthermore, rup- 
ture was predominately reverse slip to the northwest of 
the hypocenter and predominately strike slip to the south- 
east. According to Wald and others, the bilateral rupture 
resulted in a larger overall stress drop and correspond- 
ingly higher ground motion to the northwest of the epi- 
center, and lower ground motion directly updip of the 
hypocenter near the Corralitos station. Campbell (1991) 
suggested that the northwest-trending geologic structure 
may explain the higher groundmotion and lower attenua- 
tion rate northwest of the epicenter. 

The Corralitos station (fig. 1) recorded a peak horizon- 
tal ground acceleration, kmax, of 0.63 g (California Divi- 
sion of Mines and Geology, 19901, whereas the LGPC 
station appears to have recorded a kmm value of greater 
than 1 .OO g (off scale). Because the recorder was not firmly 
anchored to the floor and an apparent baseline offset oc- 
curred during the strong ground shaking, seismologists 
have cautioned that the data from the LGPC station may 
not be a reliable indicator of the actual ground motion at 
this site (Karen McNally, oral commun., 1991). For the 
purposes of our analysis, however, the baseline correction 
for this offset (approx 0.03 g north-south), was consid- 
ered insignificant relative to the kmm value. The ampli- 
tude of long-period waves on the corrected 
acceleration-time history for the LGPC station is similar 
to the modified record from the Corralitos station scaled 
to 1.00 g (fig. 5 ) .  

The site conditions at the LGPC station (fig. 1) are 
thought to more closely resemble those at the landslide 
sites than do those at the Corralitos station because (1) 
the LGPC station and the landslide site are at similar dis- 
tances from the San Andreas fault and the Loma Prieta 
epicenter, (2) topographic conditions at the LGPC station 
and the landslide sites are similar in terms of slope 
position and elevation, and (3) the LGPC station is 10- 
cated along the same azimuth from the epicenter (320') 
as the two landslide sites. In the absence of recorded data 
in the immediate vicinity of the landslide sites and be- 
cause of very high ground motions in the surrounding 
region, the acceleration-time history of the LGPC station 
was selected initially to represent "bedrock" ground 
motions at the landslide sites during the earthquake. We 
also used the Corralitos station record, both unscaled 
(kmaF=0.63 g) and scaled (kmax=l.OO g), to test the 
sensitivity of the calculations to ground motion (see sub- 
section below entitled "Sensitivity Analysis"). 
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Table 1.-Distance of two strong-motion stations used in this study from earthquake and landslide 
features 

[The Lower Schultheis Road West and Ditullio landslides are about 12 and 11 km, respectively, northwest (az 
320') of the epicenter of the 1989 Loma Prieta earthquake. Both landslides are about 2 krn southwest of the 
Lorna Prieta rupture zone, as measured from the San Andreas fault zone] 

Distance (km) to: 

Lorna Loma Lower Schultheis 
Strong-Motion Prieta San Prieta Road West Ditullio 

station epicenter Andreas rupture landslide landslide 
( f i ~ .  1) (azimuth) fault zone (elev., 335 m) (elev., 351 m) 

Corralitos 7.0 (080') 0.3 0.3 16.4 15.9 
(elev., 320 m). 

Los Gatos 19.0 (320') 1.4 1.5 7.0 8.2 
Presentation Center 

(elev., 366 m). 

TIME, IN SECONDS 

-1 0  
0 1 2 3 4 5 6 7 8 9 1 0  

TIME. IN SECONDS 

Figure 5.Ã‘Correcte north-south component of motion on strong-mo- 
tion records of October 17, 1989, main shock from California Division 
of Mines and Geology station at Corralitos ( A )  and University of Cali- 
fornia, Santa Cruz, station at Los Gatos Presentation Center ( B )  (see fig. 
1 for locations). Record in figure 5A is scaled to 1.0 g. 

UNIT WEIGHT AND SHEAR STRENGTH 

Moisture content and density were determined in the 
laboratory on selected undisturbed samples of the land- 
slide mass by measuring the weight and volume of mate- 
rial collected and sealed in brass tubes. For the Lower 
Schultheis Road West landslide, we identified two 
geotechnical units in the landslide mass. The soil (upper 
unit) has a moist unit weight of 2.06 g/cm3 and a satu- 
rated unit weight of 2.16 g/cm3; the regolith (lower unit) 
has a moist unit weight of 1.96 g/cm3 and a saturated unit 
weight of 2.08 g/cm3. For the Ditullio landslide, only one 
geotechnical unit was identified, with a moist unit weight 
of 1.92 g/cm3. 

Shear strengths were determined initially by laboratory 
measurements on samples collected from subsurface rup- 
ture zones. Backcalculations were subsequently performed 
under static-loading conditions for comparison with the 
laboratory results. Collecting representative and oriented 
samples of landslide rupture surfaces is a difficult task. 
To obtain the best possible samples, we collected tube 
samples of the landslide rupture surfaces from large- 
diameter boreholes. At each sample location, a geologist 
hand-excavated a horizontal shelf into the landslide mate- 
rial several centimeters above and parallel to the shear 
surface. Tube samples were pushed and driven through 
the landslide debris, through the shear surface, and into 
the underlying materials. The samples were sealed and 
transported to our laboratories for various direct shear 
tests (consolidated drained and consolidated undrained, 
peak, and residual) on "undisturbed" and remolded 
samples. 

Because of the rapid failure of the landslides, we chose 
consolidated-undrained ("quick") direct shear tests, rather 
than triaxial strength testing, to represent the loading con- 
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ditions imposed by the earthquake. Although some drain- 
age can occur during direct shear testing, the permeability 
of the gouge material from these landslides is very low, 
and the sample does not have sufficient time to drain 
during the relatively rapid test. Triaxial tests can measure 
pore pressures, but shear surfaces must be oriented at an 
angle to the sample axis to avoid stresses perpendicular to 
the shear surface. In addition, direct shear tests can be 
performed on relatively short samples, whereas triaxial 
samples must be about twice as long as the diameter. 
Thus, the triaxial procedure requires a longer sample, 
which involves more disturbance during sampling and is 
difficult where thin, soft gouge material lies between hard, 
brittle rock. We favor direct shear tests over triaxial tests 
for these reasons and because they offer the best chance 
for shearing the actual rupture surface in a similar mode 
of failure to that in the landslide. 

The residual shear strengths measured in direct shear 
tests are approximately 70 to 75 percent of the peak val- 
ues. This result approximates the reduction to 80 percent 
of peak shear strength estimated by Makdisi and Seed 
(1977) and recommended by Hynes-Griffin and Franklin 
(1984), owing to cyclic-loading effects. Therefore, we used 
the residual shear strengths to characterize the cyclic 
strength of the basal rupture surfaces. Two measures of 
residual shear strength, lower-bound and average or "best 
fit" curves, were drawn by linear regression through the 
data points (fig. 6). The shear-strength parameters, in terms 
of angle of internal friction (0) and cohesion (c), that 
describe the lower-bound and best-fit values are 0=25O, 
c=0 kg/cm2 and 0=24O, c=0.22 kg/cm2, respectively. 

- 
Best fit 
0 = 24' 
c = 0.22 kg/cm2 

- 

0 

0 0=25O 
0 c = 0 kg/cm2 

0 
*0 

NORMAL PRESSURE, 
IN KILOGRAMS PER SQUARE CENTIMETER 

Figure 6.-Residual shear strength versus normal pressure in laboratory 
consolidated-undrained tests on landslide rupture surface material. 

METHODS OF ANALYSIS 

PSEUDOSTATIC METHOD 

Pseudostatic analysis is a standard method of assessing 
seismic slope stability in the geotechnical industry. This 
method involves analyzing landslides by using a tradi- 
tional method of limit-equilibrium-stability analysis, such 
as Spencer's or Bishop's method (Chowdhury, 1978; 
Huang, 1983). In addition to the static forces acting on 
the landslide body, a static force proportional to the weight 
of the landslide mass is then added as a permanent hori- 
zontal force to simulate the dynamic force of the earth- 
quake. The magnitude of this force is the product of the 
weight of the landslide body and a seismic yield coeffi- 
cient, k. 

The k value significantly affects the results of the 
pseudostatic analysis, yet traditionally it has been arbi- 
trarily chosen on the basis of experience and judgment. 
Lambe and Whitman (1969) stated that k values of 0.1 to 
0.2 are commonly assumed. K.L. Lee (unpub. data, 1977) 
indicated that the k value may fall in a somewhat broader 
range of 0.05-0.25. Chowdhury (1978) suggested that k 
values of 0.10 to 0.15 are typically used in the United 
States, whereas Huang (1983) suggested a k value of 0.27 
for design in western California. A k value of 0.15 is 
currently required by the California Division of Safety of 
Dams for analysis of earthfill dams. In California, k val- 
ues of more than 0.20 are rarely used in practical design 
for residential and commercial sites. The diversity in cho- 
sen k values reflects the uncertainty that engineers have 
with regard to the pseudostatic approach and the selection 
of design-level earthquakes. 

CUMULATIVE-DISPLACEMENT METHOD 

As recognized by many previous workers, the 
pseudostatic method of analysis has some significant limi- 
tations. Newmark (1965) noted that the transitory vibra- 
tions of earthquake ground motions could cause the factor 
of safety (FS) of a slope to temporarily drop below 1 
several times during a seismic event. An accurate 
pseudostatic analysis of this situation would indicate fail- 
ure. However, if the drop in the FS value is so transient 
that the induced deformations are small and the slope is 
essentially unchanged, then the term "failure" may not 
accurately describe the actual condition of the slope. 

A method of measuring incremental displacements of 
the slope during an earthquake was developed by Newmark 
(1965) as an alternative to the pseudostatic approach for 
earth embankments. Commonly referred to as "Newmark 
analysis," "cumulative-displacement analysis," "perma- 
nent-deformation analysis," and "sliding-block analysis," 
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this method sums the downslope movements of the 
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land- 
slide during each cycle of high acceleration to compute a 
cumulative displacement. Thus, this method evaluates per- 
formance rather than stability. The magnitude of the com- 
puted displacement can be used to assess the degree of 
damage. For example, if the displacements are several 
meters, deformation of the slope probably will be heavy; 
conversely, if the computed displacements are less than a 
few centimeters, deformation of the slope will be slight. 
This method requires a complete acceleration-time history 
as input, as well as a value for the yield acceleration ( k y )  
of the landslide, defined as the ground acceleration re- 
quired to bring the FS value to 1 in a pseudostatic analysis. 

A basic assumption of the cumulative-displacement 
method is that the landslide mass behaves as a rigid body 
and can be modeled as a friction block on an inclined 
plane. Under static conditions, the block rests on the in- 
clined plane without sliding. As the inclined plane is 
shaken, the block moves with the plane (without slipping) 
until the acceleration of the plane exceeds the k  value of 
the friction surface, at which point the block begins to 
slide. When the acceleration of the plane decreases below 
the k  value, the block continues to move because of mo- 
mentum but decelerates because of friction until move- 
ment stops. The amount of displacement of the block is a 
function of the elapsed time while the k  value was ex- 
ceeded and the magnitude by which the k  value was 
exceeded by the shaking. The displacement of the block 
during an acceleration pulse is then calculated by inte- 
grating the area under the velocity curve. Additional dis- 
placements caused by subsequent pulses of shaking above 
the k  value are summed to give the cumulative displace- 
ment of the block. 

For design problems, investigators wishing to estimate 
landslide displacements commonly use published curves 
or graphs of the integrated displacements determined for 
historical earthquakes of different magnitudes by previ- 
ous workers, such as Makdisi and Seed (1977) or Hynes- 
Griffin and Franklin (1984). These curves were constructed 
by double-integrating acceleration-time histories as a func- 
tion of the ky value. Makdisi and Seed integrated the av- 
erage acceleration-time histories calculated for 
embankments of varying heights that had been subjected 
to a range of earthquake-induced base accelerations. 
Hynes-Griffin and Franklin integrated the horizontal com- 
ponents of 348 actual and 6 synthetic earthquake accel- 
eration-time histories. The investigator typically enters a 
curve with the k  value of the landslide and the expected 
peak ground acceleration, and arrives at an estimate of the 
landslide displacement. Although these curves are rela- 
tively simple to use, they are by no means consistent with 
each other. A comparison of several widely used curves 
by Jibson (1993) demonstrated that the displacements es- 
timated from different curves can vary by a factor of as 
much as 100. 

Another method of using cumulative displacement dur- 
ing design to predict landslide movement is to select an 
actual earthquake acceleration-time history that could af- 
fect the site. The part of the acceleration record above the 
k  value is then double-integrated to arrive at a displace- 
ment estimate. For this study, we chose to use the largest- 
amplitude seismic record in the study area and a convenient 
computer program, DISPLMT (Houston and others, 1987), 
to carry out the computations. The effects of using vari- 
ous seismic records are discussed in the subsection below 
entitled "Sensitivity Analysis." 

RESULTS 

In our analysis of the Lower Schultheis Road West and 
Ditullio landslides, we approached the seismic-stability 
problem in two different ways. First, we calculated the 
pseudostatic stability and predicted displacements, using 
the parameters measured during our site investigation. For 
a typical geotechnical site investigation, either the best-fit 
or lowest shear strength determined from laboratory mea- 
surements would be used. This approach actually repre- 
sented a hindcast, because accelerograph records from the 
1989 Loma Prieta earthquake (unavailable for a true pre- 
diction before the earthquake) were used rather than a 
record already on file before the earthquake. Second, we 
tested the sensitivity of the displacement results to rea- 
sonable variations in the shear-strength parameters. We 
analyzed the FS and k  values by Spencer's method with 
the computer program PCSTABL developed at Purdue 
University (Carpenter, 1985). 

PSEUDOSTATIC ANALYSIS 

The pseudostatic FS and k  values for the Lower 
Schultheis Road and Ditullio landslides, calculated from 
the laboratory-determined residual shear strengths, are 
listed in table 2. 

FS values of about 1.1 are calculated for both sites if 
the lower-bound residual shear strengths and a relatively 
high k  value (that is, 0.20 g )  are used. In current 
geotechnical practice, an FS value of 1.1 is generally con- 
sidered acceptable for the seismic stability of engineered 
slopes. Because the shear strengths used represent residual, 
rather than peak, values, some geotechnical practitioners 
would consider this analysis to be overly conservative. In 
practice, the best-fit, rather than the lower-bound, strengths 
might have been selected. These best-fit strengths would 
have resulted in computed FS values of 1.2 to 1.4, indi- 
cating considerable stability of both slopes under dynamic 
loading. Thus, our results demonstrate that, using the labo- 
ratory-determined residual shear strengths, the pseudostatic 
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Table 2.-Pseudostatic factors of safety (FS) and yield coefficients (k) 
in the Lower Schultheis Road West and Ditullio landslides, calculated 
from laboratory-determined residual shear strengths 

FS 
for ky=0.20 

kY (g) 
for FS=1.0 

Lower Schultheis Road West landslide 

Lower-bound shear strength ..................... 1.1 

Best-fit shear strength ................................. 1.4 

Ditullio landslide 

Lower-bound shear strength ..................... 1.1 

Best-fit shear strength ................................. 1.2 

analysis would not have predicted the slope failures even 
if the lower-bound values were used. However, the FS 
value drops below 1.0 when a k value of about 0.25 g is 
used. 

CUMULATIVE-DISPLACEMENT ANALYSIS 

To estimate the displacements, we first used the curves 
of Makdisi and Seed (1977) and Hynes-Griffin and 
Franklin (1984), and then double-integrated a record from 
the 1989 Loma Prieta earthquake. The curves were en- 
tered with the k values calculated by the pseudostatic 
method, using k z l . 0  g. Makdisi and Seed presented 
upper- and lower-bound curves for M=6.5, 7.5, and 8.5 
earthquakes. Upper- and lower-bound curves were inter- 
polated for a theoretical M=7.0 event. The k values listed 
in table 3 are derived from an interpreted geometric-mean 
curve drawn between the upper- and lower-bound M=7.0 
curves. Hynes-Griffin and Franklin presented mean, 
meanklo, and upper-bound curves; the results listed in 
table 3 are from their mean curve. 

Table 3 shows that the curves of Makdisi and Seed 
(1977) predict displacements in reasonable agreement with 
those measured after the earthquake, using the lower-bound 
residual shear strengths to characterize the landslide rup- 
ture surface. If the best-fit residual shear strengths are 
used, the predicted displacements are too low but are still 
within the same order of magnitude as those observed. 
The displacements calculated using the mean curve of 
Hynes-Griffin and Franklin (1984) underpredict the dis- 
placements by almost an order of magnitude, using the 
lower-bound residual shear strengths. 

The results of the double-integrated acceleration-time 
history for the LGPC station, using the computer program 
DISPLMT of Houston and others (1987), are also listed 

in table 3. The k value can be inputted as a constant, as a 
function of time, or as a function of displacement. Uphill 
movements of the landslide block are accounted for by 
assuming a relation between the upslope and downslope 
k values and the static FS value. Most accelerograms are 
asymmetric, and the program accounts for this feature by 
calculating displacements twice, assuming that each side 
acts downslope, and averaging the results. For simplicity, 
a constant k value was used. 

The cumulative-displacement method predicts landslide 
displacements within an order of magnitude of the mea- 
sured displacements, using the curves of Makdisi and Seed 
(1977). The curves of Hynes-Griffin and Franklin (1984) 
and the integrated record from the LGPC station (fig. 1) 
both predict displacements within the range of those mea- 
sured, but only when the lower-bound residual shear 
strengths are used. When the best-fit residual shear 
strengths are used (corresponding to k-0.30-0.35 g), the 
predicted displacements are an order of magnitude less 
than those observed and an order of magnitude less than 
those calculated using ky=0.22-0.23 g. This result indi- 
cates that the displacements calculated by integrating the 
record from the LGPC station are highly sensitive to the 
k value and thus highly sensitive to the shear strengths 
chosen for the landslide rupture surface. The results of 
cumulative-displacement calculations for the two reacti- 
vated landslides, using five different analytical methods, 
are listed in table 4. The method of K.L. Lee (unpub. 
data, 1977) produces the most conservative results. How- 
ever, the median displacements from all methods range 
from 10 to 100 cm for kmm=l.OO g, which is as close as 
we should expect from the level of uncertainty in the ky 
value and shear-strength parameters, and the sensitivity of 
the predicted displacements to these measurements. 

SENSITIVITY ANALYSIS 

The sensitivity of the calculated displacements to varia- 
tions in both shear strength and acceleration-time history 
is apparent from various analyses. The dependence on 
shear strength is of great concern because of the difficulty 
in obtaining well-constrained values. The shear strength 
of the rupture-surface materials can be calculated in two 
somewhat-independent ways: (1) by sampling and testing 
actual gouge materials in the laboratory and (2) by 
backanalyzing the landslide to determine the shear 
strengths required for failure. 

We know that the present geometry of the landslide is 
stable under current ground-water conditions, which pro- 
vides a minimum shear strength for the gouge. If we as- 
sume that the landslide would be unstable when ground 
water filled it to the surface, then a backanalysis of that 
saturated condition would provide a maximum shear 
strength for the gouge. An argument can be made that this 
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Table 3.-Seismic yield coefficients fkJ and displacements in the Lower Schultheis Road West and 
Ditullio landslides, calculated from laboratory-determined residual shear strengths 

[All values assume a peak horizontal ground acceleration of 1.0 g. Shear-strengths: @=25O, c=0 kg/cm2 for lower- 
bound values and @=24O, c=0.22 kg/cm2 for best-fit values, where @ is the angle of internal friction and c is the 
cohesion. Mean 1, geometric mean from Makdisi and Seed (1977); mean 2, mean from Hynes-Griffin and 
Franklin (1984), with displacements below 10 cm not plotted] 

ky k) Displacement (cm) 
for FS=1.0 

Program 
Mean 1 Mean 2 DISPLMT Actual 

Lower Schultheis Road West landslide 

Lower-bound 
........... shear strength 0.23 36 10 23 61 

Best-fit 
............. shear strength .35 17 <lo 1 61 

Ditullio landslide 

Lower-bound 
........... shear strength 0.22 38 10 29 33-57 (avg 45) 

Best-fit 
shear strength ............. .30 24 <lo 3 33-57 (avg 45) 

assumption is reasonable on the basis of the widespread 
presence of shallow slope failures within this terrain in 
the general vicinity during periods of very heavy rainfall. 
We have no evidence that the Lower Schultheis Road 
West or Ditullio landslide failed statically during recent 
years; however, we know that laboratory shear strengths 
generally are at the high end of the range. Thus, these two 
approaches can give us some confidence about the range 
of shear strengths that should be considered for these two 
reactivated landslides. 

Representative samples of the material from rupture 
zones are generally available only if a geologist retrieves 
them by hand from within a large excavation, such as a 
trench or large-diameter borehole. Rupture zones are sel- 
dom captured intact in drill-core samples because they are 
softer and more clay rich than the surrounding rock. Dur- 
ing coring, the gouge materials are commonly destroyed 
by small amounts of relative movement between the core 
segments above and below the shear surface, and the gouge 
can be washed away by circulating fluid. 

When a sample is tested in the laboratory, precautions 
are needed to prevent disturbance of the gouge. Direct 
shear testing is generally favored because the thin rupture 
zone can be aligned with the shear surface to ensure that 
the gouge material itself is tested, rather than the harder 
rock above or below the rupture zone. As a result of the 
uncertainties associated with laboratory results, it is not 
uncommon during postfailure landslide studies to discover 
that laboratory-determined shear strengths overestimate the 
strengths computed for the landslide surface from 
backanalyses of landslide stability. 

Backanalyses for stability also need to be evaluated 
carefully. A backanalysis based on a seismic failure is a 
circular argument, because we test our ability to predict 
seismic failure from independent measurements of key 
parameters, including shear strength and seismic ground 
motion. However, if we backanalyze a static (that is, 
ground-water driven) failure, we gain some insight into 
the range of possible shear strengths of the rupture-sur- 
face materials. 

We backanalyzed the Lower Schultheis Road West and 
Ditullio landslides under static conditions to determine a 
reasonable range of shear strengths for examination in our 
sensitivity analysis. The backanalyses assume that the land- 
slides failed under static conditions at some time in the 
past and that the rupture surfaces had reached their re- 
sidual strengths (that is, c=0). The range of @ values that 
would satisfy the backanalysis for possible ground-water 
levels is plotted in figure 7. This range was the basis for 
selecting angles of 17'-25' in our cumulative-displace- 
ment analyses. 

Cumulative displacements as a function of the angle of 
internal friction, @, and the yield acceleration, k , of the 
two reactivated landslides for a peak horizontal ground 
acceleration of 1 .OO g are plotted in figure 8, which shows 
the results using the curves of K.L. Lee (unpub. data, 
1977), Makdisi and Seed (1977), Hynes-Griffin and 
Franklin (1984), and Lin and Whitman (1986), as well as 
from the program DISPLMT using the Corralitos and 
LGPC station (fig. 1) records scaled to kmax= 1.0 g. 

Figure 8 demonstrates that the displacements calculated 
by all five methods are sensitive to the chosen 0 value. 
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Table 4.-Summary of cumulative-displacement results using five analytical methods for the Lower Schultheis Road West and Ditullio landslides 

[ky, seismic yield coefficient; km peak horizontal ground acceleration; M, earthquake magnitude; static FS, static factor of safety (3.6 for Lower Schultheis Road West 
landslide, 2.9 for Ditullio landslide); LSRW, Lower Schultheis Road West. Shear strengths for Lower Schultheis Road West landslide: 0=25O, c=0 kg/cm2, ky=0.23 g for 
lower-bound values and 0=24O, c=0.22 kg/cm2, ky=0.35 g for best-fit values, where 0 is the angle of internal friction and c is the cohesion. Shear strengths for Ditullio 
landslide: 0=25O, c=0 kg/cm2, ky=0.23 g for lower-bound values and 0=24O, c=0.22 kg/cm2, ky=0.30 g for best-fit values] 

Analytical method Input parameter Value Predicted displacements (cm) 
Ditullio LSRW 

landslide landslide 
ky for static FS Lower Best Lower Best 

bound fit bound fit 

Program DISPLMT (Houston and Corralitos station Average of two runs 5 3 4 3 
others, 1987): Double integration record 
of accelerations above k average (kmax=0.63 g) y (. 
of two runs with accelerations 
inverted). Corralitos station - - - - - - - - - - - - - - - - 35 

record 
(kmax -1.00 g) 

Station LGPC record - - - - - - - - - - - - - - - - 29 3 23 1 
(kmax=l.OO g) 

Makdisi and Seed (1977), ky, k-~1.00 g, Upper bound - - - - - - 82 50 76 40 
with Keefer and others (1991) M = 7.0 
for M = 7.0. Lower bound - - - - - - 15 9 14 6 

Geometric mean - - - - 37 22 35 17 

K.L. Lee (unpub. data, 1977) - - - - - ky, kmax=l.OO g, Upper bound - - - - - - 179 97 160 68 
M = 7.1 

Lower bound - - - - - - 45 24 40 17 

Geometric mean - - - - 77 42 69 29 

Lin and Whitman (1986): Provides ky, kmax=l.OO g, Mixed sites - - - - - - - 84 42 77 29 
expected values, implying not subsurface 
especially conservative values. conditions Deep-cohesionless - 67 34 62 22 

soil and stiff-soil 
sites. 

Rock sites - - - - - - - - - 42 21 38 14 

Hynes-Griffin and Franklin (1984) ky kmax =1 .OO g, Upper bound - - - - - - 73 47 68 37 
confidence level 

Mean ? - - - - - - - - - - - 21 12 19 <lo 

The curves of K.L. Lee (unpub. data, 1977) and Lin and served displacements when lower-bound laboratory shear 
Whitman (1986) are the most conservative, yielding pre- strengths (c=O, @ = 2 5 O )  are used. The other methods pre- 
dicted displacements near or slightly greater than the ob- dict displacements lower than the observed displacements 
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under the same conditions. However, these results also 
indicate that the laboratory shear strengths generally pre- 
dict displacements lower than those actually measured for 
a seismic event as large as the 1989 Loma Prieta earth- 
quake. The two program DISPLMT analyses for each land- 
slide provide the clearest examples: The best comparison 
of predicted-to-observed displacements are for @= 1 8'-22' 
for the Lower Schultheis Road West landslide and @=2l0- 
24' for the Ditullio landslide. Use of the lower-bound 
laboratory shear strengths leads to predicted displacements 
that are about two-thirds less than those measured on the 
Lower Schultheis Road West landslide and about one-half 
less than those measured on the Ditullio landslide. The 
program DISPLMT results for the Corralitos and LGPC 

I I I 1 I I I 

A Ground-water 
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B Ground-water levels in 
meters below surface 

>.I 2 

1 may induce static 
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Figure 7.-Factor of safety versus shear strength (expressed as angle of 
internal friction) at various ground-water levels in Lower Schultheis 
Road West (A) and Ditullio (B) landslides (see fig. 2 for locations). 

station (fig. 1) records also differ markedly, demonstrat- 
ing that displacements calculated by using integration 
methods depend heavily on the selected acceleration-time 
history. 

Although we believe that ground motion at the land- 
slide sites was much greater than that recorded at the 
Corralitos strong-motion station (fig. I), we also calcu- 
lated displacements by using the unscaled acceleration- 
time history at this station to determine the sensitivity of 
the results to this seismic record. Cumulative displace- 
ments calculated using five analytical methods for 
kma=0.63 g are plotted as a function of 0 value in figure 
9. A comparison of figures 8 and 9 demonstrates the im- 
portance of the acceleration-time history and peak ground 
acceleration on the calculations. Using the scaled Corralitos 
station record (kma= 1 .OO g), the measured displacements 
correspond relatively well to those calculated from the 
program DISPLMT; however, the unscaled Corralitos sta- 
tion record (kmm=0.63 g) yields significantly smaller dis- 
placements for the same shear strengths. 

The displacements that can be calculated for an M=7.0 
earthquake, using the three curves of Makdisi and Seed 
(1977) and Hynes-Griffin and Franklin (1984) for the 
Lower Schultheis Road West landslide, are plotted in fig- 
ure 10. Because of the bilateral rupture, the 1989 Loma 
Prieta earthquake was of considerably shorter duration than 
most other earthquakes of similar magnitude. Therefore, 
we might expect the measured displacements to fall in the 
lower part of the range of calculated displacements. Fig- 
ure 10 shows, however, that they do so only for the small- 
est @ values. If we assume that the appropriate @ value 
should be about 21 O, then the measured displacements fall 
in the middle of the range of displacements in the data 
sets of both Makdisi and Seed (1977) and Hynes-Griffin 
and Franklin (1984). 

In summary, the mean to upper-bound curves for the 
four chart methods, as well as the DISPLMT integration 
method, appear to predict displacements that are within 
an order of magnitude of the displacements measured on 
the two reactivated landslides when a kma value of 1 .OO g 
is used in conjunction with low shear strengths. It is re- 
markable, however, how broad the range of calculated 
displacements can be for an earthquake of a specific size. 
Adaptation of specific strong-motion records to the actual 
field conditions at a particular site, to account for the 
effects of attenuation, distance, topography, or directivity, 
is subject to uncertainties that can change the predicted 
displacements by a factor of at least 3. For example, the 
displacements calculated using the unscaled Corralitos 
and LGPC station records scaled to the same peak accel- 
eration (kma=l.OO g) vary by a factor of as much as 
2 (fig. 8). At this time, it is unclear how the specific 
record should be chosen or scaled (if at all) for local 
conditions. 
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CONCLUSIONS 

1. Preexisting landslides commonly were only partially 
reactivated. The pattern of ground cracking within preex- 
isting ancient landslides indicates that only part of many 
preexisting landslides were mobilized by the ground mo- 
tion from the 1989 Lorna Prieta earthquake. In many 
places, ground cracks coincided with preexisting-land- 
slide boundaries, even where these boundaries were rela- 
tively subdued. The absence of ground cracks displaying 
shear movement on the flanks of many of these landslides 
was interpreted to reflect mobilization of only the upslope 
segments of the basal rupture surfaces of the landslides 
during earthquake shaking. 
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2. Seismic-displacement calculations are highly sensitive 
to selected yield coefficients and shear strengths. The 
results of the cumulative-displacement analyses indicate 
that calculated displacements are highly sensitive to the 
seismic yield coefficient, which is a function of the shear 
strength of the basal rupture surface. The determination of 
a representative strength across the basal rupture surface, 
therefore, is crucial to the success of the analysis. Sampling 
and testing of thin shear surfaces separating hard-rock 
strata is difficult, and standard "small diameter" explora- 
tion methods have a very low probability of allowing 
identification, adequate sampling, and preservation of thin 
rupture surfaces. Direct observation and careful hand ex- 
traction of oriented samples from large excavations 
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EXPLANATION 

Program DISPLMT (Houston and others, 1987), scaled 
Corralitos Station record Mean for theoretical M =7.0 earthquake (Makdisi and Seed, 

1977) 

+ + + + 

Program DISPLMT (Houston and others, 1987), unsealed Los * * * * Gatos Presentation Center Station record, Geometric mean (K.L. Lee, unpublished data, 1977) 
kma= 1.00g 

- - - - - Mean Â 1 ofHynes-Griffin and Franklin, 1984) - - Stiff soils or deep cohesionless soils (Lin and Whitman, 1986) 

Figure 8.-Predicted displacement versus shear strength (expressed as angle of internal friction) calculated by five cumulative-displacement methods, 
using records from stations at Corralitos and Los Gatos Presentation Center (see fig. 1 for locations), assuming a peak horizontal ground acceleration of 
1.0 g, A, Lower Schultheis Road West landslide. B, Ditullio landslide. 
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(trenches or large-diameter boreholes) are recommended 
to observe the landslide geometry and collect the appropri- 
ate materials for testing. 

3. Laboratory strengths may be too high to accurately 
predict stability and displacements. The pseudostatic 
method of analysis incorrectly predicted the stability of the 
Lower Schultheis Road West and Ditullio landslides, using 
lower-bound laboratory shear strengths and a seismic yield 
coefficient of 0.20, but would have predicted the failures if 
a higher seismic yield coefficient had been used. The 
magnitudes of the deformations on the Lower Schultheis 
Road West and Ditullio landslides generally were underes- 
timated, using various cumulative-displacement methods 
and laboratory shear strengths. 

4. Backanalyzed shear strengths can be used to improve 
the accuracy of calculated cumulative displacements. 
Backanalyses give a range of reasonable shear strengths 
for landslide rupture materials in the form of a range of 
angles of internal fraction of 17'-25'. B ackanalyzed shear 
strengths can be used with laboratory results to better 
estimate the average shear strength of the basal rupture 
surface. In this study, use of an angle of internal friction of 
about 2 lo produces displacements that generally are con- 
sistent with measured displacements, and appears to cor- 
rectly predict the onset of instability when using the 
pseudostatic analysis. 

5. Ground-water levels significantly influence slope sta- 
bility. Despite a prolonged, 4-year-long drought, shallow 
ground water was present in many of the landslides inves- 
tigated. Ground-water zones appear to be perched on 
impermeable rupture surfaces. Laboratory results indicate 
high angles of internal fraction and relatively low cohesion. 
The presence of higher ground-water levels in the land- 
slides before the earthquake would have increased the 
landslide displacements. Measurements of ground-water 
levels are important to make in the field and to include in 
calculations. 

6. Displacement calculations are also sensitive to the se- 
lected acceleration-time history. The range of displace- 
ments calculated from published compilations of earth- 
quake records is clear testimony to the degree of sensitivity 
to this parameter. Because the effect of the long-period part 
of the seismic record is significant, the peak ground accel- 
eration, though important, may not be as critical as other 
factors, such as duration of shaking, attenuation with 
distance from the source, and seismic focusing effects 
(including topographic amplification and directivity). Seis- 
mic-stability analyses should be based on more than one 
seismic record whenever practical. 
This study emphasizes that available methods of cumu- 

lative-displacement analysis are useful, but investigators 
should select variables with care so as not to underesti- 
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Figure 9.-Predicted displacement versus shear strength (expressed as angle of internal friction) calculated by five cumulative-displacement methods, 
using peak horizontal ground acceleration of 0.63 g from station at Corralitos (see fig. 1 for location). A, Lower Schultheis Road West landslide. B, 
Ditullio landslide. 
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mate the stability of preexisting landslides. With a thor- 
ough characterization of landslide geometry, local geo- 
logic conditions, and engineering properties, and a 
selection of conservative strength parameters for the basal 
rupture surfaces, existing analytical techniques are suffi- 
cient for order-of-magnitude predictions when the lowest 
laboratory shear strengths are used. 
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Figure 10.-Predicted displacement versus shear strength (expressed as 
angle of internal friction) calculated by two cumulative-displacement 
methods for Lower Schultheis Road West landslide (see fig. 2 for loca- 
tion). 
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APPENDIX: 
DESCRIPTION OF LANDSLIDE SITES 

The two reactivated landslides discussed in this paper 
were chosen from an initial group of more than 50 rela- 
tively large landslides in the study area. Detailed surface 
and subsurface data were collected from five of these land- 
slides. This appendix provides descriptions of the two land- 
slides discussed above. More complete descriptions of 
these sites, as well as two additional sites, including maps, 

cross sections, borehole logs, and laboratory procedures, 
were presented by Cole and others (1991). 

LOWER SCHULTHEIS ROAD WEST LANDSLIDE 

LOCATION AND SCOPE OF INVESTIGATION 

The site of the Lower Schultheis Road West landslide, 
referred to as "Upper Laurel" by Cole and others (1991), 
is near Laurel, Calif., along the north-facing flank of an 
east-west-trending spur ridge (fig. 2) that is underlain at 
depth by siltstone and sandstone of the San Lorenzo For- 
mation. A surveyed topographic map of the entire 7.7-ha 
parcel was provided by the property owner. Surface map- 
ping and profiling of the landslide was performed at a 
scale of 1:240, using a semi-total-station (STS) survey 
instrument for horizontal and vertical control. Two large- 
diameter boreholes, LD-1 and LD-2 (fig. 3), were exca- 
vated and logged to 11.3- and 8.5-m depth, respectively. 

SURFACE CONDITIONS 

The geomorphology of the ridge and adjacent valley 
indicate that a large, ancient landslide underlies most of 
the north-facing hillside. A system of arcuate ground fis- 
sures near the ridge crest indicates that the earthquake 
reactivated a part of this preexisting landslide. The sys- 
tem of cracks defines a graben that follows the ridge crest 
for approximately 60 m before curving downslope to form 
a broad arc (fig. 4). The head of the reactivated landslide 
mass was downthrown about 25 cm and offset laterally 
about 61 cm. No ground deformation was observed along 
the probable lateral margins. The probable toe of the land- 
slide is indicated by a zone of compression coinciding 
with a slight topographic bulge. The reactivated landslide 
appears to be about 61 m wide by 76 m long. The total 
area of the reactivated landslide is approximately 0.4 ha. 

SUBSURFACE CONDITIONS 

The two large-diameter boreholes, LD-1 and LD-2 (fig. 
3), were located 4.6 and 12.2 m, respectively, downslope 
from the headscarp crack. Both boreholes penetrated a 
near-horizontal, well-developed shear surface at 4.9-m 
depth; this shear surface separates overlying, oxidized re- 
golith from underlying, unoxidized fractured rock. A 
deeper, steeply dipping shear surface was penetrated in 
borehole LD-1 at 7.3-m depth; this deeper shear surface 
is a sheared siltstone interbed within massive sandstone 
that separates the overlying fractured rock from dense, 
relatively intact rock. The shallower shear surface appeared 
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to be thicker, more moist, and generally better developed 
than the deeper shear surface within more indurated rock. 

Subsurface data indicate that the earthquake did not 
reactivate the uppermost part of the preexisting landslide 
mass. Trenches excavated by Rogers E. Johnson and As- 
sociates (1991) demonstrate that the deeper (7.3 m deep) 
rupture surface exposed in borehole LD-1 (fig. 3) extends 
along a 30' plane to the ridge crest and passes undis- 
turbed beneath the 1989 graben that forms the upslope 
boundary of the 1989 reactivated landslide (fig. 4). The 
reactivated headscarp (1989 graben) is 5.9 m downslope 
from the intersection of the buried slide surface with the 
present ground surface. The slide surface at this point is 
3.2 m deep. Thus, the earthquake apparently failed to re- 
activate an upper wedge of preexisting landslide material. 
(The deeper shear surface is a bedding-plane fault that 
probably formed during folding of an underlying bedrock 
anticline; the shallower shear surface exposed in bore- 
holes LD-1 and LD-2 was not exposed in the trenches.) 
Rogers E. Johnson and Associates found a similar relation 
between a buried rupture surface and an arcuate, 1989 
earthquake-triggered landslide headscarp in the same vi- 
cinity. The preexisting rupture surface forming the base 
of the dormant wedge of preexisting-landslide material 
may have acquired more cohesion over time, owing to 
root reinforcement and clay development during pedogen- 
esis. The associated increase in shear strength may have 
helped to maintain stability in the shallow (upper 3 m) 
part of the landslide. The maximum thickness of the stable 
wedge coincides with the approximate base of significant 
roots, suggesting that root reinforcement could have in- 
creased resistance to sliding in this wedge. Terwilliger 
and Waldron (1991) discussed the role of root reinforce- 
ment on the stability of shallow landslides. 

Ground water was penetrated in the two large-diameter 
boreholes, as well as in boreholes drilled by Kingsley 
Associates (1991). Isolated zones of ground water were 
perched on impermeable shear surfaces. Significant 
amounts of ground water also were penetrated below the 
deepest shear surface (8-10 m below the ground surface). 

DITULLIO LANDSLIDE 

LOCATION AND SCOPE OF INVESTIGATION 

The site of the Ditullio landslide is on Redwood Lodge 
Road, about 1.2 km southeast of the Lower Schultheis 

Road West landslide. The Ditullio landslide is near the 
top of a southwest-facing slope within and near the south- 
ern margin of a previously mapped, very large landslide 
complex (fig. 2). The Ditullio landslide is 92 to 122 m 
long by 76 m wide, covering an area of about 0.6 to 0.8 
ha. Surface mapping and profiling of the landslide was 
performed at a scale of 1:240, using an STS survey in- 
strument for horizontal and vertical control. 

SURFACE CONDITIONS 

The headscarp is characterized by echelon and parallel 
fissures that form a 76-m-long, arcuate zone of ground 
cracks. Individual cracks within this zone indicate 0.3 to 
0.6 m of extension and 0.3 m of vertical downdropping. 
The zone coincides with the apparent headscarp of an 
ancient landslide. The locations of the toes of both the 
ancient and 1989 landslides are unknown; however, this 
ancient landslide probably is part of a landslide complex 
that extends about 350 m downslope to the creek. 

Several linear, echelon cracks that extend 52 m 
downslope from the scarp along the probable north bound- 
ary of the landslide may represent shearing along its right 
flank; however, these cracks could also be due to settle- 
ment of a septic leachfield. No evidence of offset or de- 
formation was observed along the left flank. The 
earthquake-triggered landslide does not appear to cross 
Redwood Lodge Road, located 61 to 92 m downslope 
from the headscarp (fig. 3). 

SUBSURFACE CONDITIONS 

A large-diameter borehole, DT-1 (fig. 4), was located 
about 40 m downslope from the headscarp cracks. Bore- 
hole DT-1, which was drilled and downhole logged to 
22.5-m depth, exposed a well-developed, slickensided 
shear surface at about 18-m depth. The gradational oxi- 
dized-unoxidized contact is at 20.7-m depth; however, 
oxidized sandstone bedrock immediately below the land- 
slide plane is very dense. Figure 4, which includes a de- 
tailed log of the landslide rupture surface, illustrates the 
relation between the 1989 reactivation, the underlying an- 
cient landslide material, and deeper bedrock structure. 

No ground water was penetrated in borehole DT-1, even 
after remaining open for 12 days. 
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